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PREFACE 

According to the Oxford dictionary, to simulate is to imitate the 

conditions of some situation with a model. 

or digital, physical or conceptual. 

Such a model might be 

A digital computer analogue 

model is digital-conceptual and takes the form of a program. 

Development of such a program normally begins with an economic need 

to understand or test a system. One might, for example, simulate 

an aircraft in flight, or a spacecraft in a trans-lunar orbit. By 

means of the simulator, errors in design can be eliminated without 

the possibly great cost of producing a real system that fails . 

In sports, one might wish to test new ideas regarding player move­

ment, tactics, or strategy without subjecting the athletes to 

possibly wasteful or even harmful habit formations . If a method of 

simulation of the athlete can be devised, experiments might reasonably 

be conducted to evaluate the ideas independently of actual training 

or trail in the field. 

Simulation of a complex system generally begins with a long period 

of analysis. During this time there may be mathematical and 

programming explorations and constructions to sharpen and examine 

different approaches . Meetings are usually held by the participants 

to try to define the task and explore alternatives. Ideas are 

amplified, possibly discarded as not feasible, or incorporated into 

the system package. Gradually there evolves a tighter and more 

acceptable formulation using logical and mathematical expressions. 

In formulation one tries to reflect the key elements of the system 

being simula t e d. The model incorporate s judgements a bout the system. 

Its equations identify the principle components and portray the 
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interactions among these components as a function of time. This 

must be done with acceptable veridicality, yet with enough simpli­

fying assumptions to keep the model from being too complex to be 

manageable. 

In the task I set for myself, viz., to simulate the visuo-motor 

processes of a tennis player, I had no idea what kind of mecha­

nization would be required. The only condition I imposed on the 

simulator was that both the player'S personal experience of his 
, 

playing arena and an objective view of that arena were to be re-

presented. Otherwise, the nature of the program, the specific jobs 

it was to perform, the kind of structure it should have and the 

functional level at which the simulator should be carried out were 

merely vague notions, no more than a hunch, really, how the processes 

were to be formulated. 

As it turned out, much time and a great deal of analysis were in 

fact needed before a model began to take shape. At a minimum, a 

setting for the simulation had to be established. Specific pro­

grams had to be defined. The overall structure of the program had 

to be worked out. Input-output requirements had to be specified. 

And above all, the many details of the psycho-physiological processes 

of the player's visuo-motor system had to be determined. 

One ingredient of the simulator certainly had to be the motion of 

the ball . Treated strictly as an object moving without spin in a 

3-space through a simplified gravitational field, the problem is 

merely an exercise in undergraduate physics. Far more complex, 

however, is the need, first, to deal with spin, and second, to 

represent the motion of the ball as the personal experience of 

the moving player, who has to be able to track the ball in its 

flight even as he races to 

many psycho-physiological 

intercept it. These actions engage 

mechanisms and involv e bio-mechanical 

principles. For example, the player has to be able to rotate his 

eyes as he moves his body. To do this he must apply forces, torques, 

in various combinations. 
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There were mental considerations as well. The way the player sees 

the ball and reacts to it are characteristics involving personal 

skills. He has to detect and identify the ball. He is bound to 

estimate distances, time and speed. He must project force require-

ments on his movements. 

actions. 

He has to make decisions and initiate 

Muscles have to be guided along one or another motor plan, according 

to the situation or need. And, among other decisions, he has to 

select an appropriate one of an available arsenal of shots or tactics. 

Furthermore, his choices affect his movements, and the movements 

in turn feed back on, and affect, the decisions. This interaction 

certainly had to be reflected in the mathematical model and be 

incorporated into the program design, adding to its complexity. 

A mathematical model is preliminary to program design, but before 

the model can actually be accepted, certain programming factors have 

to be considered. To design the simulator, provision had to be 

made for the way in which the computations implicit in the formu­

lation were to be carried out. Choices in computation strategy 

can, and did, affect both the overall organization of the program 

and its detailed coding. 

Concomitant with the decisions regarding the method of computation 

are those relating to input-output needs and data formats. In 

addition, starting conditions have to be specified. If the simulator 

is to generate quantitative data, the relevant features of the 

simulated entity have to be characterized as being in a certain 

starting configuration. For example, the player's limbs have to be 

assigned initial angles and angular rates of change. His torso 

would have to be given a certain weight. The center of gravity may 

have to be located. The player's line of sight would have to be 

directed and given a rotation rate. Before any simulator can 

generate output data, any and all independent variables in the model 

have to be configured for starting conditions. This simulator 

was no exception. 
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ORGANIZATION OF THE REPORT 

The report is organ i. zed in the manner of the outline of program 

development discussed above, but it does not reflect the interplay 

that occurred in actual design of the simulator. Chapter 1 is an 

introduction to the problem. It states the aims and objectives of 

the project and sets the stage for the more detailed analysis or 

formulation to follow. 

Part I represents the first major step in the construction of a 

conceptual model of the interactive process in which the player 

perceives his environment and moves around in it. The line of 

development in the text generally follows the plan of an illustrated 

information-flow model (Chapter 3) which is presumed to characterize 

the process. Physical energy from the environment is unde rstood to 

impinge on the player's senses, is somehow transformed into his 

personal experience of the environment, and leads to actions which 

affect the environment and feed back on his perception. 

Part II examines this interaction at a deeper level, making explicit 

many of the neuro-physiological details. Getting down to the nitty­

gritty, the successive chapters show what is involved in the player's 

perception of the environment, how control centers in the brain seem 

to function, and how biolog,ical forces are generated by the player. 

Some mathematical modeling is evidenced at this stage. 

Part III then extends the analysis and devises a scheme using 

standards, strategies, and competences to automate the player's 

movements. Based on this conceptual framework it develops a mathe­

matical model and program for a prototype simulator. As might be 

expected for a first model, this is a gre atly simp lified version of 

the real thing; because of the design comple xitie s, many of the 

details of the interaction had to be left out. However, the model 

does offe r a basis on which to flesh out more r ealistic version s . 

A summary chapter, finally, reviews the work done , evaluates its 

results, and identifies some of the great deal of work that y e t 

remains to be done. 

x 

u. . . . 1 



As can be seen from the Contents, the analysis recognizes and 

takes into account contributions from a wide range of disciplines. 

Some of the topics which are touched on are: 

1) The mechanics of motion of deformable objects moving 

in a gravitational field -- the basis for a ball 

trajectory model; 

2) The physics of light and its interaction with the 

molecular structure of the surfaces of objects in 

physical space -- the presumed source of information 

in the visual field; 

3) Optics of the eye; 

4) Physiology of the eye, the voluntary nervous system, 

and the musculo-skeletal system; 

5) Mechanics of levers applied to movement; 

6) psychology of perception, especially the perception 

of space, time, and movement; 

7) Perceptual-motor skills, in ball sports generally, 

and tennis in particular. 

This unusual but essential mix of disciplines was a source of 

much consternation in writing this report. Many physical, phy­

siological and psychological elements are involved in the athlete's 

sensory-motor processes. In addition, many logical, mathematical, 

and programming details are involved in the development of a simu­

lator. Not only are there many facts, but there is also a complex 

organization overlying the facts; the facts come into play, not 

randomly but in a very orderly fashion. After all, the player's 

view of the playing arena and his movement in the arena are 

purposeful and meaningful. The simulator must reflect this 

characteristic. 

I felt that to present the material properly, both the details and 

the organization were needed. Despite an already long report, even 

with significant areas missing, such as the perception of color, 

I also b e lieved that if the work was to be at all useful to the 

research student, some background material had to be included. The 

reader will therefore find some brief introductory sections on 
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related topics in logic, mathematics, mechanics, and electro­

magnetics. For the most part, these topics lead directly to 

required simulation details. 

The Appendices contain the program listings for the prototype model 

and three extensions. To avoid further compounding of the problem 

of length, I omitted computer output for all but the last, and 

most comprehensive,of these programs. I believe that a need by 

the student to evaluate his own data can be met with this output. 

A concerted effort was made to minimize spelling errors, but the 

reader is cautioned that American and not the Queen's English 

governs language usage. 

not too disturbing. 

I can only hope that the variants are 

On the matter of units, I found the literature to contain many 

variations. In mechanics, for example, ft/sec is still in use for 

velocity and remains part of my own habit structure. In optics 

there are any number of unit designations. There are variations 

in the other areas as well, despite the attempts to establish 

uniformity. In this report I presented results in both the metric 

and English systems and constructed unit conversion tables where 

it seemed necessary. My reason for doing this is that the develop­

ment of a realistic simulator depends heavily on the ideas coming 

out of the diverse fields of study, and I felt that communication 

would be better served this way. 
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CHAPTER 1 

INTRODUCTION 

During the course of any game the athlete more or less routinely 

performs a variety of tasks which he has learned to some level of 

competence . Almost without thinking he can, for example, scoop up 

a grounder to throw out a runner. Or he can loft a puck into center 

ice, or block his man in a scrimmage. Occasionally, however, he 

gets disoriented and, in effect, "loses his way" on the playing 

field. On the soccer field, for instance, or the hockey rink, 

swimming pool, or tennis court, he might find himself "out of touch" 

with his surroundings for a moment. He can lose contact with a team­

mate and miss a passing opportunity, or step out of bounds, or hit 

an outbound ball. Too often he fails to note a developing tactic 

by the opposition and is caught out of position. Or he may be 

unprepared for a slow return shot and miss an easy point. 

Any mental lapse, misread situation, wrong information, poor tactic, 

or the like, can be a hazard. Well developed sensory-motor skills, 

good concentration, and a great deal of knowledge are required to 

manage the actions properly . 

Bill Russell, the all-time great center for the Boston Celtics' 

basketball team, expressed the problem situation well. Commenting 

on the fast-pace action of a televised Boston-Philadelphia game, he 

said that the player must always know where he is on the court, and 

where the ball is; and he must always move with purpose, whether 

he is moving with the ball or away from it. 

The player must be able to twist and turn without becoming spatially 

disoriented (picture 1.1). He must be able to estimate direction 

and distance accurately. He has to identify and assess a developing 

situation quickly. And he has to know how and where to run, which 

means he must understand the game. 

way around the court. 
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picture 1.1. Paul Westphal twists around a 
guard to drive on the basket, 
by Associated Press) 
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This is a complex perceptual-motor process, requiring a well­

developed mental representation of his physical environment. He 

must be able to identify key facets of his game, respond to critical 

items of information, and detect when and how to move. In other 

words, the player must have a good "feel" for the geography of his 

turf. 

It is this aspect of human perception and movement with which I am 

here concerned. In particular, I examine the play ing environment 

of the tennis athlete and aim at a simulation of his vi suo-motor 

processes in that environment. In simulation the player has to 

visually track an oncoming ball and race to intercept it. The 

athlete doesn't carry with him, or use, such travel paraphernalia 

as road maps or compass; obviously, there are no roads or landmarks, 

in the normal sense of the words, on a tennis court. Nevertheless, 

he does s eem to use maps of some kind or another; he does have a 

sense of direction; he does acquire the requisite sensory-motor 

skills; he does establish relationships with the elements of his 

environment; and he does somehow wend his way around the court. 

A wide range of forces, human as well as physical, underlies his play. 

The various forces d e termine the way he moves on the court. They 

affect his interests, biases, and limitations. They influence 

the way he perceives his arena and they establish the pace of the 

game. It is these forces that make it possible and meaningful to 

simulate the player's sensory-motor processes. 

Central here is the fact that the player is embedded in the playing 

environment; he is part of that environment and interacts intimately 

with it. He perceives the ball, his opponent, and the court. He 

moves on the court toward the oncoming ball, and thereby is in­

fluenced by, and influences, the behavior of his opponent. 

To simulate the player's sensory-motor processes is thus to simulate 

his behavioral environment. We would like to delineate the mech ­

anisms by means of which he constructs his space -time reference 

system, perceives the objects of his environment, senses their locations, 
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judges distances, estimates direction, speed, and acceleration, 

maintains his stability, powers himself along, makes perceptual and 

motor decisions, hits the ball, and generally controls his movements. 

simulation can aid in this enterprise directly and indirectly. To 

construct a program it is necessary to be very explicit. computer 

processes are logical and precise, so the statements characterizing 

the player-environment interactions have to be sharply defined. 

This fact induces clarity and understanding. 

More directly, simulation is a proven useful tool in the analysis 

of operational procedures. For example, missile performance tests 

are conducted extensively by simulating missile dynamics in the 

operational environment. The missile is "flown" in simulation and 

its motion is studied under diverse missile-environment conditions. 

In a similar way, simulation can be used in the analysis of per­

formance in sports. By constructing detailed models of the athlete 

in his playing environment, optimization studies can be conducted for 

various player-environment conditions. In simulation, performance can 

be studied for actual or projected skill levels and environments. 

Given a full-fledged simulator, we might study the effectiveness of, 

say, alternative forehand styles against a specific class of cross­

court shots under certain environmental conditions. Conversely, 

we might examine the utility of a particular forehand style against 

a variety of shots under alternative environmental conditions. 

These tests could be run for . varying levels of the player's visuo­

motor skills. In all such cases the tests would treat the athlete 

as if he were playing in his specialized behavioral environment. 

As an initial step in the effort, the siQulator might be designed 

to test the player's ability to track and intercept a specific 

trajectory. By providing parameters which can be modified for 

different runs, the tests could be made for a variety of sensory­

motor skills. It would require some minimum representation of the 

ball moving in physical space, the player's awareness of the moving 
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ball, his eye movements relative to his body, his body movement 

in physical space, and the visuo-motor interaction. That is the 

plan here. 

THE PLAYER'S BEHAVIORAL ENVIRONMENT 

The tennis athlete's behavioral environment is the environment in 

which he engages in his tennis activity. It is his turf, his zone 

of familiarity in his capacity as a tennis player. As such, it 

encompasses the physical environment consisting of the court, the 

net, surrounding screen, atmosphere, and people running after and 

hitting a ball in physical space-time; but it includes more than that. 

The court region is a segment of the wider context of physical 

objects with its stimuli of physical energies such as electro­

magnetic radiation, molecular vibrations, pressure, and thermal 

flows. The player himself is understood to be one of the objects 

of that physical environment and is stimulated through his senses 

by the physical energies. Responding to the various stimuli, the 

player perceives, makes decisions, and effects motor responses, 

operating entirely within the physical environment. 

What the individual sees or does depends on conditions inherent in 

his physical structure. His sensors, complex central nervous system 

and brain, consisting of billions of cells, collectively intervene 

to produce the response. The neural network interprets the stimuli 

and generates the appropriate behavior. The network is an internal 

or personal determinant of b ehavior and puts the player's cognitive­

evaluative stamp on the physical environment. The resulting ex­

perience is his behavioral environment. 

A similar distinction is made by Koffka (1935) between what he 

called the geographical environment (or absolute space) and the 

behavioral environment (relative space). As indicated by Downs and 

Ste"a (1973), Koffka held that the geographical environment is "stim­

ulus providing," whereas the behavioral environment is behavior 

regulating. 
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Behavior is not a simple reflex-arc but depends on a complex frame­

work of mental representations -- a cognitive-evaluative structure. 

We are dealing with a self-steering organism whose sensory and 

motor processes are highly interactive. The organism perceives its 

environment, interprets it, moves more or less freely in that 

environment, and in the process might modify it to some extent. 

While we judge that perception is generally highly veridical and 

movement varied and far ranging, nevertheless we are aware of a 

difference between what we experience and what might be true about 

the world we experience. This is the difference between a personal 

and an impersonal world. 

consider the emotional shock the Kalahari Bushman would experience 

on being dumped onto the streets of New York and the comparable shock 

the New Yorker would feel if he were thrown onto the Kalahari. Al­

though the traffic and the hustle and bustle of pedestrians of the 

city is a normal, patterned daily phenomenon to the city dweller, 

it would be a bewildering cacophony of sight and sound to the bush­

man. By contrast, the Kalahari would be a hot, barren, deadly waste­

land for the urbanite, but horne to the bushman -- a place where 

roots, blood, or hidden ostrich eggs provide life-preserving water; 

and berries, leaves, grasses and the occasional animal hunted down 

with poisoned arrows offers nourishment. The physical environment 

in and of itself is none of these things; it is impersonal. But 

the behavioral environment, on the contrary, is very personal indeed. 

To a greater or lesser extent, each individual knows his way 

around his own e lement . He has a background of e xperience, infor-

mation, concepts, values and skills which enable him to avoid pit­

falls and satisfy needs. His internal maps or mental representations 

guide him through the terrain. Maps h e lp him orient himself in his 

space, enable him to identify signposts, judge distances, and delimit 

and define his behavior. They determine hi s pattern of perception, 

the figures of attention and the broader, unattended background. 

And they configure his attitude, values and intentions. 
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The Kalahari Bushman somehow has learned to survive in the desert, 

despite the severity of its conditions. He has developed skills 

and knowledge which enable him to contend with an extremely barren 

land and sharply limited rainfall. He knows the vegetation, can 

read spoors, and without getting lost can track animals for days, re­

lying on roots or hidden caches of water-filled ostrich eggs for 

liquids. 

On the other hand, we in our society manage to survive in a jungle 

of machines. We drive motor cars comfortably at breakneck speeds 

along narrow asphalt and concrete pathways even as we chatter away 

with passengers, eat snacks, drink refreshments, or listen to radio 

reports or music. We use airplanes, trains, washing machines, 

computers, telephones, x-ray machines, volt-meters, television, and 

hundreds of other such objects routinely. 

On the tennis court we directly encounter the concrete surface, the 

boundary lines, net, opposing player or players, the ball, the 

racquet and possibly a partner among the other artifacts and natural 

factors that determine the player's perception and influence his 

behavior. Because of the shape and structure of 

construction of the ball itself, certain methods 

the racquet, and 

of striking the 

ball and certain kinds of trajectories are possible; and certain 

choices of return shots are thus available. Clearly, a beach ball 

or a basket ball would produce a different set of perceptual and 

motor possibilities, as would a "court" consisting of a tangle of 

vines in a rain forest; under these unusual conditions the game of 

tennis would certainly not be the same as we now perceive it to be. 

Similarly, the kind of lighting, the background against which the 

ball is tracked , the nature of the court's surface, the type of net, 

its structure and shape, the size, strength and gender of the 

players, their visual acuity, neural anatomy, and body structure, 

the clothes and shoes that are \~orn, the player's attitudes, ob­

jectives, experience, approach to the game and style of play, the 

degree of adherence to the prescribed rules of play, the type of 

coaching that is available, and the number am kind of spectator -­

all contribute to the nature of the behavioral environment of the 

tennis player . 
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REGULATORY CUES 

In the process of tracking and running to intercept the tennis 

ball, our player is confronted with a number of more specific 

tasks requiring information for their solution. On a continuing 

basis he has to detect or identify characteristics of himself and 

his environment, estimate distances, velocities and accelerations, 

activate his muscles, direct his movements toward some point of 

interest, and choose and make a return shot. 

He has to contend with a real ball that could be moving at high 

speed and with an opponent who is constantly changing position and 

who very likely is using every stratagem to defeat him. The 

opponent might try to mislead him by faking or disguising a shot, 

using tricks, or simply employing good tactics, making him run. 

The player has the boundary lines to consider as well. And the 

net and the wind. 

ground. 

In fact, there is the whole court and its back-

This is a familiar situation tennis players merely take for 

granted. But the familiarity masks a more penetrating problem, 

one that has occupied the minds of epistemologists for centuries. 

The problem, simply, is to gain accurate knowledge about the world. 

For the tennis player this translates into getting an undistorted 

image of his court activity. 

From science we know that physical energies from the objects around 

us stimulate our senses and lead to our experience of those ob­

jects. We say we form impressions of them. So too the tennis 

player forms impressions of his court; he forms an image of it, 

and he has only this image to rely on to maneuver on the court. 

The image determines his perceptual discriminations and his 

selection of information, and it determines the nature of his 

responses, while at the same time being determined by what he 

does and by the objects he encounters. The image dictates the 

range of his possible actions. If the image is narrow and 

limiting, his range of skills will be limited; if it is rich with 

possibilities, his play will reflect the diversity. 
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The broader epistemological issue as such is of no particular 

concern to the tennis athlete; his interest lies in the specific 

actions of his oppon3nt, the motion of the ball and the way he 

should respond, not in the manner that knowledge is acquired or 

tested . He is of course presumed to be playing a game character­

ized by well-defined rules. He abides by the rules and his re­

sponses are appropriate to the game. By the same token, the in­

formation he acquires must also be appropriate, or relevant. 

He needs the kind of information that leads him to specific and 

definitive action, namely, to intercept the ball with the racquet 

so that the ball is propelled back to his opponent's court in a 

most effective way relative to proper play. This relevant 

information is here termed regulatory information. It is the kind 

of data by means of which the player normally regulates his actions 

or makes appropriate decisions . 

For example, he may put together a personality profile of his 

opponent. This is the kind of data usually collected to reveal 

the opponent's overall strategy or style of play -- whether he is 

a perpetual lobber, say, or a serve-and-volley type of player. 

One must of course be wary of pitfalls in such "historical" in­

formation, for it is a bit removed from the immediate decision­

making arena; but "scouting" can still be a useful guide. Its 

aim is to understand the weaknesses and strengths of the "enemy." 

In this respect, "stats" are valuable. Nevertheless, the real 

story can only be told during a match, by the point-to-point or 

game-to-game tactics, which are discovered by direct participation. 

At the level of tactics, our player 

shot the opponent is going to hit. 

needs to know what kind of 

will it be a lob? a drop 

shot? a drive down the line? The sooner he finds out, the better. 

If he is at the base line, earlier information might gain him 

just the extra step he needs to reach a drop shot at the net, or, 

if he is at the net, to anticipate the need to race back for an 

offensive lob. Timely data might also e n able him to poach effect­

ively on a cross-court shot or be alerted to block a down-the­

line hit. 
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For tactical data the player must direct his attention to certain 

characteristics of his opponent's behavior. Thus, for example, 

he may watch the opponent's feet, to see how they are positioned 

in preparation for a shot. Or he may wait to observe how the 

racquet face is positioned just before impact with the ball. Is 

the face set for a lob? Is the wrist cocked for a forehand? 

Is the backswing deep and ready for a hard shot? These and other 

bits of data offer cues as to the opponent's action. 

But information at what I call the spatio-temporal level is also 

needed. The player has to be able to read distances, velocities, 

accelerations. And he has to estimate time. In other words, he 

has to be able to identify the state of the ball, how far it is 

and how fast it is moving, and the state of his opponent, where he 

is standing, how fast he is running -- that sort of thing. 

This kind of information applies at the personal level as well. 

It is a form of body awareness. For instance, the player needs to 

be aware of the positioning of his own racquet. Failure to place 

it properly can result in poor contact with the ball. As he races 

across the court or runs back to the baseline for a shot, possibly 

turning away from the ball for a moment, he has to keep track of 

the extent of his body rotation, change s in direction of motion, 

or changes in speed. That is, he has to know where he is and he 

has to know where he is going. Only then can he determine what 

to do next. 

To understand regulatory information is thus to understand the 

information useful to the player at various levels of interest. 

The player looks for information according to his need, though 

he may not always know what it is or how to find it. Certainly 

he wants the right kind of data; he wants to separate the 

relevant from the irrelevant. But this is not always easy to do. 

The process may even require an ability or awareness that he 

does not have. At the very least, getting the correct information 

presupposes a behavioral environment for the player that honors 

the information as an aspect of its organization. But beyond that 

it r equires viewing his environment in an efficient and veridical 

manner relative to the pertinent court activity. In short, it 
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Picture 1.2 Martina Navratilova showing top form 
in return of a volley. (Photo by 
Brad Graverson) 
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requires practiced ability. (See picture 1.2 for a good 

demonstration of this ability.) 

HABIT 

Habit is a boon to the player. The less he has to think about 

the details of his game, about 

serves, 

his information gathering, move­

overhead smashes, and the like, ments, ground strokes, 

the better off he is. Habit enables him to perform even 

his tactics. 

complex 

actions routinely, leaving him free to plan 

Unfortunately, habit also gets in the way of necessary change. 

Bad habits are hard to break. The strongest pre-game resolu­

tions fall prey to "old reliable" mental or motor mechanism-s; 

and habitual perceptual and motor patterns prevail over the 

resolutions as the player "gets into the action." The very fact 

that the patterns are performed without conscious effort dictates 

that they will run as usual as soon as attention is withdrawn. 

Such changes require continuing conscious effort, something one 

cannot do during the game. Thus the player may continue to 

search for the same old information in the same inefficient way 

and continue to respond with the same inefficient responses. 

He may, for instance, resolve to "keep his eye on the ball" as 

the opponent tosses it for a serve, but in the heat of the action 

may become enamoured as usual, say, with the opponent's un­

orthodox motion and fail again to watch the ball for a critical 

split second. Or he may tell himself that this time he is going 

to "charge the net." Yet when play for the point ends, there he 

is, still near the baseline where he started, not having moved a 

foot closer to the net. Again, if he is at the net in a doubles 

match, his partner serving, he may assure himself that this 

time, no matter how anxious he is to poach, he will not make his 

move precipitously, before the opponent makes contact with the 

ball; yet when the serve crosses the net and approaches his 

opponent's racquet, h e is away too quickly once again, and the 

opponents have another easy point down the line. 
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To make the problem of habit correction more difficult, a bad 

habit is seldom, if ever, an isolated pattern. Rather it is 

usually an integral part of a complex perceptual-motor chain, 

much of which is executed without conscious effort. The complex 

pattern offers strong resistance to change, because modification 

of a part throws the whole pattern out of balance. 

The larger pattern, too, is a component of the player's greater 

behavioral environment. This environment is like a four-dimen­

sional jigsaw puzzle. If a piece of the puzzle is modified, 

adjustments have to be made in the rest of the puzzle to accommodate 

the change. Such an accommodation can be resisted fiercely. 

Suppose that for years a player has relied almost exclusively 

on a back-court game and now wants to develop a serve-and-volley 

style of play . This is a drastic modification. Even to think 

about it as a real possibility requires a significant change in 

attitude. The player has to consider making movements such as 

racing to the net after his serve, cutting off hard passing shots, 

engaging in rapid-fire volleying, or hitting overhead smashes. To 

be viewed as prospective moves, the actions have to be given more 

importance, higher value. 

And the movements still have to be incorporated into his game. 

This means practice and more practice, usually a painful and 

laborious process. A great deal of testing is done. There are 

many trials, and many failures. Old habits have to be eliminated. 

New regulatory cues have to be added. And all the modifications 

have to be integrated into new habit patterns. 

The ~ player, too, is confronted with these problems. Like 

the established player changing his style, the novice brings a 

life-time of perceptual-motor habits to the court with him. 

These habits have grown mostly by dint of circumstance, like weeds, 

unsystematically. Too little is known of the psycho-physiological 

mechanisms to do serious prunlng. 

fortunate if he has only a few bad 

The player can consider himself 

habits among his skills and 
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if these bad ones are not too emotionally charged to prevent 

change. The player is enmeshed in a complex interaction with 

his environment, and highly charged factors can affect both his 

sensory and his motor processes. This is particularly true of 

patterns developed during his early years. 

Formed in part by inherited neuro-physiological structures, 

these early habit patterns are highly resistant to change. Deeply 

rooted, elemental and typically unconscious acts in origin, 

learned without the benefit of self awareness, they are neverthe­

less basic components of the individual's perceptual-motor skills. 

They involve many subtle interactions that continue to be un­

conscious in adult life. Yet these processes are fundamental to 

the construction of the player's spatio-temporal experience; 

they are the yarn out of which is woven the fabric, the skills, 

tactics, of his behavioral environment. 

"INNER"TENNIS 

Self awareness is an important aspect, if not the key, to the 

teaching philosophy developed by tennis-pro Tim Gallwey, author 

of The Inner Game of Tennis (1974). This awareness is non­

judgemental. It aims not to criticize but to "see." Its objective 

is to gather information, not to pass judgement on it. The idea 

is for the player to become aware of what his body is doing, to 

know how his feet are moving, to feel the extended racquet arm, 

without bringing up the right or wrong of the actions -- without 

jumping allover himself for making a bad shot or puffing up 

after a good shot. 

The conscious self can be the player's own worst enemy, according 

to Gallwey. This is self number one, the boss, the self-appointed 

critic, the know-it-all. Self 1 wants to do things right, and he 

is willing to push and shove to do it. "Take your racquet back, 

you jerk!" "Oh Christ! Drop your e lbow! Drop your elbow!" 

"You swung too early, you dummy!" "Oh what a rotten player you 

are! II 
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Self 1 is the thinking self, the ego-mind, and for Gallwey it 

is the constant cause of interference with the more natural 

processes of a second self, the doing self, or Self 2. To be 

less interruptive, Self 1 must eat humble pie. It must cease 

to be a tyrant and become more like a watchful, loving parent, 

willing to let his child (Self 2) learn on his own, happy to let 

the child make mistakes and profit from them. 

Self 2 is the inner self, the unconscious doer. It operates 

best when it is free of interference from Self 1. It plays with 

relaxed concentration, with a kind of effortless, spontaneous 

performance that does wonders when the mind is calm and at one 

with the body, i.e., when Self 1 is unobtrusive. 

The unconscious doer may be playing "out of his mind" or "over 

his head," as we say; but he is not playing without consciousness. 

To quote Gallwey, such a player 

is more aware of the ball, the court, and, when necessary, 
his opponent. But he is not aware of giving himself a 
lot of instructions, thinking about how to hit the ball, 
how to correct past mistakes or how to repeat what he 
just did. He is conscious, but not thinking, not oVer­
trying. A player in this state knows where he wants 
the ball to go, but he doesn't have to "try hard" to 
send it there. It just seems to happen -- and often 
with more accuracy than he could have hoped for. The 
player seems to be immersed in a flow of action which 
requires his energy, yet results in greater power and 
accuracy. The "hot streak" usually continues until he 
starts thinking about it and tries to maintain it; as 
soon as he attempts to exercise control, he loses it. 
(1974, p. 20) 

Dealing with inner tennis, Gallwey is concerned with the psycho­

logy of the game, viz., with what is happening in the mind of the 

player. In particular, he is interested in improving the relation­

ship between the conscious teller, Self 1, and the unconscious 

doer, Self 2. He feels that Self 1 treats Self 2 like an idiot 

with a short memory, when in fact, in his view, Se lf 2 hears 

everything, never forgets anything and is anything but stupid. 

After hitting the ball firmly once, Self 2 "knows forever which 

muscles to contract to do it again. That's his nature : " (p. 26). 
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This notion of a nearly infallible Self 2 may be a bit optimistic. 

But what might we make of such a conscious unconscious doer? 

One interpretation may be drawn from the philosophies of Cassirer 

(1946) and Langer (1953, 1957). In their view there are non­

verbal as well as verbal symbols. Words are not the only vehicles 

of expression; one might use gestures, for example. In fact, 

most forms of art rely solely on non-verbal symbols. Painting, 

architecture, dance -- all use only non-verbal modes of expression. 

The individual is thus able to respond to non-verbal as well as 

verbal forms of information, or regulatory cues. The player may 

thus be "unconscious" in the sense that non-verbalized or non­

speakable symbols are involved. But he is conscious in respect 

to the fact that he is aware of the symbols and can respond to them. 

In Gallwey's view, Self 2 works best with non-verbal data. To 

Self 2 a picture is worth a thousand words. The player must learn 

to program Self 2 with images. The greatest efforts in sports 

come when the mind is "as clear as a glass lake." 

A verbal picture often is not easy to grasp, and it becomes 

more and more difficult as detail is added. Yet the verbal al­

ways seems to contain less data than the visual, which is 

relatively easy to grasp. 

What is the inherent diffe rence between the two information 

modes? The verbal can certain·ly 

print the words. But the verbal 

be made visual: one has only to 

can also be rendered non-verbal. 

Each spoken or written instruction can be transformed into a visual 

sign, such as a flash card, each with a different color pattern, 

like the cards flashed by students at football games. A red sign 

could then mean "Get the racquet back earlier!" A green one: 

"Toss the ball highe r!" Etc. The coach could the n flash the 

necessary card. No words or verbal instruction would be needed. 

Does this make life easie r for Self 2? It doe s not. There is no 

change in information, so the response patte rns should be the 

same. Even if the flash cards were snapshots of "correct" positions 
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for the racquet, feet, or the like, the fundamental problem would 

remain unsolved: The player's smooth flow of motion would be 

interrupted . A succession of such cards would produce a robot­

like performance, step, step, step, instead of a single continuous 

motion. Thus Self 1 interferes not simply because its information 

is verbal, but because its information is inappropriate. 

A directive by its very nature draws attention to the component 

of movement that needs to be corrected. In a game situation this 

might occur just at the time when a smooth, undifferentiated flow 

of movement is desired. Under these conditions the information 

would not only not be useful, it would be counter-productive. 

Self 2 can and should be given assistance, but the help should 

be given under appropriate conditions with appropriate images. 

Self 1 is crafty and subtle; it can sneak in an instruction under 

the very nose of the player, in the middle of a critical move. It 

must learn tolerance and patience, and Self 2 should be allowed to 

play the game. 

"LEFT-BRAIN" SYNDROME 

The brain is a complex mass of interconnected cells that regu­

lates the activity of the human organism. Integral to the central 

nervous system, it is the quarterback of the organism, accepting 

signals from internal and peripheral sensors and transmitting 

message s to muscles and glands. 

Much still remains to be learned about the brain's operation, but 

its structure has been delineated in considerable detail and 

specific functions have been associated with many of its components. 

The forebrain is the newer brain phylogenetically; it is seated 

above the more primitive brain stem, which is an extension of the 

spinal cord. The forebrain has two h emispheres, left and right, 

connected together by a cable of nerve fibers called the corpus 

callosum, and by other, smaller, cables, or commissures. Each 

half-sphere controls the opposite side of the body, generally 

speaking, and contains a frontal, temporal, parietal and occipital 

lobe. 
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Since each hemisphere controls the other side of the body, it 

is to be expected that most functions are duplicated in the 

two halves. This is generally true. For instance, a visual 

control center is contained in each posterior, or occipital, lobe 

(at the back of the head), and controls for voluntary movement 

are found in the posterior section of each frontal lobe (at the 

brow) . 

I 

However, not all functions are duplicated in the two halves, 

and even if they are, the functions may not be developed equally 

on the two sides. For a particular task, one side or the other 

may be dominant. In the case of speech, for example, the left 

hemisphere is dominant for the vast majority of people. Speech 

control centers in the left half are usually very well developed, 

while only rudiments of control are formed in the right half. 

But the degree of this dominance varies from individual to individual. 

In some instances there is a very strong left-brain dominance 

and this tends to produce what might be called a "left-brain" 

syndrome. Persons with this characteristic tend to take a Self 1 

approach to everything. Their approach to tennis, in particular, 

is "intellectual." They rely on a continuous stream of verbal 

directives to play the game and in effect suppress their non-verbal 

or intuitive capabilities. The result is that their style of 

play frequently seems deliboerate and mechanical. 

The intuitive capabilities may possibly be a function of the right 

hemisphere of the brain, and there is some evidence to indicate 

this might be true. For one thing, there is an overwhelming 

tendency for verbal control centers to develop in the left hemis­

phere (in most right handers and about t\olO thirds of the left 

handers) leaving spatial control to the right hemisphere. Recent 

split-brain experiments, pioneered by Dr. R. W. Sperry and his 

staff and students, have shown as well that the right hemisphere 

is also conscious and can r ecognize things despite the fact that 

it may have only very limited verbal knowledge. (Sperry 1975) 
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(Afte r Plotnik and Mollenauer 1978) 
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To test this condition, an image is presented to the right herrQ­

sphere but not to the left. This can be done by projecting the 

image from the subject's left visual field. Because of the cross­

over pattern of the visual fibers, signals from the left visual 

field, whether from the right eye or the left, are transmitted to 

the right hemisphere visual area; conversely, signals from the 

right visual field go to the left brain. Even though the right 

hemisphere may be mute , it can still point with its left hand 

(the hand it controls) or pick out an object. Thus, if it 

recognizes the image, it can pick out the correct one from a 

number of diverse objects, which it does. 

the field-hemisphere relationship.) 

(See Figure 1.1 for 

These developments at first glance seem most encouraging for 

the existence of a palpable Self 2, one that is not out of reach 

of the researcher's equipment. To date, a number of fascinating 

experiments on the brain have been conducted. A number of in­

ferences have been drawn, perhaps the most fundamental of which 

is that e ach hemisphere has its own mode of thought, the left ' 

using words, the right using sensory language, or images. The 

argument is that the left brain is analytic or logical, while the 

right is synthetic or spatial holistic. Thus it would seem, in 

this view, that the l ef t brain is intellectually digital, while 

the right is analogue. 

Considering this representation of the division of functions be­

tween the two hemisphe res, might Gallwey's Self 1 and Self 2 be 

identified, respectively, with the left and right brain? It is 

clear that the highly v erbal character of the left brain matches 

the nature of Self 1 and that the non-verbal aspect of the right 

brain reflects a Self 2 type. But there are a number of factors 

that work against adoption of such a simple correspondence. 

For one thing, motor control centers of both frontal lobes are 

necessarily involved in all movements; muscles tend to work in 

pairs and both sides of the body operate in concert. Binocular 

integration brings the visual c enters of both occipital lobes into 

play. These centers are active even while the body is moving. In 
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fact, movement is necessary if the eyes are to see; at the very 

least, they have to be oriented or directed toward the object 

which is to be seen. In addition, signals to and from the medulla, 

in the brain stem, are essential for balance. And the cerebellum 

is required to smooth out the rough edges of movement. 

Spatial integration, itself, is not the simple process it might 

appear to be. The visual field at any instant is relatively narrow, 

far too narrow to encompass anything the size of a tennis court at 

playing range. To produce the player's actual image of the court, 

spatio-temporal integration is needed. Without such a "manu­

factured" image, the player cannot estab l ish his orientation on the 

court or have an awareness of direction. The eyes jump around, 

now looking this way, now that way. The successive "snapshots" 

have to be pulled together into a unified field that marks our 

normal experience. Many components of the brain are involved and 

many control centers have to be brought into play to produce the 

player's behavioral environment. Just how complex the task is, 

will be seen, in part, in the chapters following this introduction. 

MANIPULOSPATIALITY AND LANGUAGE 

The view that such basic processes as analysis and synthesis 

are not integral facets of the intellectual character of each 

hemisphere of man 's brain has recently come under attack. 

Gazzaniga and LeDoux (1978) claim that this specialization theory 

fails when the processing requirements and real capacities of the 

hemispheres are considered. 

Conducting their own tests, they found that the patient was able to 

select correct answers without using his hands. This suggested that 

the left hemisphere can perceive spatial fea~ures and that the 

left and right hemispheres are neurologically the same. 

According to Gazzaniga and Le Doux, the left hemisphere is minimally 

involved in manipulospatial functions and the right minimally involved 

in language, because language is a late phylogenetic d evelopment. The 

language cells competed for space and for some reason sprouted in the 
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inferior parietel lobe, the traditional turf of the manipulo­

spatial function. The reason for this is not known, though it 

is possible that specialized language cells developed out of the 

use of tools, a manipulospatial derivative. 

Gazzaniga and LeDoux (1978) use the term "manipulospatial" to refer 

to the mechanism by which a spatial context is mapped onto the 

perceptual and motor activities of the hands. Neither perceptual 

nor motor, strictly, it is the means of actively exploring and 

altering the spatial environment by using the hands. It is part 

of the more basic neural mechanism whereby the organism maintains 

and actively utilizes the spatial relationship between its body 

and the surrounding spatial environment. 

This awareness of the relationships of the organism's bodily parts 

to the spatial environment seems to be a function of the inferior 

parietal lobule, because cells of the lobule were found to be 

activated by reading the manipulatory movements. That these move­

ments were not simply motor was indicated by the fact that the 

cells fired independently of the speed of movement. Furthermore, 

"the cells were generally contralateral and specific for particular 

points in the immediate surrounding space" (p. 57). 

The manipulospatial mechanism thus appears to provide a personal 

reference frame or map for manual exploration of extrapersonal 

space. Typically a function of both hemispheres in non-human pri­

mates, in humans it apparently lost the competition with language 

for neural space in the brain and now resides only in the right 

hemisphere. Consequently, according to this view, the dramatic 

dichotomy of lateralization of the brain seems to be language versus 

manipulospatiality. 

THE PLAYER AS PROGRAMMER AND COMPUTER 

In a sense, Gallwey's Self 2 is like a robot, an automaton -- a 

biological computer that is programmed by Self 1. Might such an 

interpretation have a physiological basis? In this section we 

o (1.' .00_ 

consider the view of Wilder Penfield (1975), a neurosurgeon specializing 
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in the treatment of epilepsia, who does in fact argue that there is 

in the brain an integrated, two-mechanism control center, one 

element of which is a mind-mechanism, which programs, and the other, 

an automatic sensory-motor mechanism, which is programmed. 

The region of integration and coordination lies in the higher brain­

stem -- the diencephelon or old brain, speaking phylogenetically, 

lying deep within the cerebral mass of gray and white matter, 

attached to the lower brain-stem, which extends the spinal cord. 

The mind-mechanism in the semi-independent pairing is the source of 

consciousness, and the other is a mechanism for sensory-motor 

coordination. In their combined action these units make sensory 

input available and motor output purposeful. "They constitute 

a centrencephalic integrating system that unites functionally the 

diencephelon (higher brain-stem) with the cortex of both hemi­

spheres. To this integrating system, sensory impressions come, and 

in its action, thought, and behavior [sensory impressions] find 

expression." (p. 44). 

Evidence for this view derives in large part from the bizarre and 

very unfortunate occurrences of epileptic fits. The network of the 

brain is such that natural or artificial stimulation in one area has 

disruptive effects in that area, but possibly also in distant, 

functionally related areas. Thus, if an electrode is made to pass 

current into a region of the cortex, the current interferes 

completely with the person's normal use of that area. But in the 

process, other, distant zones beyond the interfering influence of 

the electrode may be activated by normal neuronal conduction from 

the affected area. This phenomenon may also occur as the result of 

an epileptic discharge in the starting area. However, the first 

epileptic charge may be so severe as to be a bombardment, the 

secondary and distant effect of which is another explosion, or a 

continuing series of explosions, along the functional paths. 

The effect of the epile ptic discharge depends on the functional 

path affecte d, and this depends on the point of origin of the dis­

charge. On occasion, an epileptic discharge will confine itself 
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selectively to one functional system. When it does, says Penfield, 

it paralyzes that mechanism for any normal operation. "If the 

function of gray matter is highly complicated and only partially 

automatic, such as in the speech area of the human cerebral cortex, 

the epileptic fit produces nothing more than paralytic silence, 

e.g., aphasia." For this reason, observation of such effec ts 

for the selective identification of functional systems of the 

brain has considerable investigative value (Luria 1969). 

If the epileptic discharge begins somewhere in the sensory or 

motor region of the cortex, it activates all of the motor area. 

The cortex of one side is then pitted against the cortex of the 

other, causing the person to stiffen his body and limbS, un­

controllably, under general muscle contraction. Consciousness 

vanishes. 

However, if the epileptic discharge begins in certain areas of 

the cortex outside the sensory-motor region, in the interpretive 

cortex, as Penfield identifies the r egion, the mind-mechanism 

is paralyzed. The individua l is then no longer a conscious, 

decision-making creature; he is converted into a mindless automaton. 

The interpretive cortex is the phylogenetically newer part of 

the cortex, proportionately more fully developed in man than in 

other mammals. Some areas of the cortex, such as the sensory and 

motor areas, are committed as to function at birth, but the 

interpretive cortex is not. It 

acquisition of experience, that 

is only after 

the latter is 

birth, with the 

"programmed." 

When a child is born, the new convolutions of the temporal 
lobe are uncommitted and unconditioned as far as function 
is concerned. During the initial l earning period of child­
hood, some of these convolutions will be programmed for 
speech on one side or the other, usually the left side in 
right-handed individuals. The rest of them will be devoted 
to interpretation of present experience in the light of 
past experience. This we have labeled the interpretive 
cortex. These new areas of cerebral cortex, both frontal 
and temporal, are emp l oyed in the mechanism of mind-action 
after the early period of what may be called conditioning 
or programming. (Penf ield 1975. p. 19) 
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For Penfield, the interpretive corte~ does for perception of 

non-verbal concepts what the speech cortex and the speech mechanism 

do for speech, the verbal and non-verbal mechanisms together 

forming a large memory file, access to which is gained either 

through conscious effort or by automatic processes . Included in 

the interpretive cortex is a group of cells in the inferior parietal 

lobule of the right hemisphere, whose function is to provide the 

capability for space orientation. Corresponding to the speech 

center of the left hemisphere, the space orientation cells provide 

a body-reference map of the surrounding spatial environment . These 

cells, as we have seen, are not part of the sensory-motor mechanisms. 

And somewhat like Gazzaniga's manipulospatial mechanism, they give 

a spatial interpretation of the sensory and motor activities, re­

lating the bodily parts to the immediate environment. Gentle 

stimulation of this. segment of the interpretive cortex may, for 

instance, .ellicit a mechanism whose function it is to send signals 

that make the person aware that something is "coming nearer," say, 

or "going away," etc. 

In general, however, a . violent stimulation of this or any other 

portion of the interpretive cortex -- a stimulus. such as that of 

an epileptic discharge -- knocks out the whole area, including the 

mind-mechanism, itself . 

intact. The individual 

But it leaves the sensory-motor control 

is no longer conscious, but he continues to 

function; i.e., he is capable still of carrying on in accordance 

with decisions or plans already made. For instance, he can continue 

to walk or drive home, if that had been his destination. But a 

novel circumstance can disrupt him completely. In general, if new 

decisions are to be made, an automaton cannot make them. 

In an attack of automatism the patient becomes suddenly 
unconscious, but, since other mechanisms in the brain 
continue to function, h e changes into an automaton. He 
may wander about, confused and aimless. Or he may continue 
to carry out whatever purpose his mind was in the act of 
handing on to hi s automatic sensory-motor mechanism when 
the highe st bra in-mecha nism went out o f action. Or he 
follows a stereotype d, hab itual pattern of behavior. In 
every case, however, the automaton can make f ew, if any, 
decisions for which there has been no precedent. He makes 
no record of the stream of consciousness. Thus, he will have 
compl e te amnesia for the period of ep ileptic discharge and 
during the period of cellular exhaustion that follows. 
(Penfield , 1975, p.39) 
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Nevertheless, if an attack of .automatism on a person occurs while 

he is in the act of planning a project, the automaton "may dis­

charge the purpose in remarkable detail." 

For Penfield, then, the evidence shows that operation of the 

brain is like operating a computer, which requir e s a program and a 

programmer. The programmer in the brain is the mind-mechanism, 

while the programmed computer is the sensory-motor mechanism, 

capable of doing what the programmer wants done. "A man's mind, 

one might say, is the person. He walks about the world, depending 

always upon his private computer, which he programs continuously 

to suit his ever-changing purposes and interests." (p. 61). 

In a sense, too, this is how Gallwey.'s Self 1 and Self 2 are 

related. Self 1 is the programmer; it is the planner and decision 

maker. Self 2 is the "automaton," the competent slave; it is the 

programmed or programmable computer. To paraphrase Gallwey , once 

the computer (the automaton) is prograImlled to do a certain job of 

work, it should be allowed to do it; it should be allowed to run 

its course toward a solution without being interrupted continUOUSly 

by some new program change, some irrelevant new plan or directive. 

So if we aren't too fussy with the linguistic comparison of the 

two views, it would seem that Penfield's work does in fact support 

the Gallwey concept. There is of course that one nagging problem, 

namely that Penfield's automaton is unconscious, whereas Gallwey's 

Self 2 is really conscious. 

The sense of Gallwey's unconscious-conscious Self 2 turns on the 

existence of the non-verbal interpretive capability of that entity. 

But the interpretive cortex is an integral part of the mind-mechanism 

functional system; 

functional system. 

it is not at all a component of the automatic 

This fact alone mitigates against a direct 

correspondence between the views. 

Unfortunately for this argument, however, Penfield throws in a 

monkey wrench by giving the following summary of the capability' 

of the automatic mechanism: 
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Inasmuch as the brain is a place for newly acquired 
automatic mechanism, it is a computer. To be useful, any 
computer must be programmed and operated by an external 
agent. Suppo~;e an individual decides to turn his attention 
to a certain matter. This decision, I suppose, is an act 
on the part of the mind. The brain response must be some­
what as follows: The highest brain-mechanism take s immediate 
executive action, which causes the sensory-motor mechanism 
to block, by inhibition, the inflow of information that 
is unrelated to the subject of the mind's interest. At 
the same time, it allows related data to pass through into 
the stream of consciousness. The data that enter the 
stream of consciousness may be sequences of sight and sound 
from the neighborhood, accepted with immediate inter­
pretations, such as awareness of familiarity or of danger. 
Relevant memories may be added automatically from the 
individual's past experience. 

The automatic sensory-motor mechanism itself comes to be 
conditioned, as the years pass, for many purposes. It 
coordinates the action of many semi-separable mechanisms 
within the brain, such as reading, writing, speaking, and 
the dextrous skills. As time passes, it learns to take 
over more and more of the body's behavior. Each skill, 
acquired in the light of conscious attention, soon becomes 
automatic and runs itself even more skillfully than the 
individual could carry it out by conscious direction. 
(1975, p. 60-1) 

The language in this passage is hardly different at all from 

that of Gallwey. Such a great deal of flexibility is allowed 

for the automaton, it might as well be Self 2. When the athlete 

is said to be "playing out of his mind," this may well mean that 

during that very fortunate interlude his skill levels are high 

and he is not being reprogrammed. For the correspondence to be 

complete, then, it seems that Gallwey need only admit that the 

non-verbal mechanism is an alternate vehicle to the speech 

mechanism for programming the automaton. The computer can then be 

programmed to any degree of sophistication desired, thereby 

preserving the respectability of Self 2. In this interpretation, 

however, real power actually shifts to Self 1, which now regulates 

both inputs, not just the verbal. 
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SENSORY AWARENESS AND MOTOR ACTION 

A hemispherectomy patient is conspicuous by the fact that he tends 

to collide with objects located in that part of his visual field 

normally under the control of the missing hemisphere. For example, 

a right-hemispherectomy patient frequently collides with things 

on his left. In walking down a corridor, for example, he might 

bump into the left wall, or walk into a chair. 

A reasonable explanation of this phenomenon is that the patient, 

from long accustomed practice, continues to rely on a source of 

information that is not now available to him. Momentarily for­

getting his loss of the required sense mechanisms, or possibly 

unaware of their importance, he reads the absence of data in a 

positive way, namely that his path is clear. 

In a similar way, an individual suffe ring from a loss of hearing 

might, for example, fail to notice approaching traffic. Say he is 

crossing the street and is thinking of other things or momentarily 

forgets his hearing problem, which may be a recent development. 

Out of habit he might depend as usual on his ears to detect the 

presence of cars, and the absence of the telltale sounds might 

lead him to believe, at his peril, that no car was coming. 

Disease might affect perception in another way, creating a loss 

of body image. Such an image depends on integrating the many kinds 

of information normally available to the individual, not the least 

important of which are seeing and hearing. But a patient who 

loses this capability could be helpless when asked to show parts 

of his body. The loss may be so severe, in fact, that when asked 

to point to an ear or arm he may believe they are missing. His 

postural model may also be disturbe d, and he may not even be capable 

of starting a movement (Granit 1977). 

These examples point up the fact that the individual comes to 

depend on a normal flow of information, or sensory impressions. 

His movements take place within a sensory envelope whose presence 
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and stability is constantly confirmed by frequent renewal of the 

same experience. For Granit, this perpetual confirmation has 

created the neural organizations that engineer the constancies 

in experience, such as the constancies of size and sha pe of objects, 

and the frameworks of reference that give perceptual stability, 

particularly the uniformities of space and the regularity of time. 

These developments are habitually taken into account in movement. 

Within the surrounding space such as a room we move with 
the greatest ease between objects whose size is constant 
rather than variable with the retinal image. Because our 
movements are scaled to this invarient world, it should be 
possible to detect cells in the cortex that somehow have 
the properties of coordinating the motor and sensory 
spheres. In a sense the pyramidal cells of the motor cortex 
and the motoneurons of the spinal cord represent stimuli 
and movements combined. But, in looking for cells inserted 
into our established organizations for movement within 
spatial coordinates, a more sophisticated response pattern 
is required than that of pyramidal cells and motoneurons 
which deliver force and rate of change of force to commands 
from elsewhere. (Granit1977, p. 182). 

Cells that exemplify the required properties do in fact exist. 

They lie within the parietal cortex, the area we have seen to 

contain the seat of spatial reference. Clinical experience with 

these cells show them to be complex and varied. For example, 

lesions in this area show defects in the synthesis, interpretation, 

differentiation, and comparison of the elementary sensory experience. 

Such lesions also result in postural loss and defects in recognition 

of passive joint movements (Granit . 1977). 

In extreme cases, the effects of sensory deprivation can result 

in a disastrous loss of balanced control of behavior. But even 

in less severe cases, the results could be hazardous, unless some 

remedial action was taken. For instance, the person with the 

hearing reduction might have to depend more on his vision . The 

habit of listening for cars would have to be neutralized and dis­

placed with the new habit of watching for cars. That is, the 

automaton has to be re-programmed, and this require s conscious 

awareness. 
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At the very least the individual must recognize the f~ct that he 

is still relying on his hearing despite the lack of information 

from that source. He must also become aware of the different 

situations in which the dependence occurs , such as at streets and 

parking lots. And when he is in these situations he must consciously 

inhibit the automatic unproductive method and apply visual scanning. 

He must continue to do this until the new habit is well established. 

While our tennis player is not necessarily deprived of any of 

his senses, he may nevertheless be caught up in a similar problem 

in d epending on information that is unproductive and performing 

actions that are ineffective. To correct a poor habit structure, 

he, too, must engage in remedial practices. First, of course, he 

must become aware of the habit. When it is possible he must 

consciously inhibit it and consciously substitute the more effective 

alternative, to the best of his ability. This practice has to be 

continued until the new technique is ingrained. 

In the end he is faced with a two-fold task. On the one hand he 

must heighten sensory awareness in order to build up a better image 

of his behavioral environment,incorporating higher requirements, 

finer values, and better skills. As we saw earlier , h owever, this 

may not be easy. He may have strong emotional biases toward 

existing practices, and may not even wish to re-examine them. 

Perhaps the skills identify him with good friends, whose company he 

doesn't want to lose. Anyone of a variety of factors might 

inhibit new sensory awareness. 

On the other hand our player has to practice the new techniques 

until they are automatic. Like the skilled pianist or typist, in 

order to gain effic iency and smoothness he has to let his automaton 

handle the details. By sharpening his insights and by improving his 

motor acts, he can improve his game. 
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PART 1 

THE PLAYER'S BEHAVIORAL ENVIRONMENT 



CHAPTER 2 

THE PLAYER'S PHYSICAL ENVIRONMENT 

While history has had its share of solipsists -- those who hold 

that the self is the only knowable, or the only existent, thing 

most of us have suffered enough knocks on the shins to accept the 

contrary view, that there is an external world out there and that 

it is knowable. At least we behave as if that were the case. We 

certainly do not ignore the automobile that bears down on us 

when we cross the street. Nor do we ignore the opponent in a 

tennis match who slams the ball back. We acknowledge the auto­

mobile, the street, the player, the ball and the court as real 

entities in a real world with which we interact. 

, 

In physics the external world is expressed as a reality independent 

of a personal vantage point, although we realize objects can never 

be experienced except from a certain perspective. Space is 

represented via a system of three orthogonal, or Cartesian, coord­

inates, as shown in Figure 2.1, and time is added as a fourth 

dimension orthogonal to the other three. 

Objects in the world are not presented to us in this way. We see 

the world in perspective; parallel lines converge; objects appear 

to be smaller when they are farther away. This is evidenced by 

the fact that very large objects, such as buildings or airplanes, 

can be obliterated from view by small physical objects that are 

close to the eyes. 

We do not literally take the objects to be smaller. That is, we 

take for granted that the seemingly smaller things are not smaller 

in their physical nature, though at times we are fooled. Somehow 

we learn to recognize that an objective distance affects the v isual 

presentation of the objects. This objective distance is a segment 
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z 

(X, y, z) 

X 

Figure 2.1. Coordinate reference system. 

of physical space, and the space is such that equal segments have 

the same measure throughout its span. This is not true in our 

personal or subjective space. 

We also 

move may 

per unit 

recognize that motion occurs in this 3~space. Objects that 

exhibit velocity, which is a rate of change of position 

time in a certain direction. 

acceleration, which is the time rate 

velocity has two components, namely, 

The objects may also exhibit 

of change of velocity. 

speed and direction, the 

Since 

acceleration may occur as a time rate of change of speed or a time 

rate of change of direction. We then have either linear acceleration 

or angular acceleration. 

In this chapter we examine the physical n~ture of the tennis arena. 

The tennis ball is considered to be moving through an objective 

space, in real time, through an actual gravitational field, and we 

look specifically at the way it moves in that field. 

We also examine the physical nature of light and consider how it 

interacts with the surfaces of objects in the arena to reflect 

into the eyes of the perceiver, who somehow constructs a highly 

veridical semblance of that arena in his visual experience. 
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INERTIAL FORCE 

The step from velocity to acceleration provides the basis for 

the mechanics of motion. By virtue of the rate of change of 

velocity, a description can be given of the forces acting on an 

object . That is, the consequence of a net force acting on a body 

is that the body suffers acceleration. This is a most significant 

concept. 

A body at rest or moving with constant velocity does not exhibit 

a net force. It is the acceleration that d e termine s whether a 

net force is acting, not the mere fact that the body is in 

motion, as was thought to be the case in antiquity. The first 

principle of Newton states that an object will remain at rest or 

in constant motion provided no external net or unbalanced force 

acts on the object. This is the principle of inertia. In 

effect, it says that force is needed to overcome inertia. 

To determine the amount of force required to speed up or slow 

down an object, Newton offered his second law, viz., that the net 

force, F, is the product of the inertial mass, m, and the accel­

eration, a. That is, presuming there is no resistance, 

F = mao 

The greater the inertia, the greater the force r e quired for a 

given acceleration. And the greater the acceleration, the greater 

the force being applied to the given body. In other words, F is 

proportional to m, and F is proportional to a. 

For example, suppose a box-car on frictionless rails is being 

driven by an engine . Say the box-car we ighs 5 tons and the 

acceleration is constant at 10ft/sec/sec. The force being applied 

is thus 

F = 5 x 2000 (pounds) x 10 (ft /sec / sec) 

= 100,000 pound-ft/sec/sec. 
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This expression of force is stated in English units. In the 

metric system it may be expressed in dynes (gram-cm/ s ec/sec ), or 

in mUltiples of the dyne, using meters, kilometers, etc., in place 

of centimeters, or in Newtons, using kilograms and meters. 

Note, too, that force and acc e leration are . vector quantities, 

having 

only a 

both direction and magnitude. On the other hand, mass is 

scalar; it has no direction. 

GRAVITATIONAL FORCE 

When working with the British system of units, weight is some­

times used in place of inertial mass to avoid the more complex 

unit of mass called the slug, or pounds/ft/sec 2 . However, weight 

and mass are quite distinct and it is important to understand 

the difference. 

Mass is an intrinsic property of an object; its value is retained 

even if the object is moved to a different environment. An object 

has the same mass whether it is on the moon or on the planet mars. 

This is not true for weight, however. 

property. On the moon the weight of a 

weight is an extrinsic 

body of fixed mass is lower 

than it is when measured on ma rs. Its . value is a function of the 

gravitational acceleration, g, which depends on the mass of the 

associated body. That is, 

W = mg. 

The reason for the interchangability is that in the normal environ­

ment of everyday living the gravitational acceleration is constant, 

so W is proportional to m. So long as the gravitational environ­

ment remains the same, no confusion r esults. However, if cal­

culations involve a change in gravitational reference, care must 

be taken to keep the concepts distinct. 

Weight, we say, is an unbalanced force. Yet there is no obvious 

exertion on weighted objects; nobody is seen to push down on them. 

Where then does the force come from? 
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In Newton's view, weight is the result o~ a natural force o~ 

attraction between bodies having mass. This force is expressed 

by the function 

F = G 

where m
l 

and m2 are the masses of the respective bodies, r is 

the distance between them, and G is a proportionality constant. 

This expression is Newton's law of gravitation. It says that the 

force on an object, or its weight, is proportional to the product 

of the attracting masses and inversely proportional to the square 

of the distance between them. The greater the mass, the greater 

the weight; the greater the distance, the less the weight. 

It is to be understood that the distance, r, is the center-to­

center distance of the masses. For objects on the surface of the 

earth, for example, r is 4000 miles . This is already a great 

distance, so the object can be taken several miles farther, or 

several miles in altitude with only relatively insignificant 

changes in weight. This is another way of saying that the grav­

itational acceleration can be considered constant for most earthly 

practices. 

FALLING OBJECTS 

To say that an object is falling is to say that there is a net 

we allow that the only force force acting downward 

acting on the object 

object falls through 

on it. If 

is the gravitational force and that the 

a distance over which the force is constant, 

we can compute the time it takes for the object to fall and the 

velocity it has when it lands. 

Since the force is constant, the velocity of the object increases 

in a straight-line manner and an average v e loc i ty of fall can be 

defined. This average, v , is half the sum of the initial ave 
velocity, vo ' and the final velocity, v f ' viz., 
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Vo + v f . va ve = --"'-----'=--
2 

Using the average velocity, the distance,s, and the time, t, of 

fall are related as 

vave - sit. 

And we know that acceleration is the change in . velocity per unit 

of time, or 

We can now find the time of fall and the final velocity for 

different initial conditions. Suppose that the initial velocity 

is zero and that the starting 

gravitational acceleration to 

height is 64 feet. 
2 be 32 ft/sec . 

We take the 

substituting these values into our three equations yields: 

vave = v f /2, 

. v = 64/t, ave 

and 32 = vf/t. 

Eliminating v and solving for . v f we have the two equations ave 

and 

Therefore 

or t = 

v = l28/t, . f 

v f = 32t. 

128 = 32t2 , 

r28 /32 = Y;= 2 sec. 

The final velocity is then 

= 32 x 2 = 64 ft/sec. 
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In a similar way we can solve for the distance of fall if we know 

the time. The initial velocity may also be assumed to be non-

zero, or we may compute this value starting with the final . velocity. 

The initial velocity may be directed upwards or downwards. 

BALL TRAJECTORY 

If a horizontal component of velocity is added as a possible 

starting condition to those already mentioned for the free-falling 

object of the previous section, we have the possibility of a more 

general type trajectory. Such a trajectory is attained when a 

downrange missile is fired or when a satellite is launched into 

orbit. The trajectory is shown in Figure 2.2, in which it can be 

noticed that the direction of the force of gravity on the object 

is always toward the center of the earth . 

Earth 

Figure 2.2. 

Satellite 
in orbit 

Gravity Lines 

Satellite orbit. Gravity lines are directed 
inward. 

At a more down-to-earth level, basket balls, tennis balls, golf 

balls, or footballs are given similar trajectories when they are 

hit or thrown, as the case may be. There can, however, be a 

difference in tre atment in that the range of the trajectories 

involved is short enough that the gravity lines over the course 

of the trajectory may be considered to be parallel to each other. 

This simplifies the computations. 
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We would like to be able to determine the positions, s, velocity, 

v, and lapsed time, t, from start for free-falling tennis ball 

trajectories. This ~an be done using the formulas of the previous 

section and adding a computation for the horizontal component of 

motion. However, it is useful first to re-write the formulas in 

a slightly different but more tractable form. 

air resistance is still considered negligible. 

In this formulation 

Rearranging terms in the expression for acceleration, we obtain 

Then starting with 

and substituting for . vave = 

s = 

Finally substituting for v f ' 

s = 

= 

s v t ave 

(vo + v
f
)/2, we get 

2 t + Q t 2 
Vo (/ 

2 

If a ball is now assumed to be free to fall and it has initial 

velocity, Vo = 0, the position, s, measured from an arbitrary 

starting point, and the velocity, v, can be computed for successive 

seconds. Sample values are presented in Table 2.1. 
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t (sec s) s (ft) v (ft/sec) 

1 16 32 

2 64 64 

3 144 96 

4 256 128 

5 400 160 

Tabl.e 2.1. Sample val,ues for free fal,l,ing object . 

Suppose, we now impose a horizontal velocity on the ball as a 

starting condition, letting Vo remain zero. The values of 

Table 2.1 will not be affected, because the imposed velocity is 

at right angles to the lines of gravitational force. However, 

the ball will suffer translation per unit time in the amount of 

the imposed velocity. Remember that the lines of force are 

assumed to be parallel, so we can use a Cartesian coordinate 

system to represent the vertical, and horizonta,l motions, as 

shown in Figure 2.3. , 

o 

100 
Y (ft. ) 

200 

300 

20 40 

Horizonta,l 
, Velocity Vh 

~ ~ 20 ft/sec. 

......... -& 

" "-
'0 

60 80 x (ft.) 

Figure 2.3. Falling ball with horizontal velocity 
component . 
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AIR, WIND, AND SPIN 

In the previous sections it was assumed that there was no air 

resistance, wind, or spin to affect the motion of the ball. Under 

normal conditions, however, these are significant factors in 

games, particularly in tennis. 

So far as air and wind are concerned, it is clear that air resists 

the motion of the ball and that wind tends to carry the ball along 

with it. Air resistance always opposes the motion; it is a force 

vector whose direction is opposite to the forces that cause the 

ball to move. Wind, on the other hand, is a force component that 

can cause the ball to slow down, speed up, or change direction, 

depending on its own direction. Clearly, a strong or gusty wind 

can produce major changes in ball trajectory and creates a 

physical condition that demands high concentration. 

Spin, too, heightens the need for concentration, for it causes 

the ball to deviate from a trajectory which it would otherwise 

have had, and the ball can be spun in most any direction with 

varying magnitude. However, if attention is paid to the manner 

in which the opponent strokes the ball, the trajectory can be 

predicted to some extent, because it tends to curve in the di-

rection of the spin. Thus, a ball hit with topspin will curve 

down, whereas a ball with backspin will tend to curve up, against 

the force of gravity. 

Spin alters the trajectory because it causes a difference in air 

pressure which acts at right angles to the instantaneous direction 

of motion of the ball. This phenomenon is illustrated in Figure 2.4, 

using topspin. 

In this illustration the topspin is considered to be in the plane 

of the page. Because of the spin the portion of the ball above the 

indicated line of motion has a greate r speed than the mass center, 

and the portion below the center h a s a lower speed. The action 

compacts the air molecules at the top and rarefies them at the 

bottom. · This creates a pressure imbalance that pushes down on the 
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ball. The downward force adds to the force of gravity and causes 

the ball to fall faster than it would if there were no spin. 

with underspin, or backspin, a force imbalance is created toward 

the upside, tending to counter the force of gravity. This causes 

the ball to fall more slowly than it would if there were no 

backspin. 

A factor that makes analysis difficult is that the differential 

of pressure due to spin, as indicated, acts normal to the path. But 

the path, itself, even without spin, already curves down because 

of gravity, alone. Since the normal to the curve changes as the 

curve changes, the direction of the net force due to spin must 

change . As a result, a component of the force begins to act in 

the hori zontal direction. This component increases as the 

trajectory gets steeper. 

The net force thus acts not only to change the rate of fall but 

also to change the horizontal speed of the ball. A topspin, for ex­

ample, not only increases the rate of fall but also decreases the 

horizontal veloc ity. A backspin, on the other hand, decreases the 

rate of fall and increases the horizontal velocity. Consequently, 

a backspin shot travels farther than a corresponding topspin shot 

before it bounces, and it approaches the court at a steeper incident 

angle (the angle with respect to . the normal to the court). 

(a) no spin 
::::----0 . --..... ._--

-- --- ::::'\ - --0 0......... - __ __ 

""'---......... --
(b) 'pin 0'~'-"")~ 

Force ~. 
due to (\) 
spin - , 

Figure 2.4. Downward curve of a ball due to (a) gravity 
alone. and (b) gravity and topspin. 
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EFFECT OF SPIN ON REBOUND 

A perfectly elastic ball will rebound from a frictionless flat 

surface (court) with an angle of rebound equal to its incident 

angle. This is an ideal situation and is not met in practice. A 

real ball is not perfectly elastic, it does not bounce instantaneously, 

and the court surface is not frictionless. In consequence, the ball 

does not rebound as high as its pre-bounce height and the angle of 

rebound generally does not equal the incident angle. 

To consider the effects of spin we assume that the ball is not 

distorted elasticall y, so that if it is simply falling, it will 

rebound along its approach line of motion, i.e., along the line of 

gravity. 

If the ball is given a hori zontal component of velocity, the rebound 

force must still be vertical; but the ball on rebound will translate 

in the direction of the horizontal velocity, the translation rate 

depending on the nature of the contact of the ball with the surface. 

For a real ball on a real surface the contact is not instantaneous 

or elastic; it occurs over a finite interval of time and the surface 

offers resistance. This resistance, or resistive force, is in the 

plane of the surface and opposite to the ground speed or horizontal 

direction of the ball. Acting on the ball, the force reduces its 

horizontal velocity and produces a topspin. (See Figure 2.5 (a) .) 

Now suppose we add spin. We saw that the added force due to spin 

is at right angles to the spin axis and in the direction of the 

tangenti al velocity of the leading surface of the ball. The ball 

is a lready changing its direction of motion in the downward flight, 

and now the spin adds its own effects on top of that of gravity. 

We let the spinning ball strike the court, where it encounters a 

resistive force opposite to the ground speed of the t ouching portion 

of the ball and roughly proportional to its magnitude. This ground 

speed is the resultant or combined e ff ect of the horizontal velocity 

of the ball at contact and the spin. 
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There are many combinations of these motions. Some effects for 

the more familiar shots can be given. Consider a topspin shot. 

If the horizontal speed is greater than the linear speed due to 

spin, the net surface speed will be forward (in the same direction 

as the horizontal speed) and the resistive force will slow the 

shot and increase the spin. (See Figure 2.5(b).) If the horizontal speed 

No Spin 

Topspin 

Figure 2.5. 

... 

• 

/' 
/' 

/ Topspin 

Resistive force on ball 
due to v h 

( a) 

--­/' 
/' 

(b) 

Increased Topspin 

Resistive force on ball 
due to spin and v

h 

Rebound of (a) non-spinning ball and 
(b) ball having tODsp i n . 
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is less than the linear speed due to spin, the net surface speed 

will be backward, and the resistive force will actually accelerate 

the ball forward, making it seem to "jump at" the receiver. 

By contrast, the surface speed effect of a backspin shot is always 

to add to the surface speed. This increases the backward force, 

so the effect is always to slow the ball down and to decrease the 

spin rate. The result is that the player has to reach for the ball. 

If the relative linear speed of the backspin is high enough, the 

ball will actually bounce back away from the receiver. 

LIGHT 

The physical environment is liberally bombarded with radiant 

or electromagnetic energy, ranging on a scale of frequency, V , 
from the high frequency cosmic rays, gamma rays and x-rays at 

one end to the low frequency TV and radio waves at the other. 

The spectrum of light waves, to which alone the eyes are sen­

sitive and which act as the stimuli to vision, is a continuous 

band somewhat in the middle of the scale, 
14 15 5 x 10 and 5 x 10 cycles per second. 

normally expressed in Hertz, abbreviated 

roughly between 

(The frequency is 

Hz. ) 

This energy may also be expressed or classified according to its 

wave length, A , which is inversely proportional to frequency. 

The product defines the velocity of the energy. That is, 

1'-- V = velocity of the wave. 

In a vacuum this velocity is the same for all electromagnetic 

waves and thus equals the velocity of light, c. 

In electromagnetic wave theory, the . velocity of a specific wave 

is usually given a pictorial rendering as in Figure 2.6, which 

depicts the "movement" of the waves as a sinusoidal function of 

time, i.e., a trigonometric function. To be more specific, 

this movement is a 
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Field 
strength 

time 

t 

Figure 2.6. The electric field strength in an electro­
magnetic wave at a given point as a 
function of time, t. 

transfer of energy from a source to a detector, somehow with­

out transferring the medium in which the waves occurs 

(Welford , 1976). That is, unlike sound or water waves, for 

example, electromagnetic waves do not seem to require a medium 

for energy transmission. They pass through a vacuum and don't 

seem to need even an "ether." 

The so-called amplitude, E, of the wave is the electric field 

strength of the wave at a given point in the path of the wave 

at a certain moment. The field strength varies as a sinu­

soidal function of time and the wave is periodic, repeating 

itself in regular intervals. The wave length is thus the length 

of this periodic variation, and the frequency is the number of 

such cycles that pass a given point in a second. Since the 

direction of the electric field strength is at right angles to 

the "motion" of the wave, electromagnetic waves are classified 

as transverse waves. 

The value for the electric field at a given point is given by 

the function 

with Eo being the maximum value of E. An alternative ex­

pression for E as a function of position, x, is 
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An additive principal, or principle of superposition, may be 

used to account for the formation of overlapping waves which 

do not have very large field strengths. For these cases linear 

optics is adequate to explain both interference and diffraction 

phenomena, and compound waves can be analyzed into their linear 

components. These techniques are discussed in standard texts on 

optics. Analysis of high energy waves requires non-linear 

techniques. 

The waves are referred to as electromagnetic because, in addition 

to the electric field, there is an accompanying magnetic field, 

which has a similar sinusoidal variation. Under simple conditions, 

when there is no transference of energy to the medium in which 

the wave is traveling, and where all parts of the wave are 

travelling in the same direction, the magnetic field and electric 

field variation are in step; the fields are at right angles to 

each other and to the direction of motion of the wave 

(Welford 1976). 

This wave description of light, or electromagnetic energy 

g enerally , is only one interpretation of the energy and by itself 

does not fully explain all observed phenomena of the energy. An 

alternative description is a corpuscular theory, currently ex­

pressed. v ia quantum mechanics. The quantum v iew explicates 

certain phenomena not adequately treated by wave theory but is 

by itself inadequate to account for other phenomena which wave 

theory handles nicely. The two representations tend to comple­

ment each other; there is, however, still no generally accepted 

unified theory. 

In the quantum theory explanation, light is conceived in 

terms of a number of discrete quanta of energy radiated by a 

source. A quantum of energy is called a photon. The energy, E, 

of a photon is proportional to its frequency. That is, 

E = h Y, 

where h is called Planck's constant (equal to 6.624 x 10-25 ). 

In accordance with Newton's principle of mechanics, a photon 
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tends to travel in a straight line unless acted upon by waterial 

forces in some way, thereby producing phenomena known as reflec­

tion, refraction, diffraction or dispersion. 

ILLUMINANCE, REFLECTANCE AND LUMINANCE 

When photons, or waves, of light energy interact with the 

configurations of atoms and molecules making up the surface of 

an object, the energy may be widely scattered, or dispersed. 

Most objects have this diffusely reflecting property, namely, 

that the angle of reflection of photons from the surface of the 

object is largely independent of the angle of incidence of the 

light to the surface. For this reason it is easy to characterize 

the light as belonging to the surface, thus to define its 

luminance. 

Smooth surfaces, contrariwise, tend to reflect light uniformly. 

A mirror, for instance, reflects light almost completely in 

one direction, such that the angle of reflectance equals the 

angle of incidence. 

We presume that light waves originate at. some source. For the 

tennis player this is normally the sun, though indoor tennis 

under artificial light is a growing pastime. It is light from 

such sources that interacts with surface structures to produce · 

what we know as visibility. The energy emanating from a source 

is generally called radiant energy, and ~n the special case of 

light, with which we are here concerned, the corresponding term 

is luminous energy. 

This difference in terms recognizes the distinction between 

radiometry and photometry, disciplines which are concerned 

with measuring electromagnetic energy. Radiometry is the more 

general field, dealing with energy regardless of whether it can 

be "seen" or not; whereas photometry deals only with that seg­

ment of the electromagnetic spectrum that is the stimulus for 

sight. Over the years these two disciplines have generated 
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different sets of corresponding terms to deal with the various 

concepts involved, and fairly recent agreements have established 

a quite common nomenclature. The terms are summarized in Table 2.2. 

Radiometric terms apply to any portion of the electromagnetic 

range, but the photometric terms apply only to the visible. spec­

trum. There is a fundamental difference between the two areas, 

because of the . variation in visual effectiveness over the visible 

region of energy. The capability of the visual detector is not 

uniform over the spectrum. That is, equal radiant powers of 

different spectral energy, . such as green and blue, for example, 

do not translate into equal brightness to the eye for these 

colors; the eye is more sensitive to green than it is to blue. 

A luminous efficiency curve showing the variation in sensitivity 

is given in Figure 2.7. From this curve it is clear that the 

peak sensitivity is about 550 nm (nanometers, or billionths of 

a meter). The sensitivity fades to zero at about 400 nm at the 

low end and at about 700 nm at the high end. Outside of this 

range, electromagnetic energy is not generally visible, which is 

to say the energy does not stimulate the visual processes. 
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Figure 2.7 Relative sensitivity of the eye to light of 
different wave l ength. (From Kaufman 1974) 

In order to convert radiometric values into photometric values 

for a given wavelength, the relative visibility of the light has 

to be considered. There is no standard sensitivity curve that 

applies precisely for all detectors (eyes), simply because eyes 
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are different from one person to the next. But the curve of 

Figure 2 . . 7 gives at least a first approximation, to which 

corrections for the individual case can be made. 

Very few objects of ordinary experience are visible by virtue 

of being self-illuminating; most are seen because light shines 

on them and is reflected by them. Incident light illuminates 

an object, the object's surfaces redirect the energy flow away 

from them, and by virtue of the reflected light the object 

becomes luminous. 

Luminous power is the quantity of radiant power, namely, the 

radiant energy transferred per unit time, that produces a visual 

sensation in the human observer (Meyer-Arendt and Jurgen 1972). The 

.unit of . luminous power. is the lumen. Outside of ' the visible spectrum 

the term, lumen, does not of course apply, for no amount of 

radiant power can produce a visual sensation. Within the visible 

portion, however, the amount of radiant power required to produce 

a visual experience varies with the wave length of the energy. 

The variation is in accordance with the sensitivity curve given 

in Figure 2.7. 

From Figure 2.7 we can see that below about 400 nm, no amount 

of radiant power can be effective; the effectiveness is zero. 

At slightly above 400 nm, however, the eye is able to see, but 

just barely. A relatively large quantity of radiant power is 

necessary merely to break the threshold of visibility. Luminous 

power is thus a very small fraction of the radiant power. At 

410 nm, for example, the luminous efficacy is only .001. This 

means that one unit of radiant power produces only .001 units 

of luminous power. 

For increasing wavelengths, up to about 550 nm, decreasing 

quantities of radiant power are needed to pass the visual 

threshold, the eyes being more sensitive to wavelengths in the 

middle range of the light spectrum. An equivalent way of saying 

this is that a unit of radiant power produces increasingly more 

luminous power with increasing wavelength. And at 550 nm, one 
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unit of radiant power corresponds to one full unit of luminous 

power . 

is the 

A unit of r a diant power, as can be seen in Table 2.2, 

watt, so 1 w~tt of radiant power corresponds to 1 lumen 

of luminous power at 550 nm. 

The constant of proportionality between the watt and the lumen 

is 680, so one watt of radiant power at 550 .nm actually equals 

680 lumen. Combining the proportionality constant with the 

luminous efficacy for specific wavelengths, we can see that one 

watt of monochromatic light at, say, 410 nm is . 001 x 680 =.680 

lumen. 

Above 550 nm, the sensitivity of the eye decreases, so a unit 

of radiant power produces lesser and lesser quantities of 

luminous power. Beyond about 700 nm, then, no amount of radiant 

power is productive of the experience of light. 

The term, luminous power, characterizes the light emanating 

from an object. If the object is not self-illuminating, the 

quantity of luminous power depends on the power incident on the 

object, i.e., on the illuminance due to a light source, and on 

the reflectivity of the object, i.e., on its reflectance. For 

instance, unde r the same lighting conditions, white paper reflects 

more light than black cloth; it has a highe r reflectance. 

Illuminance is the luminous power per unit area incident on a 

surface. One common unit of illuminance is lux, measured in 

lumen/m2 . If reflectance is considered to be the ratio of 

reflected light to incident light, then luminance is defined as 

the product of illuminance and reflectance. Luminance is then 

expressed in lumen/m2 . 

More commonly, however, luminance is define d a s the luminous 

power that l e aves a surface per unit solid angle and unit pro­

jecte d area o f that s urface , or lumi nous i n t ens i t y per unit area. 

That is, 
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IV 
I 

IV 
f-' 

Radiometric Term Unit Name Photometric Term Unit Name 

Radiant energy Joule Luminous energy talbot 

Radiant energy density Joule/m3 Luminous energy density talbot/m3 

Radiant power Watt Luminous power lumen 

Radiant intensity watt/steradian Luminous intensity candela 
(power density) (power density) 

Radiance watt/m2- Luminance candela/m2 

steradian 

Irradiance watt/m2 Illuminance lumen/m 2 

Table 2.2. Comparison of Radiometric and Photometric terms and units. 
(After Meyer-Arendt and Jurgen 1972) 

~' 



Luminous power Luminous intensity 

Luminance = = 
Solid angle x area Area 

Luminous intensity is commonly measured in candela, or lumen 

per steradian. Taking square meters for area, luminance has 

the unit, candela/m2 . 

Luminance is still expressed in several different units, . such 

as millilamberts and candela per square centimeter. To reduce 

the confusion due to a wide variety of names and units, a table 

summary of the more important terms and their conversion co­

efficients is presented in Table 2.3. Conversion is accomplished 

by multiplying the item on the left by the coefficient to get 

the item at the top. 

2 
2 

candera/m
2 

.lumeh/mm 
2 

lumen/ft 
candela/ft (ft-lambert) (nit) (millilambert) 

candela/ft 2 
1 3.142 10 . 76 3 .38 

lumen/ft 2 .318 1 3.426 1.076 

candela/m 2 .0929 .292 1 .314 

lumen/mm 2 .296 . 929 .0318 1 

Table 2.3. Conversion factors for luminance units. 
(After Meyer-Arendtand Jurgen 1972) 

For white paper in sunlight, luminance ranges from 10 2 mL 

(millilambert) to 10 4 mL, whi l e 10 mL is considered normal for 

comfortable reading (Haber and Hershenson 1973). 

Illuminance is also expressed in a variety of different units. 

Table 2.4 gives conversion factors for some of them, such as foot­

candela, which is really lumen/ft2 . 
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2 2 2 1000X 2 lumen/ft lumen/m lumen/em lumen/em 
(ft-cande la) (lux) (phot) (milliphot) 

lumen/ft 2 1 10.76 1.076 x 10-3 1. 076 

lumen/m 2 ,0929 1 10-4 .1 

lumen/em 2 929 104 1 10 3 

lumen/rom 2 .929 10 10-3 1 

Table 2.4 Conversion factors for Illuminance. 

Luminance is defined as the photometric brightness of a surface. 

This does not, however, characterize the light striking the 

retina. The light incident on the retina is the luminance at , 
the cornea times the cross-section or area of the pupil (the 

opening of the iris). 

If luminance is expressed in candela per square meter and the 

area of the pupil is expressed in square millimeters, then 

retinal illuminance is given in trolands. We first express 

millilamberts in terms of candela per square meters. That is, 

1 lambert Ihr candela 

1 millilambert = = 
1000 1000 2 em 

1 / 1\ candela 10 candela = 
= 

103 m2 /10 4 1T m2 

Retinal illuminance , I, is then given by: 

I = 
10 candela 

1T m2 
x 10 3 x 4 1f rom2 = 4 x 104 trolands. 
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This expression does not give the true illuminance of the 

retina for the given luminance, because there is a natural loss 

of energy in the eye due to corneal reflection and to absorption 

of energy by the fluids of the eye as well as by the wall of 

the eye. Thus, a transmission factor must be incorporated in 

the formula. This factor is the ratio of the intensities of 

light falling on the retina over the light falling on the cornea. 

It should be noted that retinal illuminance is independent 

of the distance from which an object is . viewed, except when 

the distance is large enough for the particles in the air to 

attenuate the contrast between the image and its background. 

Under these conditions, the decrease in intensity of light with 

distance is exactly balanced by the increase in density of the 

retinal image, which is decreasing in size (Kaufman 1974, pp . . 36-7). 

REFRACTION AND LENSES 

In this section we continue to assume that light travels in 

a straight line unless acted upon by material forces. As we 

saw in the previous section, light can be reflected when it 

interacts with the surface molecules of a material object. Light 

can also be refracted. Electromagnetic energy, generally, and 

light in particular, has the property that when it passes from 

a medium of one density (such as air) to a medium of another 

density (glass, water, etc.), the . velocity of the energy changes. 

The velocity difference depends partly on the wavelength of 

the light, monochromatic light of shorter wavelength changing 

more than that of longer wavelength. That is, the change in 

velocity varie s inversely with the wavelength . This can be 

shown easily by passing light of mixe d colors through a wedge­

shaped prism. A narrow beam of white light from the sun, for 

example, displays the whole range of colors of the visible 

spectrum. 
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However, we ignore differences in wavelength here. It is 

common practice in the design of many kinds of image-forming 

optical systems to consider differences in wavelength negligible 

and to use the concept of a ray of light in conjunction with 

wave fronts to deal with the systems. This practice of Geo­

metrical Optics is followed for the discussion of refraction. 

The velocity difference also d epends on the relative optical 

density of .the medium of refraction, and it is this property 

that we examine in more detail. If light passes into a higher 

density medium, its velocity is decreased; and if it passes 

into one of lower density, its. velocity is increased. 

To appreciate the effects of a change of velocity of light 

on its path, consider a beam of parallel rays in air incident 

on a boundary with glass at an angle,~, as in Figure 2.U .. 

Figure 2.8 Snell's law obtained from wave theory. 
(After Welford 1976) 

Glass is optically more dense than air, so the light is slowed 

on entering the glass. Let pp' be a wavefront of the incident 

beam which meets the surface at p at time zero, say. After a 

time t, p' has reached the surface at q' and p has moved on to q. 

We plan to equate equivalent expressions for time, so we write 

p'q' = vt and pq = v't, 
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where ... · v' and v are the . velocities of the rays p' q' and pq, 

respectively. Replacing p'q' and pq with their sine equivalents 

we get 

pq' sin & vt and pq'sin.g' = v't. 

Elimination of pq' yields 

sine .' -v' 

sine v 

which is Snell's law. 

Relating each of the two media to a vacuum, we may put 

vic = lin, where c, as before, is the . velocity of light in 

vacuum and n is the index of .refraction of the related medium. 

Substituting v = cln and. v'· = cln' in the above form of Snell's 

law yields another form: 

n'sin-f)' = nsin9-. 

By virtue of this property of refraction, lenses may be ground 

to optical specifications. For instance, the convex lens in 

Figure 2.9~ having two interfaces with air, converges parallel 

incident light rays to a point, the distance to which is called 

the focal length, f. Light rays that enter the lens medium (say 

glass, or plastic) are bent toward the normal of the point of 

entry, and rays that exit the medium are Dent away from the normal 

of the exit point. 
I • f 

Figure 2.9: Convex lens. 
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Compound lenses may be constructed by joining together layers 

of properly ground materials. Lenses of plastic and glass may 

be joined, for example, perhaps with an intermediate layer of 

water, or air. The refraction of the compound lens, taken as 

a unit, can then be specified as a function of the indices of 

refraction of the separate layers making up the lens. With 

appropriate design, compound lenses of very high quality can be 

constructed, because defects like spherical abberration can be 

neutralize d. (Spherical abberration is a distortion of most 

single element lenses because of which rays from the periphery 

of the lens fail to converge to the focal point. This produces 

a bluring of the image.) 

THE EYE AS A LEN'S 

We will see in later chapters that physiological or psycho~ 

logical optics has to be considered to account for the phenomenon 

of sight. Before our tennis player can actually "see" the ball, 

he must engage actively in a proce ss of perception -- a complex 

personal r esponse to a stimulus that acts on the rods and cones 

that form his retinas. 

The stimulus itself is a light-density pattern or so-called 

proximal image that forms on the retinas. This is the result of 

a complex physical process involving the passage of light rays 

through the eye, a multi-layered, light-converging structure 

like a compound lens. The individual is not visually aware of 

this occurrence; he doesn't actually "see" the light striking 

the retina s . In fact, he need not even be alive for it to happen; 

the retinal image can be observed in the eyes of a cadaver, or 

in an eye which has been removed from the eye-socket. In this 

respect the eye, like the rest of the body, is part of the physical 

environment and is subject to the same conditions of visibility 

as other objects . 

The optica l layers of the eye consist of the c ornea , the 

aqueous humor of the anterior chamber, the l ens, and the vitreous 
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body. These elements are shown schematically in Figure 2.1Q. 

The cornea and the len·s , are the principal optical elements 

responsible for sharp retinal image. Though they are living 

structures, their optics are similar to those of an advanced lens 

design. 

Cornea 

Sclera 

Choroid 

Lens 

. Vitreous 
fluid 

Anterior chamber 
. with . 
aqueous humor 

Retina 

Optic nerve 

Figure 2.10. The eye. (From Kaufman 1974) 

The cornea is the tough, front covering of the eye ard is 

the most powerful of the focusing elements, being about three 

times as powerful as the lens (Miller 1979). It has a steep, 

spherical shape centrally and tends to flatten peripherally. Be­

cause of this shape it greatly reduces spherical abberration. 

The refractive index of the cornea is about the same as that for 

water; for this reason its refractive capability under water 

is practically neutralized; in passing from water to the cornea, 

the rays bend only very little. 

The lens is a structure of densely packed, elongated, non­

nucleated, transparent cells. As one would expect, its focusing 
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power depends on its index of refraction; but it also depends 

on its shape, and this enables the eye, under control of the 

brain, to accommodate to objects at different distances, i.e., 

to change its focal length to bring near or far objects into 

focus. However, like a tree that accumulates rings as it 

grows, the lens adds new cells. This addition of cells thickens 

and stiffens the lens, making it less elastic, so the degree of 

accommodation decreases with age. The lens also yellows with 

age, and this tends to filter out bluish colors (Miller 1979). 

The aqueous humor of the anterior chamber and the vitreous 

humor also contribute to the refraction of light rays, but their 

role in this regard is relatively minor compared to that of 

the cornea and the lens. 

DISTAL AND PROXIMAL STIMULI 

Dealing with stimuli, the psychologist makes an important 

distinction between distal and proximal stimuli. If the rays of 

light are considered to emanate from an object, pass through the 

eye and focus on the retina, the terms can be understood to 

refer to the distant and near "attachments" on those rays, viz., 

the object itself and the image of the object on the retina, 

respectively. The distal stimulus is the object of the environ-

ment; it is situated in physical space away from the sense organ. 

A proximal stimulus, on the other hand, is located at the sense 

organ itself, in this instance on the retina of the eye. 

To perception psychologists the stimuli are physical. Only 

the distal stimulus is considered to be independen t of the ob­

server, however. The object has its own properties, which can 

be determined scientifically, or objectively, without regard to 

the observer. These properties do not come under the influence 

of that obse rver; they do not simply appear or disappear as the 

observer opens or closes his eyes. 

The proximal image, however, is definitely affected by the 

condition of the observer's eyes or by how he moves them. If, 

2- 29 

i... • 



for example, he changes his line of sight, the image woul~ 

shift across the retina and possibly out of his visual field, 

though the object would not necessarily have moved. The image 

will be brighter or dimmer, according to the extent his eyes are 

open; closing his eyes will eliminate the proximal image al­

together. If he moves away from the object, the image will get 

smaller; and the closer he is, the bigger the image will be. 

It should be understood that this dependence of the proximal 

image on the state of the individual does not render the image 

non-physical or non-objective. To this extent at least, the 

observer is part of the physical world, and the image can be 

examined objectively. The relationship between the distal and 

the proximal images is strictly physical and can be expressed in 

terms of the principles of physical optics. This relationship is 

illustrated in Figure 2.11, in which the refractive property of 

the eye is represented by one double-convex lens, whose index of 

refraction is equivmentto the effective index of refraction of 

the eye, taking into account the indices of refraction of its 

various layers. 

DISTAL 
STIMULUS 

EXTERNAL 
OBJECT 

EYE 

PROXIMAL 
STIMULUS 

Figure 2.11. Distal and proximal images of the visual 
environment. 
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CHAPTER 3 

TIES WITH THE OUTSIDE WORLD 

The human being is a versatile organism that collects informa­

tion about the world around him, remembers some of it, but also 

forgets. His sense mechanisms lack a high degree of accuracy, 

yet have great flexibility; eyes and ears that are unable to 

detect fine-grain detail can still identify a wide range of 

patterns. 

His walnut-shape brain is an unlikely instrument for transforming 

incoming signals into organized behavior, but it has a remarkable 

facility for making on-the-spot decisions, and can render fine 

works of art and perform astonishing athletic feats, involving 

the phasing and coordination of many detailed movements. 

In this chapter we examine the individual 's connections with 

the outside world and look specif ically at the interaction of 

the tennis athlete with his court environment. It is taken for 

granted that the objects of the environment are real, and it is 

also presumed that physica l energy in one form or another stim­

ulates his senses. The problem is to understand how the physical 

energy is interpreted, or coded. This presents certain 

difficulties. 

In the first place, the eye, as the player's most important 

data source, provides only two-dimensional information; topo­

logically, the retina is a plane surface. Furthermore, the energy 

that stimulates the senses is not the energy that is transmitted 

to the brain; it is transforme d into e lectro-chemical energy. 

In addition , the energy to the brain is, itself, controlled and 

shaped by the brain. The organism influences what it perceives 

and can affect the way it behaves. 
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AN INFORMATION FLOW MODEL 

One approach to the study of this individual-environment 

interaction is to configure it as an information flow problem 

with feedback. In a model presented by A. J. Welford (Figure 3.1) 

the flow of information has three stages: perception, translation, 

and action. Feedback lines from action to perception through 

the environment and the individual close the loop. 

In the first stage, external and internal stimuli act on 

peripheral and internal sensors, respectively, and are coded by 

the perceptual mechanism; i.e., data is synthesized, or inte­

grated, into meaningful psychological units by the eyes, ears, 

nose, skin, and the kinaesthetic sensors in the muscles, tendons 

and joints. Both spatial and temporal integration occur. 

In the second stage, the translation mechanism selects data for 

retention and combines perceptual data with stored information 

to elect a course of action. In the third stage the central 

effector mechanism converts the choice into phased and detailed 

muscular action. Incoming data is thus integrated in the per-

ceptual mechanism, coded into memory, coded again for decision­

making, and finally converted into appropriate messages (rules 

or plans) for detailed muscular action. Consequences of the 

action on the world (which includes the actor) are "fed back" to 

be perceived by the actor, and the cyclical process continues. 

In the contact with the "outside world". some of the converted 

energy appears to be retained by the organism for future use, 

encoded as memory (possibly by means of reverberating circuits, 

as discussed below). Fresh inputs, evidently with the support 

of memory, employing decision rules and rules of action, are 

integrated into perceptual experience. This is to say that a 

source of intelligence uses knowledge and skills actively to 

interpret the energy and create a semblance of the real world. 

To effect the integration of our present situation, we appear 

to apply categories of organization, or schemata, derived from 
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Figure 3.1. Hypothetical information flow model in the human. 
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our knowledge of previous events. We do so in a practical or 

economical sort of way, according to the dictates of the par­

ticular situation; the resulting experience has operational 

value but doesn't necessarily correspond with the real world. 

(We) often neglect data actually present but not in 
the imposed schema, and 'perceive' data in the schema 
which are not in the actual situation. Any data which 
do not fit the general schema but are nevertheless 
striking, tend to be specified separately. Thus, if we 
see a car of a particular model, we may fail to notice 
that one of its usual features is missing, or that an 
extra feature has been added unless it is very striking, 
in which case we recognize it as a deviation from the 
standard article. The whole process can be regarded as 
an attempt, albeit usually unconscious, to account for 
the maximum data in the minimum terms. 

Similarly, motor performance does not consist of a 
miscellany of discrete actions, but depends on coherent, 
learnt sets of rule s for translating from perception to 
action. A simple example is the relation between written 
and spoken language which, once learned, becomes seemingly 
automatic. At a more complex level, rules of this kind 
are the basis of techniques and procedures which we tend 
to apply as wholes although with minor modifications to 
suit the circumstances. For example, there is a 
fundamental core of technique in any motor performance 
such as athletic exercise or the playing of a game, al­
though many details of method and strategy vary according 
to circumstances, and some parts of the routine may not 
always b e appropriate. A striking example of this last 
point is when an experienced cyclist attempts to ride a 
tricycle: the co-ordination of balance with movements 
of the handlebars essential for riding a bicycle is no 
longer appropriate, and a rider quickly finds himself 
with the tricyc le handlebars h e ld firmly in an extreme 
turning position. 

Analogous integration occurs in effector control, where 
the detailed actions of, say, throwing or jumping are 
automatically adjusted in a way that takes account of 
factors such as initial posture and firmness of stance. 
("Welford 1976.,p. 55-6) 

Economy of effort in the perceptual-motor processes can be 

achieved by combining many small items of data into fewer larger 

ones, or by taking actions in terms of a relatively few rules 

rather than by making many ad hoc decisions. 
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Even if the perceptual schemata an.d rules of action. we 
apply have to be modified to suit particular circum­
stances, the effort involved will often be less than 
that required to construct an entirely new schema or 
rule. (l~eltord 1'116., p. 5G) . 

Another economic factor is the precision with which coding 

occurs. In perception, the degree of discrimination appears to 

depend on the peculiar requirements of a given task. Thus, if 

one is crossing the street, it may be sufficient merely to note 

whether cars are coming and not take much notice of their make 

or color. However, if one were waiting for a friend's car to 

come by, finer distinctions between the cars would be needed. 

Similar relationships between precision and requirement 
can be seen in the ability to identify 'absolute pitch' 
acquired by musicians. This ability appears to imply 
that the internalized scale against which musicians judge 
any incoming note is much more detailed than that of 
those less professionally involved. The same kind of 
refined ability is seen in other occupational settings, 
for example the discrimination of hue by dyers, or by 
furnacemen who judge the temperature of molten metal by 
its color. The capacity of such judgements seems to have 
little to do with basic auditory or visual capacities ex­
cept insofar as these may be limiting if they are very 
poor: it seems to be much more a result of learning. 
(Welford 1976, p. 56) 

In the motor function, the economy appears to be reflected by 

the relations between speed and accuracy of movement. For 

simple hand movements, for example, the time taken from a 

starting point to some target depends upon the length of the 

movement and the precision required for its termination, i.e., 

the size of the target at which it is aimed. The subject tends 

to act by making a series of submovements, which tend to be 

progressively shorter and slower. The larger the target, 

generally, the fewer and faster the sub-movements. These sub­

movements 

more or less run into each other, but can be distinguished 
by slight accelerations and decelerations in the course 
of the movement as a whole. (Welford . 1976, p. 56) 
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Greater economy in movement is attained by learning 1) to ad-

just the balance between speed and accuracy so that the move-

ments are neither too slow due to excessive precision nor too 

inaccurate and 2) to be more precise and reliable in the operation 

of the translation and effector control mechanisms in initiating 

movements, so that the required degree of accuracy can be 

attained without having to monitor and visually correct the 

movements. (See Picture 3.1 for a good example of professional 

coordination of speed and accuracy of movement.) 

When this stage is reached time is saved, not only be­
cause attention does not have to be diverted from the 
task as a whole to monitor the details of actions taken, 
but also because action can flow smoothly without having 
to be interrupted or modified to correct errors. As a 
result, the practiced, skilled performer has less to do 
than the novice. His performance becomes less jerky, 
appears to be more leisured, and its efficiency makes 
it less liable to fatigue. (Welford , 1976, p. 57) 

It is evident that temporal as well as spatial integration is 

involved in these processes. In visual perception, integration 

over time is important with regard to moving objects, sequences 

of events and the comprehension of structures too large to be 

observed in a single glance. It is the mechanism whereby one 

is able to recognize a pattern running through a succession of 

spatially coded items. 

In motor processes, the effect of temporal integration is to 

combine sequences of muscular contractions into unitary wholes. 

Just as in perception a whole sequence of events is 
coded into a single complex event, so on the motor side 
a complex action is a coding of a series of detailed 
movements as a unified sequence. These so-called motor 
programmes a r e necessary for three reasons. First, the 
time required to decide about each detailed movement 
separately would be so long that the performance as a 
whole would be extremely slow and uncoordinated. 
Second, the fact that it takes an appreciable time to 
react to any even t means that, in a d e v e lopin g situation, 
such as shooting at a moving target, or running to inter­
cept another player at football, or placing the racquet 
to return a ball in tennis, action is required not in 
response to the situation that exists when the need for 
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Brian Quinn giving Tommy Kristianson a 
sample of skillful ball handling. 
(Photo by Brad Graverson) 
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it is perceived, but. in order to meet the situation as 
it will be when the action becomes effective. Third, 
the time required to react means that an ongoing action 
cannot be mo,-.ified immediately, but has to run on for a 
brief period after an error has been detected before 
corrective action can become effective. · (Welford 1976, 
p. 57) 

Occurrence of reaction time and the operation of the gate (as 

in Figure 3.1), whose function is to protect the activity of 

the translation mechanisms from interference by new data before 

the effects of previous data are completed, forces the conclusion 

that the player is committed to actions for a short time ahead 

of their initiation and cannot adapt immediately to changed 

circumstances. The interval may be very short in absolute time 

perhaps no more than a fraction of a second but for the tennis 

player this could be crucial. If during an exchange of volleys, 

for example, the receiver places his racquet where he expects 

the ball to be, but the ball . just ticks the top of the net and 

is deflected over the racquet, he may :f;ind it impossible to 

recover sufficiently to make a good shot. Or he might slip, 

accidently, and not be able to recover his balance before falling. 

These .limitation.s can sometimes be reduced by practice 
which reduces reaction time, but they can never be 
completely eliminated. Experience and skill resulting 
from practice exert their effects rather by improving 
prediction and rendering the movements in the programme 
more accurate and better coordinated. Opportunities 
for improvement with experience also exist on broader 
scales of p erformance. The very short-term programmes 

. have counterparts in proceduces, plans and strategies 
of performance which guide actions over much longer periods 
of time. In these cases there is, of course, opportunity 
to modify action in the light of intermediate results, 
but the benefits of practice and experience in bringing 
improved prediction and more accurate execution of 
action apply in these longer-term cases also. (Welford 
1976, p. 58) 

PARALLELS WITH A MACRO SYSTEM 

As Welford points out, the short-term programs of the athlete 

have counterparts in the procedures, plans and strategies guiding 
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the actions of longer-term systems. These larger, macro systems 

have visible intermediate stages which might generate information 

useful to the study of the less visible "micro" systems, like the 

athlete. with this in mind, we compare our tennis player with a 

mobile man-machin·e complex, . viz., a submarine. 

Like the tennis player, a submarine has a . variety of sen.se 

mechanisms. For example, it uses sonar, radar, and direct visual 

sightings to detect the presence of targets, each information 

source having its own type of coding, or mode of data representa­

tion. It uses inertial guidance, stellar sightings, or the 

traditional. sextant, among other techniques, to navigate or keep 

track of its position and heading. Again, each of these tech­

niques has its own method of coding data, its own language. And 

the submarine has a memory bank, containing such data as patterns 

of ships and other submarines it might detect. 

We can assume that the information from the sensors is fed to 

the control room of .the submarine, where the Commander can 

\ select whatever data he wants. By channel select switching he 

has access to -- can attend to -- past or present information, 

relating either to the external environment, the internal 

environment (such as fuel, weapons, or personnel), or to navigation 

and guidance. 

Given his mission and the current location and status of his 

. vessel, the Commander "reads" his current situation and decides 

what action is appropriate. Since his "mission" is normally 

characterized by a set of different objectives rather than a 

single one, he is faced with a multi-decision problem, the 

components of which are very likely to be interdependent, the 

solution of one depending on the solution of the others. In this 

event he has to rely on some kind of "feel" to cut through to 

a solution. 

The tennis player is confronted with a similar task, though the 

alternatives are generally less 

has to contend with a number of 

obvious. Like the Commander, he 

objectives simultaneously, and 
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he has to decide quickly and accurately what best to do in any 

given situation, relative to those objectives. That is, he must 

be attentive to the regulatory cues, evaluate their significance, 

and select a course of action that meets the demands of the 

current conditions of the game. These decisions are made on an 

on-going basis and may be determined ad-hoc or in accordance 

with rules and principles. 

Based on his decision, the Commander issues an executive order 

to the system's response units -- the system's power and steering 

units and/or his fighting units, such as surface guns or 

torpedos. The comparison here with the tennis player's muscular 

structure and his racquet is apparent. Computations are involved 

in both the submarine steering command and in the orientation of 

the submarine's firing power. The computations must take into 

account the target's motion. This is, the Commander must 

anticipate where the target will be at the presumed moment of 

intercept of shell or torpedo with the target. If for instance, 

he fires at the point where the (moving) target was last seen 

to be, the target will have moved from the location before the 

moment of intercept. Circumstances thus dictate a feedforward 

computation. 

The action that the Commander takes occurs in the physical environ­

ment and the result is reflected in what is next observed by the 

submarine's sensing devices. The result may be favorable or un­

favorable. The target may have been damaged or it may not have 

been affected. In any event, the results are viewed by the sub­

marine Commander on his display screen, and this knowledge of 

results, normally understood as feedback, directs his continued 

response. To be more precise, the feedback is a comparison 

between the Commander's desired result of the attack and the 

actua l result, and it is the work remaining to be done that 

directs his continuing response. 

An important property which characterizes both the submarine system 

and the tennis player is one already discussed in part, viz., 

reaction time. In the detection, identification , pursuit and 

3-10 



attack of enemy craft, the time in which the system can respond 

is of the essence. It can mean the difference between success 

and failure and must be reduced as much as possible. So too 

for the tennis player; if he is too frequently slow picking up 

the trajectory of the ball or moving to intercept it, he could 

easily lose the game . By the same token, once an action has 

been committed by either system, there is difficulty altering it. 

Time is required for the submarine to set up for attack, for 

instance; and it takes time to recover from that attack profile 

if circumstances warrent a change. For the player as well, it 

takes time to get a muscle group into action and then to redirect 

the energy into another action. It is clear that in both cases 

the reaction time can be reduced, through training, say. But 

it is equally clear that one cannot get around the fact that sub­

marines have physical limitations and that players have analogous 

biological restrictions. Each system has its inherent refractory 

nature. 

In the course of the tracking and intercept functions, certain 

other actions have to be taken by either the Commander or the 

player. For example, the direction and speed of the object under 

surveillance have to be established and a point of intercept 

has to be estimated. For·the Commander the target may be an 

enemy cruiser; for the tennis player it is the ball. As either 

makes his move toward the object he must update his estimate of 

the state of the object, update his estimate of his own status, 

continue to predict an intercept point and adjust his response 

accordingly. Meantime he must keep tabs on other pertinent 

items in his field of responsibility. 

The Commander must maintain the appropriate state of alert of 

his forces; he has to have the latest figures on the state of 

his reserves; and he needs to keep track of such things as the 

amount of fuel remaining, ammunition, estimated time to intercept 

and the relative positions o f other tracking un its. The tennis 

player, similarly, has to keep tabs on his opponent, the wind 

conditions, location of the sun, and the relative location of the 

net and boundary lines, among other things . 
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It is clear that each system is an active, self~organizing or 

adaptive complex. Neither may properly be . viewed strictly either 

in terms of a communications model or a control model, though 

both communication and control elements are part of the process. 

Both learning and unlearning, or forgetting, occur in the 

systems, so there is a continuing change in the quality of the 

related skills and the nature of the activities. In each there 

is a great diversity of skills and typically a wide range of 

competence from one skill category to the other. The Commander 

may have excellent torpedomen, for example, but only mediocre 

radarmen; the tennis player may have a great forehand shot but 

a terrible overhead or backhand. Each system may change its 

style, the one perhaps by replacing its Commander, the other 

possibly by getting a new coach. Each may adopt new techniques 

or pick up new equipment -- the one, hot new torpedos, for in­

stance; the other maybe a new high-tension racquet. As changes 

occur in style, technique or equipment, there necessarily occur 

changes in the elements of the class of . skills and the competence 

levels of those skills. Under the circumstances, only an adaptive 

or self-organizing framework can properly be used to characterize 

the system. So this kind of structure must be formulated for the 

simulator. 

EMOTIONAL~Y CHARGED INFORMATION 

Study of the information loop in the human organism is made more 

complicated by the fact that information can be emotionally 

charged. Reaction to data may differ greatly according as it is 

pleasant, unpleasant, or neutral in value. 

According to Thomas (1964), 

our gaze is averted from something that is distasteful; 
alternatively, something that has been perceived only too 
well may be barred from fully consc ious a\vareness. 
Studies undertaken at the University of Pennsylvania by 
Lester Luborsky, Barton J. Blinder and Norman Mackworth 
have shown that people may tend to avoid accepting and 
remembering visual information that is not associated 
with heightened emotion (as measured by an increase in 
the well-known galvanic skin response). They may deny 
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that they ever looked at some emotionally charged feature, 
even though their eye-movement record shows that they 
had. (p. 148) 

When an observer's interest is aroused by what he sees, his 

eyes tend to move more and more often and there appear to be 

more corrective jumps serving to bring the image of the object 

of interest toward the center of the fovea. Relating observations 

of eye movements of drivers in actual traffic, Thomas (199~) says: 

We saw how the driver's eyes dart about in their search 
for information. When an automobile is moving, the 
driver's eyes are constantly sampling the road ahead. 
At intervals he flicks quickly to the near curb, as if to 
monitor his position, but for such monitoring he seems 
to rely chiefly on the streaming effect -- the flow of 
blurred images past the edges of his field of vision. 
The edges of other. vehicles and sudden gaps between them 
attract visual attention, as do signs along the roadway 
and large words printed on trucks. If something difficult 
to identify is encountered, the fixations are longer and 
the eyes jump back to view it again. (p. 150) 

Not only does much of the incoming data get filtered Qut at 

the retina, but also a great deal of the information that reaches 

the brain fails to become conscious. As Thomas (1964) expresses it: 

In this connection it is startling to watch a film of 
one's own eye movements. The record shows hundreds of 
fixations in which items were observed of which one has 
not the slightest recollection. Yet the signals must 
have reached the brain because one took motor action and 
even made rather complex decisions based on information 
that was received during the forgotten fixation. Parts 
of the brain appear to function rather like a secretary 
who handles routine matters without consulting her 
employer and apprises him of important points in in­
coming letters -- but who at times makes mistakes. (p. 154) 

This kind of behavior must also characterize the conduct of our 

tennis player and makes evident the effort required to concentrate 

on his game. 
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QUANTITY OF INFORMATION 

Energy from the outside world impinges on our senses,is 

transformed into electro-chemical energy and somehow our per­

ceptual world is formed. Physical stimuli such as electromagnetic 

waves, molecular vibrations and pressure are experienced, 

respectively, as light, sound and touch. Distances and motions 

in the physical world have psychological counterparts. We 

detect odors, feel pain, experience taste. In this complex 

process we somehow gain information about the world, including 

ourselves. 

Figure 3.1 schematizes the flow of information. The flow is 

conceived as a three-stage process in which physical stimuli 

are encoded into percepts, transformed into the language of 

decision-making, and encoded again in the motor or output phase. 

But what is this information that is encoded? How are we to 

understand it? 

One approach to a study of the problem applies a theory of 

information developed by Shannon and Weaver (1949) and Wiener 

(1948). In this theory, information is expressed as a measure 

of the decrease in uncertainty produced by a transmitted message 

over some communication channel. It says nothing about the 

contents of the message, its importance, or the context in which 

the message is given, but deals only with the quantity of infor­

mation. It is a function of the number o~ possible alternatives 

from which the message is drawn. For noise free and equally 

likely alternatives, it is usually expressed as I = log2n, where 

n is the number of alternatives, based on a binary representation 

of the message. 

In the application of the theory to perception, the observer is 

presumed to be the information carrier. He takes in information 

from the environment, processes it and executes the appropriate 

response. If he is a single-channel carrier of information, he 

can only process one stream of data at a time. But even this 

involves activating the senses, relating the stimulus to a re­

sponse and energizing the muscular system. 
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Each phase of the process takes time to complete and therefore 

contributes to the overall reaction time, which the player 

desires to minimize. Time is needed both to identify the stimulus 

and to translate the information into an appropriate response. 

But additional time is consumed if there is uncertainty regarding 

the nature of his stimulus. The uncertainty apparently inhibits 

early preparation, so the response time is increased. The re­

sponse time is even longer if the number of stimulus alternatives 

is greater. 

The uncertainty, or correspondingly the amount of information, 

derives from the probability of occurrence of the chance stimulus. 

The implication for perception is that, to gauge the probability, 

one must know the s e t of alternative stimuli and responses against 

which the chance event occurs. This entails knowing the 

properties or f ea tures that define the set and differentiate its 

members. These significances vary according to the perceptual 

strategy, which may change depending on the phase of perception 

(discrimination, recognition, identification). 

SIGNAL DETECTION 

Of critical importance to both the submarine Commander and our 

tennis player in his excursions through the environment is the 

ability to detect a target. Detection is a minimum condition for 

experience. But detection might be faulty. Extraneous informa­

tion, or noise, can create the impression of the existence of an 

object in the perceptual field when none is there. And noise can 

obscure the presence of a real target. 

Noise might originate in the environment or in the perceiving 

mechanism. It might be the result of spontaneous neural 

firings in the nervous system, for example. Or it could stem 

from extraneous reflections or reverberations of energy from 

various features of the topography. The re might be deliberate 

man-made noises to hide an aggressive move. An enemy Commander 

could be setting up a smoke screen, or the opposing tennis player 

could be faking a certain shot. There are many possible sources 

of noise. 3-15 



The theory of signal detection admits the presence of some degree 

of noise in every perceptual experience. This means that the 

target of perception always occurs against a background of noise 

and that, even when there is no target as such, the stimulus 

level does not drop to zero. The perceiver is thus always in a 

position where he has to decide whether the nature of the stimulus 

warrents a decision in favor of the presence of a target or a 

decision against its presence. 

The theory also maintains that decisions regarding the presence 

or absence of an object are contingent on the perceiver's 

detection goals and on the risk he assigns to the two types of 

error that can be made, i.e., detecting a non-existing target, or 

not detecting a real one. 

Expectation plays a role, too. A submarine Commander moving 

into a battle zone would be on alert, prepared to encounter 

an enemy ship at any moment. On the court, too, our tennis player 

is set and waiting for the oncoming ball. Away from the zone of 

combat these expectations would be drastically curtailed. 

Signal detection theory is thus a statistical detection theory. 

It is based on the probabilities of occurrence of events in tne 

real world and the perceiver's expectations, or his estimates of 

the probabilities of those occurrences. (A perceiver with un­

realistic notions about the objective probabilities is going to 

err to the extent of that lack of realism. But good estimation 

procedure will have an error curve that matches the occurrence 

probabilities. In that event, a high probability occurrence will 

yield a high probability detection.) 

Signal detection theory is basically statistical decision theory 

applied to detection. (There are any number of texts on this 

subject to which the reader may refer. See, e.g., Tanner and 

Swets (1954, p. 401-9 ) for its application to visual detection.) 

In this theory, a normal or bell-shape d distribution curve is 

presumed to characterize the sensory effects produced either by 

signals or by noise . Hence, if a signal is added to noise, the 

result will be a distribution pattern similar to that for noise 
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alone but shifted upward in value in proportion to the magnitude 

of the signal. This is illustrated in Figure 3.2. 

The decision problem is then as follows; Suppose that an 

observation, 0, is made on a given trial. That observation will 

have a certain magnitude, according to the circumstances of the 

signal. There is then a certain probability that an observation 

of this magnitude is produced by noise and a certain probability 

it is produced by the signal. In this case, was it noise? Or 

was it signal? 

Noise 
Curve 

Miss 
Area 

Cutoff 

False Alarm 
Area 

Sensory Magnitude 

Signal & Noise 
Curve 

Figure · 3.2 Hypothetical sensory effects :eor . noise a;ton.e 
(left curve) or signal plus noise (right curve). 
Observation magnitudes are given along the horizontal 
axis, and the relative frequency of the magnitudes is 
given along the vertical axis. The shaded area ident­
ifies the false alarm area; the c~pss hatched, the miss 
area. 

The procedure specified by the theory to reach a decision is to 

compute a likelihood ratio, which is the ratio of the probability 

that 0 was produced by signal plus noise to the probability that 

it was produced by noise alone . This ratio is compared to a 

cutoff value. If the ratio equals or exceeds the cutoff value, 

it is concluded that a signal was present. Otherwise it is 

concluded that no signal was present. 
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The cutoff defines the minimum magnitude that can, be allowed to 

indicate that a signal is present. Choice of a cutoff value 

turns on the tolerance the perceiver has for the rate of false 

alarms and on his willingness to miss targets. A higher setting 

indicates greater reluctance to accept false alarms and less 

concern over failure to detect a real target. For the submarine 

Commander this is a policy more likely to be followed in peace­

time; the cost of a false alarm could be a dangerous international 

incident. Consequently, should his sonar detect a possibly 

hostile action by a potential enemy, he would wait for further 

information before committing himself to an attack. In wartime, 

however, he would be willing to accept false alarms as the price 

for vigilance. The setting tor a cutoff value would thus be lower. 

For the tennis player, a higher setting could reflect a desire on 

his part to avoid embarrassment. For example, if the ball is 

moving through a haze or glare, he might prefer simply to let it 

go rather than risk looking foolish swinging at air. Or, he 

might rather give up an occasional point than get caught going 

for a fake shot. With a lower setting, however, he throws 

caution to the wind. The relative. value of a hit is now greater 

and he is more likely to sound his inner alarm at every feint 

and swing out at every shot, regardless of the consequences. 

LIGHT AS A SOURCE OF INFORMATION 

Vision is mediated by light. It is light that irradiates. 

It is light that interacts with objects in almost limitless 

variety and detail and moves in a complex pattern to engage the 

eyes. It would seem, therefore, that light is the means where-

by visual information is obtained. If so, what is the nature 

of the information and how is it obtained? 

Two possibilities present themselves. One is that the informa­

tion is derived from the spatial frequency pattern of the 

impinging energy wave, the patterns serving more or less as 

"fingerprints" of the external objects. However, to recognize 

the many thousands of objects in the visual field, a very complex 

3-18 

· {.1... ...... 



matching process would be required. Since the objects to be 

encountered could not possibly be anticipated physiologically, 

the system would also have to be subject to adaptation through 

experience. The various patterns must somehow be learned. 

The second possibility is that the visual system is directly 

responsive to the genEral nature of the irradiation pattern. 

Not to objects individually, but to all of them collectively. 

The product could take the form of an underlying metric, or 

scale o£ space, within which individuation could then occur. 

Granting such a method of spatial referencing, what is there 

in the nature of the irradiation that provides this kind of 

information? And what physiological mechanism allows the in­

formation to be so derived? 

Although we speak of irradiation interacting with our eyes, 

the fact is that we don't "see" the irradiation at all; it 

is "invisible". We see objects that are illuminated, and we 

see colors. But these things can only be phenomenological 

products of the interaction, not the raw material that goes 

into their production. Irradiation has a physical counterpart 

that can be detected by sensing devices other than the human 

eye, and these devices detect rays well outside the range of 

wavelengths with which we interact visually. If our perception 

were not the product of such an interaction, why is not the 

whole range of rays visible to us? Some kind of interpretation, 

or coding, is required. It seems clear that the human system 

is restricted in this respect. But what kinds of information 

are coded? 

An analysis by Haber and Herschenson may help to clarify this 

point. They ask: 

What are the qualities of visual stimulation that we 
need to know about in order to perceive the visual world? 
We must know something about the location of objects in 
space, where they are, and whether they have moved. We 
need to know something about their spatial extents, 
their sizes, shapes, and texture. We need to know 
something about the scale of space, the distances be­
tween objects and their relative sizes, and the 

3-19 



organization of space. We n.eed to know something about 
serial order, about what happens before and what is 
happening next. And we need some way to integrate 
across the successive retinal projections that occur 
when our eyes open. 

It is obvious that the individual receptors them-
selves cannot tell us anything about this kind of in­
formation. To show that this is so, let us look at the 
limitations of an individual receptor in providing 
even the simplest information about the light that 
falls on it. Where is the light source? From which 
direction in space did the light come? Where on the 
retina did the light fall? What is the light's intensity, 
what is its wavelength, how large is it? What is its 
duration? For all of these simple characteristics of 
light, only two can be partially specified by a 
particular receptor alone -- the intensity of light and 
its duration. All of the other properties require 
more complex coding than that available in a single 
receptor. (1973, p. 36) 

If more complex coding than that obtained from single neurons 

is required in order to generate information about the world, 

where might it come from? Is there something in the nature 

of light that enables us to construct a composite, a mosaic, 

over the set of cells? Is this a characteristic that would be 

useful in establishing a scale or metric of space? 

According to Wald, light only serves to trigger a response. 

The point of vision is excitation; there is no 
evidence that light does work. The nervous structures 
upon which the light acts, so far as we know, are 
ready to discharge, having been charged through energy 
supplied by internal chemical reactions. Light is 
required only to trigger their response. (1964, p. 108) 

The pigments which absorb the light that somehow stimulates 

vision are made of Vitamin A, in the form of retinene derived 

from carotenoids, joined with retinal proteins called opsins. 

The curious fact is that vision in all of its forms on this 

planet has come from the same group of molecules, the A 

vitamins. Wald believes that the key to the special position 

of carotenoids is their capacity to change shape profoundly 

on exposure to light: 
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They do this by a process known as cis-tran isomeriza­
tion. Whenever two carbon atoms in a molecule are joined 
by a single bond, they can rotate more or less freely 
about this bond, and take all positions with respect to 
each other. When, however, two carbon atoms are joined 
in a double bond, this fixes their position with respect 
to each other. If now another carbon is joined to 
each of this pair, both (of) the new atoms may attach 
on the same side of the double bond (the cis position) 
or on opposite sides, diagonally (the trans-position). 
These are two different structures, each of them stable 
until activated to undergo transformation -- isomeri­
zation -- into the other ... 

We have learned recently that all the visual pigments 
known, in both vertebrate and invertebrate eyes, are 
made with a specifically bent and twisted isomer of 
retinene. Only this isomer will do because i t alone 
fits the point of attachment on the protein opsin. 
The intimate union thus made possible between the 
normally yellow retinene and ops in greatly enhances 
the color of the retinene, yielding the deep-orange 
to violet colors of the v isual pigments. The only action 
of light upon a visual pigment is to isomerize -- to 
straighten out -- retinene to the all-trans con­
figuration. Now it no longer fits opsin, and hence 
comes away. The deep color of the . visual pigment is 
replaced by the light yellow color of free . retinene. 
This is what is meant by the bleaching of . visual pig­
ment by light. 

In this succession of processes, however, it is some 
process associated with the cis-trans isomerization 
that excites vision. The subsequent cleavage of 
retinene from opsin is muc h too slow to be responsible 
for the sensory response. (1964, p. 111) 

Sterling Hendricks agrees that production of this change to 

an all-trans state is the one and only role of light in . vision. 

But he says: 

The change is followed by several rapid shifts in 
the structure of the opsin and also changes in the 
relation of the (vitamin-A; ll-cis· retinal) to the 
opsin. To judge by . the time it takes for a retinal­
cell signal to arrive at a nerve ending, the signal is 
induce d by the shifts that take place in the first 
thousa ndth of a second. (1964, p. 116) 

There are actually four types of opsin, one in the rods and 

three in the cones (each found in a different cone cell), and 

all four change in the same way on excitation by light. 
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Combined with ll-cis retinal, they respectively form rhodopsin 

and three kinds of iodopsin. Absorption spectra curves for the 

latter show peaks at wavelengths of 450, 525, and 555 nano­

meters (blue, green and yellow regions, respectively) . "The 

singularity of the nerve associations with the rod and cone 

cells preserves the retinal detail, or register, in the trans­

mission of the visual signal; the differences in absorption 

among the three kinds of cones reta in the color pattern of 

the image" (p. 117). The absorption curves for the three 

classes of cones are shown in Figure 3.3. 
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Figure 3.3: Absorption curves for the three different 
iodopsin pigments. The differences between the 
signals fr om each group of cones reflect the color 
pattern of the image. (From Hendricks 1964,. p. 120) 

In each case , light acts as a trigger to initiate processe s 

that depend for their energy on the organism's own metabolism. 

This is another way of saying that the visual system is active, 

not pass i ve . In other words, the organism does the work. 
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However, it is one thing to say that the organism does the 

work, but quite another to identify the work that is done. 

Common sense tells us that we do indeed interact with real 

objects and that we are able to acquire, and have acquired, 

complex knowledge which provides detailed characterization 

of the objects. Some of this knowledge is concerned with light. 

We know that light interacts with objects in different ways. 

Thus, light is either reflected, refracted, absorbed, or 

diffracted, depending on the surface characteristics of the 

objects. The nature of the objects must therefore determine 

in part the quality of perception. For example, a highly 

polished surface would reflect light and possibly produce glare. 

This is common experience on a very smooth tennis court. Again, 

selective absorption affects the color of objects, so that if, 

say, the background screen has the same absorbing properties 

as the ball, the ball would be difficult to track. 

Scattering is another important phenomenon. 

interaction of light with a highly irregular 

It is due to an 

surface. Simple 

reflection will account for some scattering. A coarse-grained 

playing surface may so scatter the incident rays that essentially 

no blind spots of reflection occur. 

Scattering can also occur because of the absorption and re­

emission of light by atoms. For instance, the sky is pre­

dominantly blue because higher frequency photons are re-radiated 

at a greater rate than lower frequency photons. The molecules 

of oxygen and nitrogen in air vibrate under the influence of 

any light frequency, but the absorption and re-emission of 

higher frequency photons is greater by far. 

Scattering also occurs because of diffraction, which tends to 

bend the path of light. It is difficult to separate those 

photons being scattered by diffraction from those being 

scatte red by absorption and re-radiation by the atoms, but 

the effect is somewhat less, apparently. 
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These modes of interaction account for some of the visible 

properties of surfaces, but they don't fully account for 

texture, which appears to be due as much to the interplay of 

light and shadow on the visible objects as to the interplay of 

light with their molecular structure. But quite apart from the 

fact that surfaces reflect light, texture itself seems to give 

perceptual existance to them. Surfaces appear to be real and 

clearly different from the light, which alone reaches the 

retina. 

Might the overall pattern of light and dark in the field of 

vision be the source of the metric of space? Perception of 

depth is certainly enhanced under high-contrast lighting. On 

a tennis court, for instance, the ball is far easier to see on 

a bright, clear day than it is on a hazy day when shadows become 

indistinct. Loss of depth is also evident in photographs of 

scenes taken with low-contrast lighting. 

Unfortunately, however, depth loss can occur as well when the 

objects are not sharply outlined. In a photograph it is only 

necessary to use a very grainy photographic process on an 

otherwise normal scene to reduce the feeling of depth. And 

the loss of depth on the tennis court may be due as much to the 

reduced contrast between the ball and its background as to the 

occurrence of low-contrast lighting. In both situations there 

is a loss of distinctiveness among objects in the field of 

view and this alters the feeling of depth. 

The blurring can also be caused by myopia or astigmatism. 

When I look at the world with a naked eye, near objects stand 

large and vivid against a mushy background of color. In its 

outer reaches, the scale of space is greatly contracted. Edges 

of the distant contiguous objects become bundles of overlapping 

blur lines. For instance, the coffee cup on the far table in 

the room appears to be embedded in the table surface. The room 

with its splotches of color seems like an impressionist 

painting. Why is this? Why the loss of depth? 
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We saw in Chapter 2 that the eye is a compound lens and that 

rays of light are refracted as they pass through it to converge 

on the retina. In a glass lens" if the image screen doesn't 

coincide with the focal point of the lens, there is a loss of 

image sharpness. So too in the eye: when the image fails to 

focus directly on the retina, blurring occurs. A point might 

then image as a blur circle, and objects will image as over­

lapping blur circles. We can expect, therefore, that vision 

will be blurred under these conditions. Due to the overall 

blurring, objects will be indistinct and so too will be the 

distance between them. 

of depth. 

Consequently, there should be a loss 

Since far points blur just as much as near points, far objects 

will suffer a greater loss of depth, because perspective lines 

converge with distance and blurring has a proportionately 

greater effect on object distinctness and distances between them. 

This argument seems r ea sonable enough to me, but the puzzle 

still remains how perception can be integrated if individual 

receptors are limited to information about light intensity ~nd 

duration. Whether vision is blurred or not, information from 

one cell still has to be conjoined with information from the 

other cells to generate a unified experience. Some kin& of 

work seems to be required by the perceiving organism. We turn 

now to the mental side of the individual to try to understand 

what the work might be. 



CHAPTER 4 

THE PLAYER'S PERCEIVED ENVIRONMENT 

Having examined our tennis player from the point of view of an 

information processing system, or a comparable man-machine 

system, we see that he is engaged in a complex interaction with 

the outside world, collecting information about it, as we say, 

interpreting or encoding that information, transforming the 

data into various forms, and generating signals to muscles to 

effect movement in that world. This all appears rather 

obvious. Except that now the nature of his ties with that world 

is not so evident as at first it seemed. 

That the player does somehow gather information about the world 

would hardly be disputed by anyone with common sense. Neverthe­

less, the manner in which this is done, if it is done at all, 

is a moot point, requiring considerably more investigation. 

Whereas, for example, light would appear to be the source, and 

the only source, of information for the eye, its effect, 

apparently, is only to trigger chemical reactions in the retina. 

In this respect it yields no information at all. In this respect, 

our p layer cannot know where the ball is. If he cannot know 

where it is, he cannot track or intercept it. Yet he does so. 

Taking a common sense attitude toward the player, it is evident 

that he is a conscious individual and that he does track the 

ball and run to intercept it. Now, if he is to track the ball, 

he must attend to it -- he must detect and identify the ball 

as a component of his environment and mainta in consciousness 

of it long enough to be able to bring his racquet to bear on it. 

In this chapter we examine some of the psychological aspects of 

this tracking problem. In Pa rt II (Chapters 5 through 9) we 
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will take a more detailed look at the underlying neuro­

muscular components involved in the . visuo-motor processes. 

But here the emphasis will be on the nature of consciousness, 

mental representations, and information as understood within 

the context of the player's mental space -- the mind that inter­

venes between the stimulus and the response and places its 

stamp upon them. 

CONSCIOUSNESS 

Orientation of the eyes, alone, is not a sufficient condition 

for the occurrence of visual attention. A person must certainly 

be looking at least somewhat in the direction of an object if 

he is to be aware of it, but he could be staring at the thing 

without being conscious of it at all. An inattentive person 

might be "a million miles away." Viewers of a boring tele­

vision show will attest to the fact that their attention wanders 

away from the screen even as they are staring at it. Tennis 

players exhibit the same phenomenon when they are presumed to 

be watching the oncoming ball. Just ask the lady player who 

begins to think about the evening meal she has to prepare! 

More than orientation is required. The viewer must of course 

be able to discriminate the object from others around it; he 

must have the mental apparatus to pick it out of the environment. 

But even that capability is no guarantee that he will see it, 

even if he is looking in its direction. Something else is 

needed. Mental awareness of some sort or other . But what is 

this awareness? How can it be characterized? What can be said 

about it? 

If we turn attention to the conscious experience, itself, we 

see that it never appears to be conducted in part, but always 

as a u n ified whole. It has the character of a finished product, 

and we are aware neither of the mobilization of forces involved 

in the experience nor of the stimuli which lead to the ex­

perience. As I sit at the desk and note my attention trans­

ferring smoothly from one word on the page to the next, with 
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an occasional jump to the itching in my nose or to the sound 

of hammering on the roof, I am aware o f no electromagnetic 

waves striking my retinas or neural impulses coursing through 

my nervous system. What I perceive is a continuum of objects 

and events in space-time. Common sense tells me that I am 

experiencing real things in a pulsating world, and the re is no 

awareness that those things are there because my "mind" acts 

on certain "stimuli" which are bombarding my senses. But one 

simply cannot ignore the experiments of scientists, which argue 

strongly in favor of the view that we only experience the end 

results of the neuro-physiological processes. 

Sayre expresses the notion well when he says: 

It is interesting . and not irrelevant to note that . it 
is . our. visual responses to configurations in our visual 
environment which have the properties of figure and 
form celebrated by Gestalt psyc hologists, and not the 
configurations themselves. The Necker cube, which 
reverses under continued attention, . is not the two­
dimensional configuration of lines on the blackboard 
or printed page. What alters in perspective and 
orientation is the pattern that constitutes our visual 
response to this configuration. what remains constant 
in shape as the kite bobs to and fro in the wind is not 
the flapping and twisting surface of paper reflecting 
light into our retinas from the sky above , but rather 
the patterned visual responses of the viewer who knows 
the kite is shaped like a diamond, and knows this in 
a sense that does not require his ever thinking about it. 
Color constancy, by wh ich surfaces appear to remain the 
same color under changing conditions of illumination, 
is a constancy of color response and not a constancy 
of wave lengths delive ring info rmation to the retina. 
And the very phenomenon of figure-ground differentiation 
has to do with the patterns that e merge in our visual 
response s t o information d e livered to a n essentially flat 
configuration of retinal receptors. There is no dominant 
figure in the complex mass of electrons interacting 
with the light reflected off the surface of an object, 
no background or recessive field focused through the 
lens of the eye , and no closure or symmetry in the 
retinal firings that convey the visual data to the higher 
levels of the visual tract. Where the patterning occurs 
is in the bra in stem, perhaps, and in the visual cortex. 
And it is with an understanding of the data processing 
that occurs at these levels that we will understand 
fin a lly how the world comes to appear structured in 
semipermanent objects with semipermanent spatial rela­
tionships , and with relatively constant colors and shapes, 
and characteristics of depth and perspective. (1969, p.141-
2) 
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The manner in which the individual mobilizes his perceptual 

forces in generating the patterned responses which constitute 

his experience wiJl certainly affect his approach to the game 

of tennis. Insofar as the game is part of the living process, 

the behavior involved in watching and chasing down the ball 

with the intention of hitting it back into the opponent's court 

is a facet of his perceptual experience. It is pregnant 

with all of the emotional, habitual, and purposive traps and 

pitfalls found in any other facet of life. Organizing the 

visual data and responding to the moving ball is a complex of 

activity that can take many forms, depending on the player's 

visual acuity, his physical skills, his interests, attitudes and 

values, indeed his total mental structure. As Sayre puts it: 

; 

The patterns in terms of which the organism's visual 
data-processing system renders objects presented to it 
depend upon the demands the organism makes upon its 
visual environment. with the worm, frog, and cat, 
these demands are expressions of the organism's needs 
for livlihood. with man, these demands reflect as well 
the organism's interests, whims, and idle curiosity. 
A glance at a bare wall reveals nothing but a flat 
expanse of color. But subsequent glances, involving 
retinal stimulation different in no specifiable way from 
before, reveal many different colors and shadings, 
forms suggestive of familiar objects, a few cracks, 
spots and specks, textured areas, and more than can be 
comprehended in any single field of view. A window is 
a single object; except that to a window washer it is 
a multi-layered field of smudges and imperfections; 
except that to a glazier it is eight, twelve, or twenty 
separate panes, separated by many distinct pieces of 
wood; except that to a painter it is far more compli­
cated than one hundred separate s;,ingles on the side of 
the house. What one man will see, another man will try 
to see, but unsuccessfully, another will look through, 
and yet another will entirely overlook. (1969, p. 141) 

Pursuit of the tennis ball suffers no less from variations in 

the organism's interests, whims, and idle curiosity. Tennis is 

but a single game; except that to the occasional duffer it is 

perhaps an opportunity to vent his pent-up frustrations; except 

that to a Club player it is a chance to restore some of the 

skills he lost during a long layoff or an opportunity to get 

reacquainted with his croneys; except that to the professional 
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player it is a means of livelihood. What each person perceives 

in the game, in its set of rules, movements and challenges, 

depends on his feelings of the moment, on his plans and 

objectives. 

Tennis is a game in which the most difficult shots can be 

accomplished only with a high degree of concentration, or in 

which the simplest can be missed for the lack of it. Given 

adequate visual acuity and the proper physical apparatus, the 

ability to concentrate is probably the singlemost critical 

aspect of the game and frequently marks the difference between 

the great players and the not-so-greats. This ability to 

concentrate may be the meaning behind the common statement that 

tennis is eighty percent mental. 

In Sayre's view, shifts in concentration, which is one of the 

forms of the more general activity known as 'attending,' cause 

alterations in consciousness. 

The phenomena associated with concentration offer telling 
illustrations (of alterations in consciousness). When 
a person first glances at a painting on the wall , his 
attention may well be shared by several other visual 
ventures at the same time. But when he becomes engrossed 
in the painting and begins to pay more de tailed attention 
to its lines and colors and to the modulations they 
embody, his attention is drawn away from other concerns 
and absorbed in the task of exploring the pattern in­
cited by the picture alone. To become fully conscious 
of the picture is to devote his information-processing 
capacities to more detailed and highly structured 
responses to the data passed from the picture through 
his sensory channels. Coincidentally, to lose con­
sciousness of other objects in his environment is to 
cease reacting to their stimulation in coherent patterned 
responses. To ignore an object or happening is not to 
cut off stimulation from tha t quaJ:ter upon the retina. 
And to fail to be conscious of the presence of a friend 
is not to shut one's eyes when looking in his direction. 
As often as not, what one overlooks is as fully within 
one's range of visual stimulation as the thing occupying 
one's direct attention. Failure of consciousness of 
this sort, rather, is failure of the sensory information­
processing systems to honor the stimuli arriving from the 
slightest object with a fully patterned response. 
(l96~L p. 145) 
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Consciousness, according to Sayre, involves the discrimination 

of different forms or objects. To discriminate different forms 

or objects means to generate patterned neural responses to 

stimuli at the senses. A person who, at any given moment, 

cannot discriminate anything at all is not aware of anything. 

And a person not aware of anything is not conscious. Noticing, 

watching, scrutinizing, inspecting, and concentrating, all of 

which are particular modes of 'attending,' count as forms of 

consc iousness. 

The same, however, may be said for the generic term 
'thinking,' under which fall deliberating, considering, 
contemplating, musing, and reflecting. But thinking is 
not a generic form of consciousness, and neither for the 
same reason is attending. It is the case, rather, that 
attending is one among many further specifiable ways in 
which one might exhibit the fact of one's being conscious. 
(Sayre. 1969, p. 115-6) 

It follows, therefore, that, for example, cessation of thought, 

in and of itself, is not unconsciousness. Neither is cessation 

of imagining, dreaming, or sensing. Rather, a person ceases to 

be conscious only when he fails to exhibit his consciousness 

in anyone of its varied forms, i.e., when he is not conscious 

in any respect. 

It appears, too, that the various forms of consciousness sub­

mit to different leve ls or degrees of intensity. For example, 

communication with others , or even talking to one's self, could 

represent high degrees of conscious awareness, as would the 

volleyball play in Picture 4.1; whereas watching television 

while half asleep might be a type of low intensity awareness. 

It would not be surprising if normal levels of consc ious­
ness in a population were determined by a Gaussian 
distribution curve. Some people seem to maintain a 
much higher level of conscious awareness than others. 
However, we have not yet the methods for testing my 
hypothesis. (Granit 1977, p. 82) 

The split-brain experiments to which reference was made in 

Chapter 1 also raises the possibility that different kinds of 

conscious awareness are exhibited by the separated hemispheres. 
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We saw that the so-called dominant hemisphere (usually the left) 

is capable of speech but that the other hemisphere is generally 

mute, in the respect that its communication by language is 

undeveloped. "The right hemisphere perceives and comprehends 

something but cannot express itself verbally" (Granit 1977, p. 81), 

though it can use the hand at its disposal (the left) to pick 

out objects represented in words. 

We saw in Chapter 1 that Penfield (1975) places the locus of con­

sciousness in the higher brain stem. Considering that conscious­

ness seems to develop in parallel with the expansion of the cerebral 

cortex (Sherrington 1947), that it can raise to the level of aWare­

ness most sensory experience and many engrams, and that, given time, 

it can deal with vast amounts of information (Gran it 1977), even if 

its locus is in the brain stem the quality of consciousness might 

still be significantly different in the two hemispheres solely by 

virtue of the cells used for speech. Sperry (1975) in fact ascribes 

to the right hemisphere a consciousness different from the verbal­

ized type of the left, though precisely how the difference might 

be established is quite another matter. Consciousness does, however, 

implicate a vast number of cells (Granit 1977), and the quality of 

awareness could vary with the organizational structure of the 

interconnecting cells. 

For Sayre (1969), consciousness is a particular manner in which 

information deriving from the organism's sensory environment is 

processed by its nervous system, and this of course depends on 

the inherent structure of the system. Playing tennis might 

therefore be a very highly concentrated mode of processing, 

whereas dreaming, or day-dreaming, could be inattentive forms. 

Perceiving or imagining might be more or less vivid, or dim, 

or acute, or fuzzy, or penetrating. Pursuit of the ball might 

be frantic, lazy, or nonchalant. Shot selection could be 

inspired, or it might be unimaginative. The player might 

participate in the game with enthusiasm, or he might play 

listlessly , depending on the manner in which the life forces 

are mobilized, depending on the way in which the complex organism 

interacts with the sensory stimuli. Such close attention as 
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concentration involves a high expenditure o~ .energy, a high 

degree o~ vigilance. The intensity o~ the expenditure may 

range ~rom a low as in deep sleep, to a high as during the 

excess o~ anger. 

A detailed description o~ the visua l responses is especially 

use~ul in the explanation o~ consciousness and Sayre obliges by 

considering a situation describable as "watching an airplane 

move against a clear sky." The analogy is apparent to the 

situation in tennis describable as "tracking a lob against a 

c lear sky." 

If one's gaze is directed above all ground objects to 
the airplane, then most of one's retinal receptors are 
responding to stimulation r elevant to the sky and 
relatively few to the airplane itself. But since the 
sky is clear, there is no reason for the eye to distinguish 
among its various sectors; and most of the information 
present in the activity of the retinal receptors is in 
the task of watching the airplane. The information is 
redunda nt . in a way deterimental rather than beneficial 
to clear visual perception. One of the basic processes 
involved in the patt erned response is to block this 
useless information entirely out of the picture. 
Redundancy of the same sort is present, to a lesser 
degree, on one's retinal responses to stimulation from 
the airplane itself. If the viewer looks carefully, he 
can perhaps count the engines, determine the type of 
craft, and even gain s ome indication of the windows in 
the cabin and the markings on the wings. For purposes 
merely of watching the airplane move against the sky, 
however , these details are inessential; and the infor­
mation that would bring them to one's attention would 
be blocked out until it becomes relevant. Indeed, only 
information indicative of the boundary of the airplane is 
required for the task of following its motion through the 
sky , and this is only a small fraction of the total 
information available at the retina at a given moment of 
perception. Watching an airplane against a clear sky 
places only a minimal load upon one's visual information­
processing system. Yet such an activity shows all the 
basic characte ristics of a patterned response. 
(1969, p. 159-60) 

Thi s quotation is taken from a context in which the human 

nervous system, particularly, is viewed as a "cascade of many 

information channels from which is systematically eliminated 

all save information directly r elevant to the needs of the 
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organism at the given moment of consciousness" (p. 156). 

Unlike such creatures as the frog, in which specific areas of 

the brain seem to be wired for specific functions, the brain 

is a biological adaptation in which a high degree of adapt­

ability has been programmed. As Sayre argues: 

The needs and interests of the human being require 
for their satisfaction the ability to respond selectively 
to sensory situations that seem both countless in number 
and unlimited in degree of complexity. If separate 
areas of the brain had been set aside for processing 
information in each of these sensory situations, the 
human brain might have developed into an organ larger 
than the rest of the body together. This obviously would 
not have been an expedient evolutionary development. 
I~at apparently happened instead was an enormous in­
crease in flexibility rather than an enormous increase 
in size. Instead of responding with s e parate parts of 
the brain to each data configuration of potential 
importance, the human information-processing system 
appears to be capable of responding with more or less 
the same brain areas to many different sensory configura­
tions. The ability of the human nervous system to 
operate in this fashion is its ability to emit patterned 
responses. The first major process toward this end is 
the discrimination of contours with high information 
content within the retinal field. (1969, p. 161) 

Sin,ce the information content and redundancy of visual percep­

tion is very high, the brain could easily be overloaded unless 

a significant amount of filtering along the cascade of channels 

takes place. Common sense tells us that in such situations as 

watching for a friend's car, observing a bare wall or a 

painting, watching an airplane move across the sky, or tracking 

a tennis ball, the ' amount of detailed discrimination that could 

enter the patterned responses is far more than normally appears; 

the bulk of it for the most part is ignored as irrelevant. Thus, 

it is clear that not all informational contours present 
within a percipient's retinal field at a given moment 
figure in his final patterned response. Somewhere be­
tween the operation of discriminating informational 
contours and the final visual response there must occur 
a sorting process that determines which contours will be 
passed on for incorporation within the finished pattern . 
In the hUll'an visual system, this "clearinghouse" 
operation might take place within the brain stem. (§aYre 
1969, p. 162) 
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Consider a situation in which a tennis ball is moving from the 

opponent's racquet toward the percipient's court. The problem 

from the percipient's point of view is to follow the ball 

visually against the background, say, of a wire-mesh fence set 

in front of a cluster of trees. The task is to retain continuity 

of repre sentation in the visual area of the cortex in the face 

of varia tions in contour configurations stemming from the edges 

of fence posts, trunks and branches of the trees, the net over 

which the ball is passing, and the opposing player, who may be 

racing to a defensive position. 

In this example, the receiver is required to expend more energy 

in careful attention to the tracking than would be necessary if, 

for example, the backdrop were a smooth, uniformly dark screen. 

This means, in effect, that the information content at the 

cortex must be higher for the screen of shrubbery than for the 

dark screen. More complex neurological activity must therefore 

be brought into play. The consequence is an increased demand 

upon the entire visual processing syste m. If the player fails 

to muster the necessary capacities to meet the demand, the 

momentary loss of perception could result in a missed shot. 

Additional complexity arises due to the fact that the percipient 

at the same time has to converge with the traj ectory of the ball, 

bring into play neural activity needed to select a return 

shot, and maneuver into the best possible position for the shot. 

Thus he has to watch the ball in flight, project its motion, 

predict an intercept point , move toward that point, make 

corrections on his estimates, adjust his body position to main­

tain visual contact with the ball, consider the alternative 

shots available to him, keep track of his opponent's position 

on the court, man euver into striking position, and address 

the ball. In the face of such incredible complexity, the wonder 

is he can hit the ball at all. 

While the playe r attempts to "keep his eye on the ball," which 

requires sending appropriate signals to his eye muscles and any 

other portion of the body that needs to be adjusted to 
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accommodate change,s in perspective due to ball and body motion, 

he must activate the processes required to estimate the speed 

and direction of the ball and extrapolate its position into the 

short term future. It may, in fact, be necessary for him to 

turn his head away from the ball for a moment, when he receives 

an offensive lob, for instance, in order to run to the baseline 

to be in position to continue the play. 

Meantime, he must "reach into his memory" to 

assortment of shots the one he wants to use. 

select from his 

The choice of shot 

and its execution are practically coincident. Should he, as a 

right hander, for instance, "see" the ball approaching him on 

his left, his first reaction may be to "prepare for a backhand 

shot," calling for signals to his muscles to swing the racquet 

to the backhand preparation position. Nevertheless, he may not 

yet have settled on a particular one of an assortment of back­

hand shots. 

If the player is to play winning tennis, it is essential that 

he be alert to the kind of shot being hit by his opponent. 

He must gauge the position and pace of the ball accurately and 

thus be aware of any air currents over the court. And he has to 

be highly selective in his own shots. 

Depending on his position on the court and on the position, 

speed and capability of his opponent, depending on whether 

he is playing "singles" or "doubles" (men's or mixed), depending 

on his own capabilities, personality and temperament, his 

attitude and mental state, .... he may proceed with a drop shot, 

a chip shot, a cross-court smash, a drive down the line, or 

even a soft lob, among a variety of possibilities. All this he 

must do, and still continue to track the ball. This requires a 

great deal of concentration. 

Furthermore, a high level of attention must be sustained for long 

periods of time. A complete match may take two or three hours. 

It may be exciting to play; it may be full of surprises, with 

a strong mix of good shots, in which case the orienting response 
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continually heightens attention and concentration remains 

relatively high. But the game may become very boring, as in 

doubles when two players enter into long and drawn out lobbing 

matches. The game then loses interest and players become in­

attentive. 

ABILITY TO ATTEND 

Development of the capability to attend is a significant 

step in man's evolutionary history . According to Granit 

(1977, p. 77-8), "the trend of evolution seems to have favored 

the capacity of making conscious use of attention. We feel 

it in our power to direct our attention to anything we choose 

to consider." Being able to choose which objects in his field 

to view is a human achievement in perceptual experience funda­

mental to the capacity ofa tennis athlete. Unless the player , 
can direct his attention to, and identify, the bits and pieces 

of information in his environment which contribute to efficient 

behavior and not attend to those that are irrelevant, he is 

subject to random influence by every stimulus that comes his 

way. It is the selection and processing of appropriate data 

that produces the unified action of the trained athlete. The 

ability to do this is well recognized. But just how the infor­

mation is isolated from the welter of sights, sounds, smells, 

etc., which he can experience is not fully understood. 

Examining the nature of the selective process, Dernber and 

Warm (1979, p. 127-31) isolate for study several determinants 

of attention. These include physical and collative character­

istics and the orientation response. They indicate that size, 

intensity, and motion are important physical de terminants, with 

the advantage going to large, bright and/or moving stimuli, 

though the reason for the advantage is not entirely clear. 

Collative characteristics are properties which d e pend on compari­

son of stimulus elements such as novelty, suprisingness, in­

congruity, and complexity. Dernber and Warm cite studies which 
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reveal that novel and incongruous objects are almost always 

selected or fixated in prefe.rence to others. Describing work 

with a "whirling propeller," they say that people, in viewing 

visual forms, attend predominantly to discontinuities, corners, 

contours, and the brighter sides of contours. 

The orienting response is familiar to observers of animals. 

Dogs and cats pick up their ears or "point" in the· direction of 

a sharp sound or threatening gesture. Pupils of the eyes may 

enlarge. There may be a decrease in the galvanic skin response. 

Breathing may stop for a moment and begin again with slow, deep 

breaths. Or the heart rate may. slow. 

The orienting response also habituates, which means that it 

diminishes with repeated presentation of a stimulus. But 

sudden changes in the quantitative or qua.litative properties of 

the stimulus will reinstate the orienting response. We will 

see below that Pribram (1971)/interprets these findings to 

indicate that the brain continually fabricates neuronal models 

of external events. Any event that doesn't match what is 

expected will trigger an orienting response, whereas the neural 

effects of events which do match will be inhibited. The 

implication is that the perceptual system attempts to recon­

struct the external environment in an effort to cope with the 

mass of information which it encounters. 

The Pribram theory means that the tennis player constructs and 

continually updates a model of the circumstances at the court. 

The surprise element, or the mismatch between the actual 

occurrences of the real events with the expectations established 

in the model, has a reorienting function. An overhead smash 

that was unexpectedly returned by the opponent would have this 

effect. 

The ele ment of surprise is closely linked to information. We 

saw above that information is detined as the logarithm of the 

number of alternative responses to an input; it is a measure 

of the amount of uncertainty the player has in making a choice. 
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In its more general form the alternatives are presumed not to 

be equally likely. Information is then expressed as an inverse 

function of the likelihood of occurrence of the event; the lower 

the probability of the event, the higher the amount of infor­

mation conveyed by the input. It is still a measure of 

uncertainty. Thus, an input which surprises the player leads 

to an unexpected response. This is a low-probability event. 

So an input which surprises is one with high information content. 

MENTAL REQUIREMENTS FOR PERCEPTION 

The ability to attend is fundamental to the ability to 

organize experience into a conscious, meaningful unity. It is 

the means by which knowledge is gained. Exercise of the power 

to attend stimulates learning, leaves its imprint in the neural 

mechanism and thus provides the responses which characterize 

experience. In Penfield's terms: 

There is the record of conscious experience that we 
have discussed. It makes possible voluntary and auto­
matic recall of past experiences, and it includes those 
things to which the individual paid attention, nothing 
he ignored. One can only conclude that conscious 
attention adds something to brain-action that would 
otherwise leave no record. It gives to the passage of 
neuronal potentials an astonishing permance of facilita­
tion for the later passage of current, as though a trail 
had been blazed through the seemingly infinite maze of 
neurone connections. The same principle applies to the 
acquisition of speech skills and the storing of non­
verbal concepts. Permanent facilitation of a patterned 
sequence in those brain mechanisms is established only 
when there is a focusing of attention on the phenomenon 
that corresponds to it in consciousness. (1975, p. 74) 

Considering further the manner in which memory is affected by 

attention, it is instructive to examine Sayre's remarks: 

Classification as a sensory response pertains not to 
the lapse of time between stimulation and response but 
rather to the origin of the information that leads to 
its occurrence. 
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In this respect an afterimage clearly is a sensory 
response. So, by the same token, is an image of an 
object or experience formed in imagination long after the 
information reflected in the image was presented to the 
senses. The same may be said of a dream image familiar 
to the dreamer from past consciousness involving infor­
mation deriving from sensory stimulation that has been 
stored for an extensive period and then made available 
for further processing at times when the informational 
content of current sensory activity is minimal or un­
interesting to the conscious organism. 

The most highly regulated form of delayed sensory 
response is what we call "remembering." Memory, like 
knowledge, is normative in that it admits among its 
objects only what is or was the case. Just as being 
known is a sufficient condition in the realm of possible 
states of the world for being factual, . so being 
remembered is a . sufficient condition . in the realm of 
possible past events for actually having occurred. 
(1969, p. 173) 

According to Sayre, what distinguishes the several activities 

are the circumstances under which they are performed and the 

criteria by which they are evaluated. In effect, all are 

products which stem from the stimuli emanating from physical 

objects. 

The facts of the matter are that each of the . various 
orga~i~ms is confronted with the same physical objects, 
recelvlng information about its structure through 
propogated light waves, and each emits retinal . reactions 
comparable to those of the others. Each, however, 
responds visually in its own unique way: and each 
patterned response reveals features that are significant 
only to the organism responding in that particular way. 
(1969, p. 140) 

Again we see that visual perception is a product constructed 

out of stimuli. The individual receives information about the 

environment through propogated light waves and emits retinal 

reactions. Then he responds visually to the information in his 

own style. That is, he integrates the data in his unique way, 

according to his special interests and capabilities. 

But we found in Chapter 3 that light only acts as a trigger, 

or that, at most, the individual receptors only provide light 

intensity and duration. The data from the separate cells still 
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have to be organized. How is this accomplished? At the very 

least it would seem that the intensity and duration from one 

cell have to be compared with the intensity and duration from 

the other cells. Some kind of comparative logic has to be 

available. Rules ofcornbination of some kind are needed. 

Are these integrating rules somehow learned through experience? 

Or is there something in the organism to begin with, some inte­

grating logic, wired-in or pre-programmed, that is activated 

by the stimuli? E.J. Gibson (19 69) argues that nature doesn't 

turn out an infant with knowledge and strategies ready-made 

for perceiving the complexities of all the information. That 

can hardly be disputed; a great deal of learning. surely takes 

place. But how is the infant to acquire any experience in the 

first place without some mechanism, however rudirnentry, which 

enables it to put the tiny pieces of the information puzzle 

together? 

This problem is analogous to the one that confronted Immanuel 

Kant, although it was presented in a slightly different way (1872). 

Kant had to contend, on the one hand, with the legacy of the 

empirical school of philosophers who held that the origin of 

all knowledge lay in the empirical immediacies of experience, 

viz., the elements of sensation. These elements are the building 

blocks of knowledge and the constructions can only be learned 

through experience. 

knowledges can only 

Further, any test of these constructed 

be made by dipping back into that experience 

to make a comparison. 

Kant also had to deal with the arguments of the rationalists, 

who held that the origin of all knowledge lay in the clear and 

distinct intuitions of the mind. Empirical experience is faulty. 

It is not to be trusted. It changes from moment to moment, 

and constructions out of it can only be statistical summaries. 

The true source of knowledge can only be in the insight 

provided by the mind, itself. 
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Kant agreed with the empiricists that knowledge stems from the 

constructions of experience, but he did not accept the view that 

the ground for the construction lies in empirical factors solely. 

In his thinking, sensations without the unifying principles of 

the mind would leave us intellectually blind. Similarly, he 

accepted the rationalist's judgment of the relevance of intuition 

so far as truth was concerned, but he was convinced that thoughts 

alone, without data, would be empty of content -- mere shells 

of knowledge. 

Thus, for Kant, human perceptual experience is constructed by 

the percipient in accordance with certain principles of ,the 

mind -- categories of the understanding and the intuitions of 

space and time. But the construction is dependent for its 

content on facts provided by the state of the world at the time. 

Our tennis player brings this mental framework to the court as 

part of his natural "equipment;'" The context of the player, 

including himself, the ball, net, racquet, playing, surface, 

sky, etc., is thus a complex relationship, whose content is 

specified by the prevailing environmental circumstances and 

whose form is determined according to the human mental repre~ ' 

sentations. 

Contemporary scientists typically adopt the stimulus-response 

language when modeling human behavior and associate one or 

another of various physical energies with the stimulus (electro­

magnetic waves impinging on the eyes, sound waves striking the 

ears, etc., as we have seen), generally accepting the theoretical 

formulations of modern physics in this regard. But significant 

differences within this point of view arise when the individual's 

influence in the production of responses to the stimuli is 

considered. 

Some of these behavioral scientists theorize solely within the 

causal framework, hoping thereby to heighten our ability to 

predict human behavior. They do, however, admit to a certain 

amount of ignorance of causal chains, but claim that there must 
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exist some intervening variable to take up the conceptual slack 

in their model. The variable represents that-something-or­

other still missinq in their understanding of the stimulus­

response structure which, once filled in, will provide a strict 

causal relationship. 

Others, holding the position that a teleological approach is 

not incompatable with causal principles, argue that the theory 

of the intervening variable is simplistic (Downs, Pribram, 

Neisser). They feel that human responses are far too complex 

to be explained simply by incorporating the intervening variable, 

particularly in light of the discovery of the ubiquitous servo­

mechanism in the human organism found to be under control of 

the brain. For this group, nothing short of a complex system of 

mental representations (cognitive maps, forms, schemata, .... ) 

is adequate to bridge the gulf between stimulus and response. 

This is the view of the cognitivists, who tend to follow the 

lead of Kant. There is an important difference, however. For 

Kant the mental framework was an immutable human characteristic. 

But current thinking presents no such fixed unified collection 

of mental conditions. Modern representations are considered 

to be in a state of flux, being influenced as much by experience 

as determining it. This is the stance adopted in our study of 

the tennis player. 

In his interaction with the environment, the player is presumed 

to behave in a purposeful manner, i.e., that he is presumed 

capable of making decisions and acting on them freely, 

according to plan, using skilled behavior. This does not mean, 

however, that he can circumvent physical laws. On the contrary, 

purposiveness involves a selection among alternative future 

possibilities, a condition which implicates predictability, and 

this recognizes and requires the cooperation of causality 

(Granit 1977). 

Once the player has developed the requisite skills, he can race 

with confidence to intercept the ball and can accelerate or 
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decelerate at will, because muscle forces act predictably in 

the application of torques to move limbs. These are real forces 

operating in causal chains. And our player chooses freely with­

in a framework of mental maps to initiate the choice. 

COGNITIVE ~1APS 

Proponents of cognitive psychology do not agree uniformly on 

nomenclature when referring to the elements of mental space 

considered here. The terms "schemata " and "mental maps" are 

frequently used, as are the expressions "mental representations" 

and "mental image." At least one investigator uses the more 

neutral term "frame." The expression "cognitive maps" was used 

for the caption of this section just as a matter of convenience, 

though it seems now to be more favored. 

The cognitive map, or schema, etc., -is a mental element akin to, 

but not to be identified with, a map, or format or plan. As 

already noted in the previous chapter, we appear to impose 

schemata onto the environment in perception and we seem also to 

use them to guide or organize behavior. As Neisser expresses it, 

A schema is that portion of the entire perceptual cycle 
which is internal to the perceiver, modifiable by 
experience, and somehow specific to what is being 
perceive d. The schema accepts information as it be­
comes available a t sensory surfaces and is shaped by 
that information; it directs movements a nd exploratory 
activities that make more information available, by 
which it is further modified. 

From the biological point of view, a schema is a part 
of the nervous system. It is some active array of phy­
siological structures and processes: not a center of 
the brain, but an entire system that includes receptors 
and afferents and feed-forward units and efferents. 
within the brain itself there must be entities whose 
activities account for the modifiability and organiza­
tion of the schema: assemblages of neurons, functional 
hierarchies, fluctuating e lectrical potentials, and 
other things still unguessed. It is not likely that this 
physiological activity is characterized by any single 
direction of f 10\~ or unified temporal sequence. It 
does not just begin at the periphery and eventually 
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arrive at some center, but must include many kinds of 
reciprocating and lateral patterns. Nor does it begin 
at one moment and end at another; the continuities 
of different subsystems overlap in varying ways, 
providing for a host of different kinds of "information 
storage." (1976, p. 54) 

It is conceivable that individuals may be able to think visually 

in cartographic terms. But in general, mental expressions are 

not dependent on the sense of scale, orientation, or the symbolic 

paraphernalia normally found on maps -- the collection of dots, 

lines, colors, etc., used to describe cities, highways and 

topographic features of an area. 

Schemata are not strictly like maps in another sense, as well. 

According to Neisser, the latter incorporates a sharp distinction 

between form and content, while schemata do not. While the 

schemata do specify the form that information must take for it 

to be accepted as such, and although they direct movements 

according to a plan, the information that fills in the format 

at one moment of the cyclic process actually becomes part of the 

format in the next, determining how further information is 

accepted. The schema is not only the plan but also the 

executor of the plan. It is the pattern of .action as well as 

a pattern for action. (1976) 

This concept of a schema is similar in interpretation to the 

idea of a "frame" deve loped by Hinsky and applied in artificial 

intelligence. The essence of the view is given in his own 

words as follows: 

When one encounters a new situation (or makes a sub­
stantial change in one's . views of the present problem) 
one selects from memory a substantial structure called 
a frame. This is a remembered framework to be adapted 
to fit reality by changing details as necessary. 

A frame is a data-structure for representing a stereo­
typed situation, like being in a certain kind of living 
room, or going to a child's birthday party. Attached 
to each frame are certain kinds of information. Some 
of this information is about how to use the frame. Some 
of it is about what one can expect to happen next. 
Some is about what to do if these expectations are not 
fulfilled. 
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We can think of a frame as a network of modes or relations. 
The "top levels" of a frame are fixed, and represent 
things that are always true about the proposed situation. 
The lower lEov'els have many terminals -- "slots" that 
must be filled by specific instances or data. Each 
terminal can specify conditions that its assignments 
must meet. (The assignments themselves are usually 
smaller "subframes.") Simple conditions are specified 
by markers that might require a terminal assignment of 
a person, an object of sufficient value, or a pointer to 
a sub-frame of a certain type. More complex conditions 
can specify relations among the things assigned to 
several terminals. 

Collections of related frames are linked together into 
frame systems. The effects of important actions are 
mirrored by transformations between the frames of a 
system. These are used to make certain kinds of cal­
culations economical, to represent changes of emphasis 
and attention, and to account for the effectiveness of 
"imagery." 

For visual scene analysis, the different frames of a 
system describe the scene from different. viewpoints, and 
the transformations between one frame and another 
represent the effects of moving from place to place. 
For nonvisual kinds of frames, the differences between 
the frames of a system can represent actions, cause­
effect relations, or changes in metaphorical viewpoint. 
Different frames of a system share the same terminals; 
this is the critical point that makes it possible to 
coordinate information gathered from different viewpoints. 
(1975, p. 212-13) 

The frames also include expectations and other kinds of presump­

tions, and a great many details whose supposition is not specif­

ically warranted by a situation. When a proposed frame cannot 

be made to fit reality, an information rptrieval system, which 

links frame systems, provides a replacement frame. 

Once a frame is proposed to represent a situation, a 
matching process tries to assign values to the terminals 
of each frame, consistent with the markers at each place. 
The matching process is partly controlled by information 
associated with the frame (which includes information 
about how to deal with a surprise) and partly by 
knowledge about the system's goals. (1975, p. 213) 

The notion of an active, as opposed to a passive, perceptual 

process implies that the perceiver contributes something to the 

formation of his experience, that the act presuppose s the use of 
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vehicles of construction of some kind. Frames are just such 

vehicles. They are the organizing principles, the clusters of 

constructive forms, by means of which experience is possible 

and meaningful. 

Experience as we know it hardly seems possible without some 

objective agency being the source of inputs, either through 

internal or peripheral sensors. But it is not reasonable, 

either, to think that the experience can be meaningful without 

the individual somehow having organized it. Stimuli must 

certainly be offered up as content for the experience, but if 

the stimuli are to have any significance, a 

tional form of some sort is needed as well. 

logical or organiza­

Even the humblest 

blur must be organized in some fashion if it is to be a. mean­

ingful product of experience. 

Each aspect of experience, as a patterned response, may be 

considered to be a problem situation which has been resolved in 

a particular way, as a percept of some kind, with a high or low 

level of attention, or consciousness. The specific colors or 

shapes of an object, the movement of a limb, the organization 

of speech, the execution of a particular play in tennis, .. 

each constitutes the organized response of the individual and 

can be said to define a choice of experiential representation 

in problem space. 

Even the manner in which the tennis player "eyes the ball" as 

he tracks it in its trajectory can be considered a solution -­

one among many ways to resolve the matter of the objectivity 

of the moving ball. In Minsky's terminology, tracking the ball 

would mean, I should think, that a succession of frames is 

called into play to effect the perception, each frame structuring 

a different segment of the task, part of which means viewing 

the ball from a succession of different perspectives. Other 

problems, such as moving the body, selecting an appropriate 

shot, making feedback comparisons, detecting and identifying 

objects, or simply keeping tabs on items of related interest, 

would draw from other systems of frames and thus yield 
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different solutions, each solution involving some sort of chain 
of mechanization. 

Application of the cognitive maps (frames, forms, schemata ... ) 

is not without its hazards, unfortunately; problem solving 

does have its risk of failure. As noted in Chapter 3, schemata 

applied successfully in one sport may fail in~nother. For 

example, the techniques of bicycling cannot be applied to tri­

cycling without modification; the method of co-ordination of 

balance on bicycles is inappropriate on tricycles. Similar 

difficulties arise when, for example, the tactics and techniques 

of squash are applied to tennis. Failure to adjust to the 

differences in stroke techniques, methods of approaching the ball, 

style of play and the like can lead to disastrous results. In 

general, when cognitive maps (motor plans, frame systems ... ) are 

misapplied or are not fully developed for the situation, there 

usually results a hitch -- an error. 

In this respect, perception of the world is a simplification 

a model -- and as such is subject to error. So, too, is the 

tennis player's world of the tennis court. Watching a player 

miss a ball he was certain he had, an astute observer might 

note that at the moment of expected contact with the ball the 

player turned his head ever so slightly to glance at his opponent 

only to raise his racquet several inches higher than it should 

have been to meet the ball properly. It is reasonable to 

think the player was not aware of doing this, unless it is 

presumed he missed deliberatel~ The more likely possibility 

is that his perception of the situation was orderly and efficient, 

that he thought he was doing everything properly. But there 

was a hitch, nevertheless. His perceptual model was inadequate. 

The problem is largely a matter of skill. It requires the 

ability on the part of the player to sneak a glance at his 

opponent without raising his racquet away from the ball, and 

it calls for skill in constructing his perception. Cognitive 

maps are not fixed, unchanging categories of the mind but are 

subject to modification through learning. Nor are the links 
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among cognitive maps frozen; they, too, can be altered 

in the learning process, through experience. Groupings of 

cognitive maps which at one stage of development can only 

produce divided attention and behavioral disruption may event­

ually be synthesized, or coded, to yield experiential unity. 

This is the case when the player learns to track the ball and 

otherwise keep tabs on the other relevant items, as in a 

juggling act. It is also the case when he learns to make the 

appropriate decisions. And it is true as well when he learns 

to effect the necessary shots and movements smoothly and 

efficiently. 

POSSIBLE TRACKING CUES 

To simulate the visuo-motor processes of our tennis player, it 

is presumed that his percepts, decisions and responses stem 

from a unique qualitative base -- from his personal feelings, 

or intuitions. His behavior incorporates schemata, which offer 

a possibility of development along certain lines. The precise 

nature of the development can only be determined through his 

interaction with the environment. The schemata establish a 

point of departure and direct perceptual activity, but it is 

only the interaction of the schemata with the available inTor­

mation in the environment that yields perception. What kind of 

information does the tennis player encounter and how might it 

be represented in the simulator? Specifically, what kind of 

tracking information can he obtain? 

An answer may be gleaned from the statement by A.J. Welford, 

above (p. 3-5) referring to the refined ability of the musician 

to identify pitch, the dyer to interpret hue, and the furnace­

man to judge the t emperature of molten metal by its color. In 

none of these instances is any type of objective measuring 

device employed, yet very fine distinctions are made and very 

precise responses are effected. 

Welford's statement says, in effect, that the expert, because of 

his special talent, training and experience, is capable of the 
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most subtle distinctions when dealing with properties central 

to his profession. Translating this into the language of 

tennis, it would mean that the master player is capable of 

the most subtle distinctions pertaining to the state of the 

tennis ball. He is able to "read" the trajectory in far more 

subtle terms than the novice. How is this possible and what 

form does the appropriate information take? 

To see what information might be available to the player, 

consider the events he might observe as the opponent hits the 

ball to him. He might, for example, note the angular . velocity 

of the racquet, which could tip him off to the impending speed 

of the ball. The relative position of the ball to the opponent 

could provide information as to the direction of the flight path 

(whether it was in his lateral plane,i.e., to his side; or 

whether it was well out in front of him). Our player might be 

aware of the angle of the racquet face, which could indicate 

the projected height of the trajectory. 

The momentum exchange relationship between the racquet and the 

ball might also be of use to the player. Gi ven the effec.ti ve 

mass of the racquet, its angular velocity and torque arm, the 

mass of the ball and the pertinent coefficients, he might be 

able to calculate the momentum and thus the speed of the ball. 

But the computation is by no means trivial, even if he knows the 

conversion formula. It is certainly not one that the player 

can be expected to us e. 

The angle of the racquet face and the relative position of the 

ball at the moment of contact might give him some indication of 

the direction of the impending trajectory, but the assignment 

of specific numbers or values for these properties is all but 

impossible during play, particularly since the racquet can make 

a brushing motion over the ball during contact. Nevertheless, 

this relationship could well be the singlemost important piece 

of data available to the receiver. 
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Information that might compete in importance with this data is 

the velocity of the ball immediately after contact with the 

racquet. Given only the impact. velocity for the ball, ignoring 

aerodynamic drag, the entire trajectory is established for any 

specific starting height. Furthermore, the velocity is 

unambiguous. So the intercept point is completely predictable 

within the estimation accuracy of the velocity. 

If the ball is moving too fast, however, or is out of reach, 

the information does the player no good. Otherwise, he can 

continue to track the ball and update his position and. velocity , 
estimates. But spin and wind now become important factors in 

shaping the ball trajectory. 

·Information about the spin may be obtained by noting the way 

the opponent brushes the ball with his strings. A motion up 

and over the top of the ball produces a top spin, which tends 

to dip the trajectory and makes it bounce farther. But a motion 

down and under the ball tends to keep it aloft longer and makes 

it bounce less far. 

Information about the spin is also available through direct 

observation of the ball, but this is very subtle and beyond the 

capability of most players. Also difficult to obtain is data 

on the effect of wind, since unpredictable gusts can and 

frequently do counter his expectations. Now he has to be more 

alert and watch for subtle movements of the ball away from its 

normal trajectory. 

There are of course natural limits to this type of information, 

corresponding to the objective values of the associated physical 

properties. But the player imposes his own limits as well, 

according to the level of his ability to discriminate, which 

depends on his structural development and degree of learning 

with respect to the required skills. Featured in this develop­

ment is the richness of his mental space, i.e., the complexity 

and subtlety of his system of cognitive maps, or schemata, 

which determines his behavioral environment. 
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The cognitive map is the means whereby the player is able to 

construct his perceptual space and find his way around it. It 

provides the reference frame within which his estimates and 

decisions are made. Only through some such reference can he 

identify his environment and orient himself in it. And it is 

the cognitive map that guides his movements. 

But what is this ,reference frame? h~at is the nature of the 

mental representations that offers such a remarkable reference? 

It is apparent that the player's perceptual fie·ld does, in some 

sense, include such properties as the direction and speed of the 

ball. But does he rely on some abstract reference frame such as 

a Euclidean coordinate system? Or does he use a more personal 

reference system? For instance, can he make use of the fact that, 

say, the ball has a speed of 97.5 mph with a heading of 192 degrees? 

To obtain this kin.d of measure, the player would have to incor­

porate a reference frame which in effect lies outside the bounds 

of his court. For one thing, he would have to identify "north" 

precisely. And he would have to be able to estimate the angular 

separation from that abstract reference line. 

At the common sense level, the player most certainly can identify 

in a minimal fashion some such property as position. He might, 

for instance, say simply that the ball is "over there," re­

ferring to a point off the right shoulder, possibly. Using 

similar body standards, he could charact0rize the direction of 

motion of the ball merely as, say, "away from me," or as "toward 

me," or moving with such and such another property. As for the 

speed of the ball, he might perceive that it is "very fast," 

for instance, or that it is "slow." 

These properties can be meaningful to the player. As aspects 

of his conscious, patterned response, they are signs whose 

signification is evidenced through his behavior. In Neisser's 

view they afford . various possiblities for action. They carry 

implications about what has happened or what will happen,belong 
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coherently to a larger context, and possess an identity that 

transcends their simple physical properties. The meanings can 

be, and are possibly, perceived by our player, who responds by 

racing to intercept the ball. 

To examine this response in greater depth, let us assume that 

the player has read his opponent's delivery, . has expectations for 

the type of shot being hit, and has a first look at the oncoming 

ball . His immediate response might be to "compute" an expected 

intercept point-- the point on the court where he is likely 

to meet the ball. How might he do this? 

One method might be to solve a system of simultaneous equations 

involving trigonometric expressions. This is a formidable 

process, requiring the distance, . speed and direction of the ball. 

And it also assumes an intercept strategy. It is not a method 

which can be used on the spot by the player. This or any 

equivalent method is simply too difficult. Yet somehow the 

player does manage to intercept the ball, not just once in a 

while but over and over again. The question is, how does he do 

it? 

I think it is reasonable to say that the player 

attempts such a one-shot computation. It seems 

never really 

far more likely 

that he solves the problem in stages, that his discriminations 

yield signs which guide his movements to an intercept point. 

The signs, themselves, yield to a degree of subtlety commensurate 

with the player's competence. 

Somehow he learns to discriminate. The more he plays and studies 

the game, the more he learns and the more subtle become his 

discriminations. A novice will employ relatively crude 

schemata. His information will therefore be coarse and his 

responses will b e crude and lack precision. But the expert 

will mak e fine distinctions and will r e spond with great 

precision and accuracy. He will have developed a vast array 

of schema ta pertaining to the game, which is to say that his 
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perceptual space is rich in content and that he has a wide 

range of responses. 

Applying the discrimination process to trajectories, we can 

generate different morphological classes. Thus for instance, 

at one level we might have the groups: serves, overhead 

smashes, drop shots, lobs, volleys, half~volleys, and forehand 

and backhand shots. At this level, each service, for example, 

would be the same as any other serve; each overhead smash would 

be equal to any other; etc. This is obviously a . very narrow 

and limiting partition on the space of all trajectories. 

And the system of cognitive maps would be equally narrow and 

limiting. 

Going further, however, each class may be divided into sub­

classes. A flat serve might then be differentiated from a 

spin serve and handled in a different way. A forehand shot 

with top spin might yield one set of responses; one with under­

spin might be dealt with in another way. Similarly with the 

other classes of shots. To the degree that the differences in 

trajectories are considered to be significant, to that degree 

they are partitioned into different classes and to that degree 

they result in different responses. 

In effect, the player learns to guide his actions on the court 

in increasingly subtle ways by incorporating into his perceptual 

model of the playing volume the specialized behavioral 

environment of the tennis player -- increasingly finer-mesh 

systems of cognitive maps. His capability can thus be measured 

by the nature of these mental representations. 

In the simulator, the responses can be. structured in accordan.ce 

with accepted principles of the game. One such principle is 

to cut short the trajectory whenever possible, By closing 

rapidly on the ball, a player gives his opponent less time to 

prepare for his return shot. For a volley at the net, one is 

advised to hit with the racquet well in front of the body, 

keeping the racquet face open to the ball. A lob beyond mid-
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court may best be taken by gliding backwards for the over­

head smash rather than turning, racing back to the base line 

and turning again t~ take the shot. Other situations call for 

other types of response. 

It should be apparent that the player does not wait for a ball 

to run the course of its trajectory before responding to it 

that would be tantamount to watching it fly by. Rather, he 

responds on a continuing basis, reacting to elemental aspects 

of the path, such as position and velocity, or more subtle 

properties such as acceleration. The novice who is unable yet 

to hit the ball, likely has not refined his schemata to en­

compass the more subtle information, whereas the expert has 

already built up a set of expectations and can anticipate its 

motion with greater accuracy. In large part this is a matter 

of practice, and concentration. 

Don Budge once said he only saw his opponent twice. -- . 
when they walked on the court together and when they 
shook hands at the end. When his opponent served and 
carne to the net, Don n ever saw him. He was too busy 
watching the ball. Billie Jean King will litera lly . look 
at the ball for five minutes at night; she wipes every­
thing else out of her mind and sees only the ball. 
The next day she claims she can watch the ball that much 
better. Now ask yourself if your tendency is to watch 
the opponent perform his strokes or to watch the ball 
only. 

The harder your opponent hits, the more intensely you 
must concentrate-- or you will lose the ball through 
the fact that it is corning back to you so quickly. When 
you serve, it is almost impossible to watch the ball's 
flight, but you can pick it up with you r eyes as soon 
as it bounces on the other side. Try to follow the ball 
through four rallies, six rallies, ten rallies, without 
losing sight of it. Then see if you can do it for two 
garnes , four garnes, a set. Concentration is achieved 
only by consciously working at it. (Segura, 1976, 
p. 107-8) 

As Sayre pointed out, above, concentration on the ball brings 

more of one's processing capabilities to bear directly on this 

critical aspect of the game and can only enhance player develop­

ment. Gallw.ey puts it well when he says: 
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The tennis ball should be watched as an object in motion. 
Watching its seams helps to focus your attention on 
the object itself, but it is just as important to in­
crease your awareness of the flight of each ball as it 
moves toward you, and then again as it leaves your 
racquet. My favorite focus of concentration during a 
point is on the particular trajectory of each shot, 
both mine and my opponent's. I notice the height of the 
ball as it passes over the net, its apparent speed, and 
with utmost care the angle at which it rises after 
bouncing. I also observe whether the ball is rising, 
falling or at its apex in the instant before the 
racquet makes contact. I give the same careful attention 
to the trajectory of my own shot. Soon I become more and 
more aware of the rhythm of the alternating shots of 
each point, and am able to increase my sen~€of antici­
pation. It is this rhythm, both seen and heard, which 
holds fascination for my mind and enables it to focus 
for long periods of time without becoming distracted. 
(1974, p. 93) 

Following Gallwey, we have another source of information: at the 

level of the trajectory itself. We thus have information at the 

global as well as at the local level. The player with appropriate 

schemata is able to recognize the specific trajectory even while 

he is gauging the position and velocity of the ball at a given 

moment. Just as the ball is part of the playing volume at any 

moment of time, so it is part of a trajectory. A system of 

hierarchically embedded schemata reflects this condition. 

Behavior can be viewed in a similar way. Sub-movements are 

embedded in larger movements and are motivated by anticipated 

consequences at different levels. At one and the. same time, 

then, a certain action can be viewed as an overhead smash, for 

instance, or as a sequence of moves such as: gliding backwards, 

raising the racquet to a strike position, and swinging at the 

ball. To the extent that the player is aware of these aspects 

of the game , i.e., to the extent that he has developed a system 

of cognitive maps with which to note them, to that extent will 

he acquire the corresponding information. 

By focusing attention on the subtle aspects of the moving ball, 

such as its seams or color, which are normally ignored as 

irrelevant, the mind becomes absorbed to the point where outside 

factors fail to distract. However, 
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seeing the ball better is only a partial benefit of 
focusing on its seams. Because the pattern made by the 
spinning ball is so subtle, it tends to engross the mind 
more completely. The mind is so absorbed in watching 
the pattern that it forgets to try too hard. To the 
extent that the mind is preoccupied with the seams, it 
tends not to interfere with the natural movements 
of the body. Furthermore, the seams are always here and 
now, and if the mind is on them, it is kept from 
wandering to the past and future. The practice of this 
exercise will enable the tennis player to achieve deeper 
and deeper states of concentration. (Gallwey 1974, p.9l) 

Concentration on the regulatory cues (the specific sources of 

environmental information that govern effective movement) 

certainly improves the efficiency of a skill, and if, in 

particular, it is of some considerable advantage to focus on 

the seams of the ball, then by .all means, the seams should be 

watched. But note, too, that a great deal of .information is 

available in such a phenomenon as a spinning ball. The infor­

mation is there for the taking, if only the player had the 

cognitive development, the richness of mental space, a 

sufficiently subtle image of his behavioral environment, a fully 

attentive consciousness, with which to see it! 
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PART II 

THE PLAYER'S VISUO-MOTOR PROCESSES 



CHAPTER 5 

THE VISUAL SYSTEM 

Living organisms are an integral part of the real world but are 

different from physical objects, both in structure and function, 

though the difference can be hard to define. Living organisms 

above the simplest metazoans have a nervous system by means of 

which they sense and respond to other objects in the environment. 

This nervous system exhibits the primary phenomena of irritability 

and conductivity (Matzke 1972). Sensory fibers arising from 

peripheral receptors conduct electro-chemical impulses into the 

central nervous system, where they are shaped and integrated via 

a large mass of internuncial or connecting neurons and are then 

directed to appropriate motor neurons to act on muscles. 

In the human, the central nervous system, principally the brain, 

is a ma jor component in the loop and is able to influence 

strongly the electro-chemical innervation pattern and thus 

dictate the spatio-temporal flow of muscle contractions . The 

human is thus able to develop skills, which is the ability to 

organize and coordinate combinations of specific movements into 

desired behavior (Jensen and Fisher 1975). The coordination of 

movement into exact patterns is a highly complicated physiologica l 

process, involving input, or afferent, signals from many sensors, 

including sensors in muscles and tendons, and output , or efferent, 

signals to the musc l es. 

Functionally, the nervous system can be divided into two broad 

categories: the autonomic or visceral nervous system and the 

somatic or voluntary nervous system. We shall not be concerned 

here with the autonomic system , whose function is principally 

house k eeping, such as maintaining the beat of the heart or the 

activity of the glands. The voluntary nervous system controls 
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the skeletal musculature, which is involved in movement. The 

segment of special interest is the vi suo-motor segment. While 

hearing may be important for the tennis player, most of his 

information comes from the eyes, so attention is restricted 

to the visual link with the skeletal muscles. 

STRUCTURE OF NEURONS 

The human organism is made up of many different groups of cells 

that have separate, special functions. Amon~ the groups are the 

epithelium, blood cells, bone, cart,:ilage, muscle, endothelium 

and nerve cells . All cells are excitable, but none, so excitable 

as the nerve cell or neuron, the celluiar unit of nervous tissue 

(Easton 1974). Figure. 5.1 shows a. schematic of the three-part 

structure of a neuron . 

Dendrites 

Cell 
body ~ 

~ 
" 

Figure 5.1. A schematic of a neuron, showing the 
dendrites, . cell body ', and axon; 

The most characteristic difference between a neuron and other 

cells is that the neuron typically has a large number of branches. 

Short but profuse numbers of dendrites occur at the leading end 

of neurons; they rece ive impulses from other cells and transmit 

them inwardly to a cell body. This body serves to maintain the 

life of the cell. Branches at the terminal end sprout from an 

axon. The axon is usually long and untapered ~nd transmits 

impulses to other nerve cells or to effector organs such as 

muscles or glands. This ability to send electro-chemical impulses 

thr.ough its branches and trunk is the most obvious special 

attribute of the neuron. 
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Signal transmission is a complex process, the detailed study 

of which quickly leads to the intricacies of electro-chemistry. 

But the principle may be likened to an electric battery. The 

cell has a surrounding membrane or coat which exhibits an 

electrical potential and maintains a small negative voltage 

difference between the inside of the cell and the outside. This 

is caused by differences in the ion composition of the fluids 

internal to the cell and surrounding it . 

Under resting conditions, the inside of the cell is more negative 

than the outside. The mechanism underlying this phenomenon is 

not entirely known but is presumed due to the action of a so­

called sodium pump that characterizes the membrane (Guyton 1979). 

Sodium ions, Na+, and potassium ions, K+, are among the ingred­

ients that make up the chemical composition of the intracellular 

and extracellular fluids of the neuron. The effect of the pump 

is to drive the sodium out of the cell into the surrounding 

fluid. This leaves a void of positive ions inside the cell, 

creating a strongly negative electro-potential. Much of this 

potential is neutralized by the movement of potassium ions which 

flow into the cell inasmuch as they are diffusible through the 

membrane. The result is a high concentration of sodium in the 

extracellular fluid and a high concentration of potassium in the 

intracellular fluid. On balance the result is a more negative 

internal voltage. This condition is depicted in Figure 5.2 for 

an axon membrane. 

. Na+ 

1.42 mEq. 

1,0 mEq. 

+ 

mEg = milliequivalent 

K+ 

5 mEq. 

140 mEq. 

85 mV 

Figure 5.2. Concentration gradients for sodium and 
potassium for axon membrane at resting 
state (After Guyton 1979) 
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When the neuron is triggered, the membrane potential breaks 

down, and the voltage on the outside drops momentarily. The 

inner signal sends the membrane potential through a series of 

changes called the action potential (Guyton 1979). At first the 

membrane potential becomes positive, but a few ten-thousandths 

of a second later it returns to the very negative level, there­

by forming a nerve impulse. It is ' this impulse (or action 

potential) that is transmitted along the nerve fiber, from one 

part of the body to another. 

In the active nerve, the flow of. sodium is inward, so the inside 

of the cell becomes relatively positive during the action 

potential, or depolarization, as it is sometimes characterized. 

The inward flow occurs because the membrane permeability to 

sodium increases. The more the membrane potential decreases, the 

more easily the sodium ions can pass through the membrane. 

Eventually this reaches a limit and the permeability to 

potassium increases until the neuron is restored to. its resting 

conditions. Meanwhile, the chemical activity advances down the 

line, transmitting the action potential and producing the in­

ward flow of sodium ions, much like an energy wave. When the 

nerve impulse passes, the sodium pump goes to work again and 

restores the negative electropotential inside the cell. The 

movement of the action potential is depicted in Figure 5.3. 

mV 

+50 

o outside ----

Inward Flow 
Na+ Ions 

----- -------

inside 
-70 ~~:':::~_L_+----==-----t:-l.-:-· m-e-

'-----:: -- -- --

t Outward Flow 
K+ Ions 

Figure 5.3. Movement of the action potential. 
(From Easton 1974) 
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Neurons are still believed to be the prime movers in the affairs 

of the mind, but the class of glial cells, more abundant in the 

brain than neurons, may be contributors as well. They help to 

insulate the neurons from each other and service them with 

supplies from the blood. But they may also be active in the 

thinking process and in learning, though this is still a matter 

of conjecture and controversy. 

SYNAPTIC JUNCTIONS 

The synapse is the medium through which impulses are transmitted 

from one neuron to another; it is the junction between the 

terminal ends of an axon of one neuron and the dendrites or the 

cell body of another (Matzke 1972). A one-way street .with traffic 

lights, it is capable of passing some impulses and stopping 

others. 

Figure 5.4 shows the synaptic knob of a typical fiber from an 

axon making contact with a dendrite. The terminal has many 

small vesicals that contain transmitter substances. When a 

Synaptic 
Cleft 

(200-300 angstrons) 

""7--1------ Transmitter Vesicles 

Branch of Dendrite 

Figure 5.4. A typical s;.,:uap:;;e. (From Guyton 1979) 

nerve impulse reaches the ending, momentary changes in its 

membrane structure allow a few of the vesicals to discharge the 
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transmitter substance into the synaptic cleft -- the small gap 

between the knob and the dendrite (Guyton 1979). 

Different kinds of transmitter substances are known to exist. 

Some of them, like acetylcholine or norepinephrine, are 

excitatory in nature, while others, such as glycine or gamma 

aminobutyric acid, are inhibitory. An excitatory transmitter 

tends to increase the permeability of the neuronal membrane 

to which the synaptic knob is attached. This allows sodium ions 

to flow to the inside of the cell, thereby increasing the 

positive charge inside the cell -- the post-synaptic potential. 

If this rise in potential is high enough, an action potential 

is initiated in the post-synaptic neuronal axon. An inhibitory 

substance, as one might suspect, tends to decrease the post­

synaptic potential, making the neuron more resistant to the 

formation of an action potential. 

A terminal can thus excite the neuron to which it is attached 

or can inhibit it, depending on the type of transmitter sub­

stance it releases. But all knobs derived from the same axon 

secrete the same type of transmitter substance. Therefore, 

neurons are either excitatory or inhibitory and cannot be both. 

It is common for synaptic knobs from different neurons to be 

attached to the dendrite or body of a given neuron. Transmitter 

substances of different types might therefore act in concert on 

the neuron. In such a situation it is the resultant of the 

combination of excitatory and inhibitory effects that determines 

whether the neuron will fire or not. The neuron may thus be 

viewed as an integrator. If the sum of the influences on it is 

above a threshold of excitation, it fires; otherwise it does not. 

The net excitation of a neuron may not be enough to initiate 

an action potential, but the neuron may still become facilitated; 

i.e., it may become more excitable to impulses from other 

synaptic knobs. When the excitation is above the threshold, 

the neuron will fire, and it will continue to fire so long as 

the potential remains above this threshold . Furthermore, the 

higher the positive potential, the more rapidly will the neuron 

fire. 
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Not all neurons exhibit the same action potential pattern. 

Some have different thresholds from others. Some have higher 

firing rates; some have lower rates. One cell may have an 

impulse rate of 25 per second; another may have a rate of 

1000 per second. The transmission speeds may also be different; 

these may vary from 1 meter per second for the very tiny fibers 

to 100 meters per second for large fibers. In short, there are 

many different types of neurons with different response 

characteristics (Guyton 1979). 

NEURAL NETS 

The large number and many kinds of neurons make possible an 

extremely flexible albeit complex nervous system. They form 

myriad combinations, with thousands or millions tied together 

into neural nets or neuronal pools to perform one or another 

function. The nets may differ in anyone of a number of ways. 

They may differ as to the number and type of input or output 

fibers, the types of neurons in the net, their threshold levels 

or firing rates, the manner in which synaptic knobs are supplied 

to other neurons, or in general their overall organization. It 

is the logic of these organizations with which we are concerned 

here. 

Neural nets may be compared with logical nets. To this end, 

take any two declarative sentences, A, B, and form the con­

junction, A and B. We know that A can be true or false and 

that B can be true or false, though we can't tell which until 

we see the sentences. Since the conjunction, A and B, is it­

self a declarative sentence, it too must be true or false, and 

its truth value depends on the truth value of each one of its 

components. In fact, A and B is true only if A is true and if 

B is true. This logical situation can be summarized in a table 

of values, or truth table, as follows: 
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A B A & B 

true true true 

true false false 

false true false 

false false false 

Generalizing the conjunction to the operator "+," letting A, 

B, ... etc., stand for elements of any appropriate set, and 

using 1 and 0 for the "truth" values, the table of values for 

the operator becomes: 

... 
A B A + B 

1 1 1 

1 0 0 

0 1 0 

0 0 0 

The logic may now be interpreted in terms other than declarative 

sentences. Instead of the conjunctive arrangement of sentences, 

it may represent a summative electronic switching circuit, as 

shown in the following schematic diagram. 

A 

----I: DI-----· c 
B 

In this inte rpretation of the logic, the values 1 and 0 are read 

as ON and OFF, respectively, and the operator + identifies the 

type of circuit. The switch inputs, A, B, are then either ON or 

OFF, and the switch output, C = A + B, is either ON or OFF. For 
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this circuit the switch is ON if both A and B are ON; other­

wise it is OFF. The table of values for the switch summarizes 

this relationship. 

A B C 

ON ON ON 

ON OFF OFF 

OFF ON OFF 

OFF OFF OFF 

Might this logic be interpreted to represent a certain organ­

ization of neurons? 

The conditions on the logic are clear: If the 

1, A and B individually must have the value 1. 

output is to be 

But if either 

input is 0, the output is necessarily O. There can be no 

deviation from these conditions. In this . voting system the 

individual can exercise a veto. 

In the voting system of the neuron, however, the individual does 

not have a formal veto right. He may exercise a great deal of 

lung power and thus strongly influenc e the election, but a 

simple negation may not be adequate. The activation ofaneuron 

does not depend on the stimulus conditions of any single synaptic 

knob; it is a function of the aggregate stimulus. This does not 

mean that the majority rules. Most of the knobs as a group 

might present only a feeble voice, so a very vocal minority 

could control the response. All of the influences have to be 

taken together . If the stimulus on balance is excitatory and 

above the threshold, the neuron will fire, and it will fire with 

a particular pattern. Generally, the stronger the excitation, 

the greate r the firing rate. 
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To see what we are up against in formulating the neural logic for 

our simulator, consider just the neural structure of the retina 

of the eye. The retina contains at least eight different types of 

neurons, though only three of them are generally called basic, in 

the sense that they are in the main stream of the visual circuit. 

The three basic types are rod and cone receptor cells, bipolar cells, 

and ganglion cells. 

Modifications of the dendritic or receiving end of neurons, 

rods are slender, elongated formations. They are highly sen­

sitive to light and pool their inputs in converging circuits so 

are useful receptors in dim light. Cones are another modification 

of dendrites; they are shorter and thicker, less sensitive, and 

are used for color vision and brightness descrimination. 

A layer of pigmented cells covers the rods and cones. Light 

entering the eye causes these c e lls to stimulate the rods and 

cones chemically. The pigment migrates among the receptors in 

amount according to the degree of retinal illumination, in­

creasing in brighter light. 

Rod and cone cells attach to bipolar n e urons; i.e., their axons 

synapse with the dendrites of the bipolar cells. The fovea, or 

central part of the retina, is populated solely by cones, and 

these cells synapse in a one-one relationship with the bipolar 

cells. Away from the center, however, there is a progressive 

convergence of rods and cones on single bipolar cells. 

This synaptic relationship extends to the next layer of the 

retina, containing the ganglion cells. In the fove a there is a 

one-one relationship, and in the periphery a many-one relation­

ship, between the bipolars and ganglion s. 

Figure 5 . 5(a) illustrates the network of neurons in the retina and 

suggests the c ompl exity of the visual syste m. It shows nine 

receptor cells at the top connecting vertically with bipolar 

cells and those in turn conne cting to the ganglion cells. 

5-10 



Figure 5.5. (a) Nine of the millions of rece"tor cells 
of the retina shown in schematic form to 
suggest the comulexity of the eye. C, 
cone; R, rod; Mil , midget biuolar; H, 
horizontal; /i:G, midget -ganglion; DC, 
diffuse gan glion. (b l Schematic of a 
2-signal input, 1-signal outnut system. 
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It also shows other neurons that are not part of the direct 

conduction path from the receptors. These include the 

amacrine and horizontal cells. 

Horizontal cells are contained in the layer of cells made up 

of bipolar cells, and they connect the receptors with the 

amacrine cells. The amacrines modify the activity between the 

bipolars and the ganglion cells. They have no axons and they 

branch out among the bipolars and the ganglions. They may be 

concerned with reverberating circuits (Matzke 1972). 

As a first formulation, consider the neural organization in which 

only two neurons, A and B, act on a given neuron, N, which has an 

action potential represented by C, as in the insert in Figure 5.5(b). 

Suppose that both A and B are excitatory and that the threshold 

of excitation for N is E. Suppose further that each neuron has 

three action potential states: zero action, normal, and hyper. 

These firing rates can be represented as follows: 

A: 0 , a, a + 0<. 

B: 0, b, b +!3 
c: 0, c, c + ([ 

Presuming that two hyper stimuli are necessary to produce a 

hyper response, a table of values for the logic of this organ­

ization can be formed if the parameters are made to satisfy some 

set of conditions such as: 

and 

0<., ~>O, 0<..>(5, 
a + b = E, 

a>b>o<.>-f3· 

As shown in Table 5.1, this neural organization has a complex, 

multi-valued logic, yet it is still vastly over-simplified. 

For one thing, a neuron usually has several, if not many, hyper 

states; indeed, the rate of firing may range over a continuum 
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A B C 

a +~ b +~ c + y 
a +~ b c 

a +~ 0 0 

a b +fo c 

a b c 

a 0 0 

0 b +~ 0 

0 b 0 

0 0 0 

TABLE 5.1 Logic values for a 2-signal input neural 
organization with 3 action states. 

of values. Secondly, the neuron could be in a facilitated state 

of firing already, the result of prior stimulation. Again, the 

organization doesn't include inhibitory influences. And it 

doesn't have feedback connections -- synaptic knobs which reach 

back to fasten onto branches feeding the neuron, possibly 

producing repetitive or reverberating circuits. 

The net is an example of a converging circuit (Guyton 1979). Here, 

a number of fibers from one or more source neurons converge on a 

single output neuron causing especially strong stimulation. This 

type of circuit is useful in that it allows impulses from 

different sources to produce the same effect, viz., the output 

of the neuron. It can also perform almost any kind of selective 

function by employing subcircuits which filter out unwanted 

conditions. 

Another type of circuit is the diverging circuit. Instead of a 

number of fibers converging on a single fiber, it works the other 

way around -- one fiber feeds to several others. In this respect 

it is an amplifier, because a signal from a single nerve fiber 

causes an output in many different fibers (Guyton 1979). In the 

control . of skeletal muscles, for instance, stimulation of a 

single motor cell in the brain under appropriate conditions sends 
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a signal down to the spinal cord and then to the muscles to 

stimulate as many as 15,000 muscle fibers. 

The diverging circuit is common in the sensory nervous system, 

too. By branching into several different directions at the same 

time, the same information is distributed to different places. 

When a limb moves, for instance, the sensory information from 

the joints and muscles caused by the movement is transmitted by 

such a circuit to the neural nets of the spinal cord, cerebellum, 

thalamus and cerebral cortex (Guyton 1979). 

STRUCTURE OF THE VISUAL SYSTEM 

The human eye, a globe approximately 25mm in diameter, consists 

essentially of three coats ·enclosing the transparent refractive 

media -- the cornea, lens and the fluid in the interven ing 

spaces. The innermost layer is the retina and contains the 

neural elements responsible for sensing radiant stimuli -- about 

seven million cones and 120 million rods. An opening in the 

iris, which acts as a diaphram, allows varying amounts of light 

to pass into the chamber of the eye. Muscle fibers attached to 

the ciliary body of the middle coat contract and expand to 

increase and decrease the refractive power of the lens, a 

capability known as accommodation. 

An image, commonly known as the proximal image, is formed on 

the retina, the more highly specialized port ion of which is 

called the fovea. The center of the fovea, subteriding an angle 

roughly 1 degree, or 400jU across, provides the highest degree 

of visual acutiy. (A micron,)< , is 10-6 meters.) wi thin a 

zone about 600;U across there a r e no rods and approximately 

34,000 cones. Beyond this limit, rods begin to appear and 

their proportion to cones increases progressively. The total 

number of cones in the so-called "inner fovea" (an area about 

l500;U across and subtending an angle about 5 degrees a t the 

nodal point of the eye), amounts to 115,000. The diameter of 
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the entire central area (including the parafovea and the peri~ 

fovea) is roughly 5000;U to 6000~ (Davson 1972). 

A simplified representation of the eye is given in Figure 5.6, 

showing projections of the density distribution of rods and 

cones. 
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Density distribution of rod and cone 
receptors across retinal surface. 
(From Haber 1969) 

The eye is basically an outpost of the brain, a peripheral 

sensor connected to the cortex via the visual nervous system. 

The receptor cells of the retina connect synaptically to bipolar 

and then to ganglion cells in the retina, with horizontal and 

amacrine cells providing extensive lateral interconnections . 
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The gang1ions are 3 to 4 inch long cells that lead outward 

through the optic nerve and tract to the lateral geniculate 

body (see Figures 5.5 and 5.7) (Kaufman 1974, p. 49) . 

As Figures 1.1 and 5.7 show, these fibers decussate (cross) 

in part, so that left and right half-fields receive exclusive 

right and left cerebral hemisphere representation. That is, 

the 

fibers from the nasal halves of the retinae decus-
sate in the optic chiasma, so that each optic tract 
contains fibers from the temporal half of one retina 
and the nasal half of the other. A visual stimulus, 
arising from the right half of the field, is there­
fore conveyed exclusively along the left optic tract 
and thus to the left cerebral hemispheres .. . (In 
primates) about equal numbers of fibers are crossed and 
uncrossed. (Davson 1972, p. 482) 

Fibers in each optic nerve number about 1,000,000. After the 

two tracts partly cross at the optic chiasma, they tie to the 

lateral ge niculate bodies, though some fibers go instead to 

the superior co11icu1us in the midbrain. Only a small portion 

of the optic tract fibers actually go to the superior co11icu1us, 

but it is enough to "suggest that visual responses to light 

would occur in the absence of an occipital cortex; in fact, 

however, only pupillary responses, which ... are mediated by 

fibers relaying in the pretectal nucleus, are obtained in the 

absence of a functioning cortex" (Davson 1972, p . 484). The fibers 

in the optic nerves represent 38% of the total sensory input. 

The great preponderance of the optic tract fibers project on 

to the lateral geniculate bodies, the intermediate stations 

in the thalamus in the midst of the brain. 

(Each) neuron in the geniculate body predominantly 
represents a minute r e gion of the retina . (This) 
nucleus is layered in such a manner as to keep the 
me ssage s f r om right an d l e f t e y e s epara ted and to for­
ward the m inde pendently upward in the optic radiation. 
Because the optic radiation f ibers mostly connect the 
two eyes in a single cell in the cortex, the geni­
culate body is the last station in which the me ssage 
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Figure 5.7. Interconnections among some of the 
more important portions of the visual 
system. (From Kaufman 1974) 
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from each eye can still be individually influenced 
also by nonv isual inputs to it -- before binocular 
treatment of it sets in (Granit 1977, p. 105). 

According to Davson as well, there seems to be a sufficient 

separation of the fibers from the two eyes that the fusion of 

the retinal images required by binocular vision cannot take 

place at this level. In this respect, then, the lateral geni­

culate body is regarded as a sorting center that rearranges the 

crossed and uncrossed fibers that had become quite mixed in 

the optic tract. Nevertheless, "there is some evidence that the 

message is modified, and this modification is effected not 

only by activity on the part of geniculate cells, but also by 

corticofugal fibers, i.e., by fibers originating in the 

occipital cortex, which, by either excitatory or inhibitory 

activity, modify the responses of the geniculate cells to the 

retinal impulses By this feedback arrangement the cortex 

is able to modify and control the message it receives" 

(Davson 1972,p. 485). 

Along the main path the fibers now number about six times that 

in the optic tract and proceed from the lateral geniculate 

bodies to the occipital portion of the brain. According to 

Granit, any single fiber from the geniculate body has terminals 

on 5,000 neurons in the primary visual area (Striate area or 

area 17) and each of these neurons is in contact with 4,000 

other neurons (Granit 1977); Studies of the cortex have led 

to the representation of the projection of the retina on the 

visual cortex by a laying out of the retina on a point-to­

point basis. However, 

from a strictly anatomical point of view this point-to­
point projection, in the sense of a single cone being 
connected to a single bipolar cell, which is connected 
to a single ganglion cell, and so on, is not possible; 
in the retina the one-to-one relationship between cone 
and optic nerve fiber only holds good in the central 
fovea, and e ven h e re it is only a functional rel a tion­
ship since impulses from a single cone have subsidiary 
paths which permit a spread of their responses outwards 
to several ganglion cells. Similarly, as we have just 
seen, in the lateral geniculate body, although there are 
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no internunciary neurones, each fiber of the tra.ct 
ends on a number of geniculate cells, and a furth e r 
dispersion is possibl e in the cortex by intracortical 
association c e lls. The point-to-point relationship 
is therefore a functional one, in that the re is a 
preferential path from one cone, say, to one cortical 
cell. (Davson 1972 r _ p . 490) 

Even the smallest lesion in the visual cortex, leading to 

degen eration, always involves cells in all six layers of the 

geniculate body. This indicates that the conducting unit is 

six fibe red and that therefore fusion of the temporal field of 

one eye with the nasal field in the other is possible in the 

. visual cortex. Further, "complete destruction of one occipital 

lobe is followed by complete cellular atrophy of the homo­

lateral geniculate body, h e nce the cells of this body project 

exclusively on to the occipital cortex of the same side" 

(Davson 1972, p. 491). 

Sharply differentiated from, but closely related to the striate 

area are the neighboring areas 18 and 19, the para striate and 

peristriate areas respectively. "Cells of Area 17 connect by 

short axons to Area 18, whilst from this area connections are 

made to Area 19 and back to the striate area" (Dav son 1972,. p . 491). 

Area 18 appears to be most closely concerned with integrating 

visual activity in the two hemisphe r e s. 

Since cortical visual impulses pass exclusively to the striate 

area, any higher visual functions involving complex associations, 

such as combining hearing with . vision or the visual guiding 

of motor activity, must also involve the striate area. But 

learning involves areas 18 and 19 as well, for bilateral 

extirpation of these areas cause s the irrecoverabl e loss of 

learned habits, although re-learning of the habits can occur. 

"If the t e mporal lobe s were a lso removed, all possibility of 

learning, or re-learning, wa s lost although the removal of .the 

t emporal l obes alone wa s wi t h out in f lue nce e ithe r on the l e arne d 

habit nor yet on the power of the a n imal to a c quire it-. Thus 

the t e mporal lobes, in some way, are able to act for the visual 

association areas in the l e arning o f visual discriminations 

involving f orm ... Sinc e the striate area is not directly 
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connected with the temporal lobe, the learning in the absence 

of Areas 18 and 19 is presumably brought about by the mediation 

of subcortical links e.g., by way of corticofugal fibres from 

the striate area to the pulvinar of the thalamus, and thence 

from the pulvinar to the temporal cortex ... " (Davson 19 72, p. 4 93-4) . 

Area 17 also has the characteristic, perhaps unique among 

symmetrical points on the cortex, that it does not respond 

one to the other when stimulated electrically, thus showing the 

probable absence of interhemispherical connections between the 

sides. The corpus callosum is the interhemispherical tract 

that provides such connections, but relative to Area 17 there 

appears to be no doubt that it is at the junction of Area 17 

with Area 18 that the great majority of the posterior callosal 

fibers project, and it is here, too, that the . vertical meridian 

projects. It would seem that "the representation of the visual 

world is on a continuum, the neurones associated with the 

vertical meridian and their callosal connections being the 

hyphen necessary to bring together the two half-fields" 

(Davson 1972 ,po 497).As the main bridge between the symmetrical 

halves of the brain, the corpus callosum, with its roughly 

2xl0 8 nerve fibers, makes possible the functioning of the two 

hemispheres as one single brain. 

As important as the striate cortex appears to be, it is still 

"merely one of the first brain sites where some reorganization 

of the sensory message takes place before it is delivered to 

other portions of the brain for an elaboration I will call 

perception" (Granit 1977 ,p.,63).It, like the other primary sensory 

projections, does not represent sites of conscious perception. 

According to Granit (1977): 

any portion of the cerebral cortex can be removed with­
out causing loss of consciousne ss. It is, howe ver, 
inevitably lost when the function of the higher portion 
of the brain stem is interrupted by injury, pressure, 
disease, or local epileptic discharge. (p. 76) 
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He adds further that 

(the) living brain responds with electrical signs of 
alertness (a rousal) to e lectrical stimulation of the 
brainstem within a region whose role seems to be to 
collect branche s from all incoming (afferent) fibers 
from the various sense organs and to make use o f the 
information obtained through them to activate the 
cortex of the entire cere brum (Magoun's reticular 
activating system). (p. 79) 

According to Penfield, too, the stream of . visual information 

comes to the higher brain~stem (optic thalamus) and detours 

out to the visual cortex, then it flows back to the higher 

brain-stem. The visual sensory cortex is a way station 

between the eye and the higher brain-stem (diencephalon). 

Each sensory input gives off collateral branches on its way 

to the thalamus . These collaterals feed into the reticular 

formation of the brain-stem. This may give the reticular 

formation a means of inhibiting or reinforcing incoming 

sensory messages in relation to the thalamic or cortical 

reception of those messages. 

The centrencephalic system of functional integration, which 

involves the reticular formation of the brain-stem plus the 

collateral branches to the thalamus, the uppermost nucleus of 

the brain-stem, makes possible the sensory-motor reaction, as 

well as conscious reaction and planned action. The stream of 

nerve impulse s (efferent) that control voluntary activity 

passes from the higher brain-stem outwar~, making a detour to 

the motor cortex, then goes to the lower brain-stem and spinal 

cord and to the muscles. 

There is an enormous number of interconnected cells in the 

brain, and we have see n that activa tion of a very large numbe r 

is r equired for perceptual awarene ss to occur. (The re are, for 

example, 5 x 10 7 cells/cm3 in the visual cortex alone. Many 

of these eventually tie to cells in the mo t o r c ortex , which 

contains 10 7 cells/cm3 . The cerebellum itself conta ins about 

10 9 cells, and this is seemingly an ancillary portion of the 

bra in.) The large r equirement is demonstrated in experimen t s 
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in which the exposed brain of surgical patients was stimulated 

with electrical probes. Whereas an individual shock elicited 

a virtually instantaneous evoked potential in a cell, "it 

required a whole series of shocks before the patient registered 

conscious awareness of the stimulus in the form of a percept. 

In fact, the interval or latent period was as long as half a 

second" (Granit 1977, p. 76). 

The latent period of the conscious response suggests 
that coengagement of the brain stem by a network of 
nervous loops is the most elementary assumption one 
can make to explain the onset and disappearance of 
awareness of an event that one has good reason for 
localizing to the cortical gray matter. It also means 
that when afferent nerve stimuli e licit fast movements, 
they are well underway before one becomes aware of them. 
This is true not only of reflexes but of acquired 
skillful responses as well. Such movements can now be 
traced at several sites by electrical recording within 
the brain, spinal cord, and muscles of monkeys. 
Formerly the experimenters were restricted to measuring 
the reaction time of human subjects, which implicitly 
was regarded as a conscious response indicated by the 
motor act of pressing a Morse key. Now it seems likely 
that this act, too, is completed long before it has 
reached the level of conscious awareness. Reaction 
times are of the order of 0.1 to 0.2 sec. If Libet and 
his coworkers are right about awareness requiring 
about half a second, then conscious recording of the act 
of pressing a key must succeed the motor response and 
turn up after the completion of the reaction time. 
(Granit ·1977, p. 76-7) 

It is commonly said in tennis circles that the player cannot 

actually see the ball bounce off his tennis racquet as he hits 

it, the argument being that the action is too fast to be 

observed. Putting the matter of visual resolution aside here, 

we can understand from the preceding evidence that the statement 

may be c orrect in one sense, but incorrec t in another. It is 

true if it means that the player does not see the occurrence 

when it actually happens, i .e ., coincidently with the event, 

because the interval of occurrence is shorter than the latent 

period of consciousness. But the statement is not true if it 

means that the player has no conscious awareness of the 

happening at all. He does in fact see the ball bouncing off 
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the racquet as his intuition leads him to believe. But the 

seeing is late; it occurs only after the ball has hit and 

moved away from the racquet. 

The situation is analogous to our being able to see events in 

distant galaxies. We do indeed see stars explode. But because 

of the finite speed of light and the great distances to the 

galaxies, by the time we do see the displays the stars have 

already exploded and are long gone. In a similar way we do in 

fact see the ball hit the racquet, but because of the finite 

speeds of neural transmission (fibers in the visual system 

conducting at rates on the order of 20 to 40 meters per second 

and those in the motor system, being larger, taking 40 to 90 

meters per second), the motor event does not reach awareness 

until after it has been completed. 

Conscious awareness is an extremely valuable and very .remarkable 

genetic adaptation, but because it .requires a complex neural 

structure in order to be effective, it is slow. Perhaps for 

this reason humans are impatient to automatize their behavior 

and seem frustrated when they cannot do so. 

RECEPTIVE FIELDS 

Interaction among neurons may be in the form of enhancement 

or suppression; i.e., the synaptic connections between neurons 

can be either excitatory or inhibitory. Thus, for instance, a 

pooling of excitatory synapses on a bipolar cell in the retina 

would increase the likihood that it would become active. This 

kind of interaction (lateral summation) is useful in maximizing 

responses to low energy levels of light. If inhibitory synapses 

were attached as well, then lateral inhibition would occur, the 

extent of the inhibition depending on the logical structure of 

the interconnection and the input intensities . Lateral in­

hibition is useful to provide more complex coding when light 

levels are high . Figure 5.8 gives a schematic of the neural 

logic found in the horseshoe crab and believed to exist in man 

as well (Haber 1969, p. 41). 
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Diagram representing excitatory synapses 
between two pairs of receptors and ganglion 
c e lls and mutual inhibitory synapses be-
tween the two ganglion cells. (From Haber 1969) 

The effect of the lateral inhibition is to reduce steady-state 

excitation, for if light falls uniformly on both of the 

receptors in the figure the inhibitory circuits are activated, 

suppressing the output from each ganglion cell. However, if 

light is absorbed by only one of the receptors, the ganglion 

cell to which the other one is attached will give no output 

and will thus not activate its inhibitory circuit; the gang­

lions will act as isola ted cells. 

In general, the receptors do not tie one-to-one to the 

ganglion cells. Adding to the complexity are the horizontal 

and amacr ine cells, which affect the signal flow through the 

system, so that it is possible for many paths to be initiated 

from the receptor cells to particular cells downstream, such 

as the ganglion level, in the lateral geniculate body, in the 

visual cortex, etc. When the cluster of starting points is 

mapped out for a given downstream cell, the result is a receptive 

field for that cell. These receptive fields usually have well 
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defined structures, as noted above. One such structure is 

the on-center, off-surround concentric field, shown in Figure 

5.9. 
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Figure 5.9 Schematic of the on-center, off~surround 
concentric receptive field at the ganglion 
level. Plus signs indicate an increase 
and minus signs as a decrease in activity 
for light on the receptors. (From Haber 1909, 
p. 43) 

Another variety of r e ceptive field is the off-center, on-

surround. In this type the surrounding part of the receptive 

field signals the onset of light. In both types, however, 

large stimuli would tend to produce no response, since the 

light would fallon both parts and they would mutually inhibit 

one another. In general, relatively few receptive fields 

continue to signal the presence of unchanging light. While 

each receptor may continue to fire, the effect at the ganglion 

level will depend on the pattern of light and the shape of the 

receptive field. 

There are three important characteristics of the on-off 
inhibitory mechanisms as found a t this level of the visual 
system. The first is that when light falls only on the 
on-center, it tends to increase the level of activity 
in the ganglion cell above its spontaneous f iring rate . 
When light falls only on the off-surround area it tends 
to depress the level of activity of the ganglion cell 
below its spontaneous firing rate. Thus, the center is 
an excitatory area and the surround is an inhibitory 
area. 



Second, when light falls primarily on the on-center 
there is an increase in the activity l evel of the gang­
lion cell at the time of the onset of the light. The 
ganglion then returns rather rapidly to its spontaneous 
level, even if the light is left on. When the light is 
turned off, there is no further change in activity. If 
the light falls primarily in the off-surround area, 
there will be no change in the resting level of the 
ganglion cell when the light is turned on. When the light 
is turned off, however, there will be a rapid depression 
in activity which again will rather quickly return to 
baseline level, even if the light is left off. In this 
sense, then, the two parts of the receptive field are 
sensitive to the leading and trailing edges of . stimula­
tion over time, rather than to steady-state levels. 

Third, there is a mutually inhibitory characteristic to 
the two parts of the receptive field. Thus, light 
falling on the on-center area will tend to inhibit res­
ponses to light falling on the off-surround area and 
conversely. This effect does not show strikingly until 
light falls on both areas simultaneously, in wh ich case 
we find a canceling effect being roughly proportiona l 
to the relative amounts of stimulation falling in both 
areas. In this sense, then , the on-center, off-surround 
receptive field is designed to be mutually inhibitory for 
large uniform illumination. It serves as an ideal 
mechanism by which the visual system can ignore spatial 
redundancy. Symmetric receptive fields of this kind 
will only be active when there is some spatial dis­
continuity in the stimulation falling on that part of 
the retina . . (Haber 1 96.9 , ' p . .44-6) 

By virtue of these properties, a graphical representation for 

which is given in Figure 5.10, if two adjacent areas of luminance, 

one more intense than the other with a fairly sharp edge formed 

by the luminance difference, is presented to the retina, the 

visual result is a brighter band on the bright side of the edge 

and a. darker band on the dark side, thus enhanc ing the edge. 

This is the so-called Mach band (See Figure 5.l0.a and 5.l0.b). 

Edge enhancement from the on-off type of receptive field organ­

ization also results from physiological drifts, tremors, and 

microsaccades that shift the receptors of the eye relative to 

the retinal projections every 10 to 100 milliseconds. At the 

edge of the light source a shift will activate . a previously 

unstimulated receptor and deactivate a previously stimulated 

one, the former on one side of the light spot, the latter on 
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Figure 5.10. Functions showing changes in activity in 
ganglion cell for a) no light, b) light 
only on on-center, c) light only on off­
surround, d) light on entire receptive 
field uniformly. (From Haber 1969, p. 45) 
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the other side. Small eye movements of this sort back and forth 

over the light source will signal the presence of an edge. 

Receptive fields that have been mapped for cells in. the genicu­

late body have shapes and properties essentially the same as 

those for ganglion cells. For either group, an optimal response 

usually depends only on the size, intensity, and location 
of a spot of light on the retina. If the spot is too 
large, the threshold for a response increases, but even 
diffuse light will produce some response if the light is 
intense enough. This latter property is found less at 
the geniculate level, where the penalty for exceeding 
the critical size is more severe. But at both of these 
l evels, no shapes other than circular ones seem relevant, 
and no direction of movement seems better than any other. 
Thus, the specificity of coding at these levels is not 
too great. (Haber 1969, p . 53) 

The receptive fields of cortical cells, however, are quite 

different, and have been described as simple, complex, and 

hyper-comp lex. Simple fields have antagonistic regions as do 

ganglion and geniculate ones, but they are most responsive to 

elongated stimuli oriented in parallel with the axis of the 

field. In Figure 5.11, for instance, the maximal response 

occurs to a narrow lighted bar for sample 1, to a dark bar 011 

a lighted background for 2, and to an edge separating two stimuli 

of unequal intensity in 3, all oriented at 45 degrees. 
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Figure 5.11 Schematics of sample rec eptive fields of 
simple cortical cells for diagonal 
orientations. All other orientations have 
been discovered. (From Haber 1969 , . p. 54) 

So far as the detection of .movement is concerned, 

All simple cortical cells will respond to a moving 
stimulus, but the orientation of the direction of move­
ment is critical and specific to the orientation of .. the 
receptive field. In most cases the direction of move­
ment did not matter, except for a f ew fields whic h had 
some asymmetry in the flanking regions. (Haber 1963, 'p. 53) 

A field with asymmetry 

Figure 5.11, sample 4. 

in the flanking regions is shown in 

One having sensitivity with respect to 

rate of movement is shown in sample 5, which responds more 

vigorously to a relatively rapid movement because the transitions 

from + to - and from - to + would be close together in time only 

with rapid movements . 
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It is apparent that these simple cortical tields are edge and 

line detectors. "They are sensitive to lines of specitied 

widths and orientations and edges of specified orientations . 

For most, the orientation and rate of movement is also 

specified. The sizes of these simple fields are relatively 

small, averaging about two degrees, with many as small as 15 

minutes. They are found over most areas of the retina. Each 

field is specific to stimulation in its area -- hence these can 

provide information about where on the retina a pattern is 

located." (Haber.l9139, p. 54) 

Complex cortical receptive fields are different from simple 

cells in two important ways. They are larger, averaging 5 to 

10 degrees, and often are as large as 20 to 30 degrees. Also, 

while they are generally sensitive to the same kinds of features, 

the location of the features in the field does not matter. 

Hypercomplex cortical fields behave as if they were a combination 

of complex fields. Some respond to angles, for example. (These 

are most likely to be found in Area 17.) Others respond only 

when the patterns falling on the receptors of both eyes are not 

in perfect alignment. "This is most likely to occur when both 

eyes are focused on a nearby object. Because the eyes are 

separated by about two inches in our heads, slightly different 

retinal projections will fall onto the two retinas. A cell 

responding to the retinal disparity could provide coding for 

binocular stereoscopic depth." (Haber 1969, p. 55) 

Thus the activity of a single cortical cell represents the 

changing activity of millions of retinal cells sampled over a 

long time. 

to hold a 

The arrangement of these cells in the cortex seems 

pattern across its layers and columns. If, for 

instance, a cell in a position in one layer responds to lines of 

a given orientation, a cell one layer down, i.e., down a column, 

will respond to a lin e of the s a me orientation but in a new 

location on the retina. The columns thus form a functional 

unit even across the eyes, since they tend to map onto both 

eyes. 
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We thus find several functions performed by receptive fields. 

There are edge detectors that locate discontinuitie s in 

luminance and may also respond specifically to orientation. 

There are line detectors for various orientations and widths. 

There are movement detectors for both edges and lines for given 

paths, velocities and even accelerations. And there are 

detectors for binocular disparity. Unfortunately, however, 

there is no evidence as yet that receptive fields exist for 

curved lines or for simple shapes like circles, which would be 

useful in tracking a tennis ball. Such shapes might be detected 

by a combination of cortical cells, or by more complex organiza­

tions --a likely prospect, according to Haber and Hershenson (1973, 

p. 369-70). 

Another type of receptive field of special importance in visual 

tracking is one that could detect the scale of space, built up 

primarily from information about the textural changes in the 

retinal projection. In this field, the texture itself would be 

the visual feature to be detected. Given such fields, higher-

order texture gradient detectors to signal changes in texture 

from one part of the field to another should be a natural outcome. 

In the process of growing, one of the major developments tha"c 

may be taking place is the acquisition of a metric for the scale 

of space which infants already possess. This would explain 

the infant's ability to respond to the constancy of 
objects and would still leave room for the integration 
of information available to the infant only as a 
consequence of his own movements. The relational 
information provided by the retinal projection alone 
could be sufficient to produce perceptual constancy 
but it may not be sufficient to produce the exceptionally 
fine acts of perceptual-motor coordination of adults. 
Certainly the pinpoint accuracy in motor skills achieved 
by athletes in many sports -- shooting in basketball and 
hockey, pitching in baseball, passing in football -­
requires more than the maturation of fine muscle control. 
The visual space we perceive must have a very prec ise 
metric and that metric must be related to the size of our 
body and its parts. 

A system which responded to relational information as a 
consequence of its structure, and to metric information 
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as a consequence of development (learning, adaptation, 
or differentiation), would be precisely suitable to an 
organism gradually maturing and growing over a number 
of years. ~he basic spatial information -- the ground 
with objects having constancy of size, shape and 
position spaced out on it -- would be available immed­
iately and ,,,ou ld provide a foundation for later develop­
ment since it is based on those qualities of space 
which are permanent. The metric of this space would be 
changeable and could be continually modified as the 
organism's body size changes with age. Thus at every 
age, the organism would supply his own metric to the 
relational qualities of the scale of space depending on 
his size within that space. In this sense then, the 
perception of space is both innate and acquired. (Haber 
and Hershenson 1973, p. 3q9-70) 

But what is this texture,_ upon which the scale of space might 

be based? In order to know what logic could be involved in 

the detection of texture and its gradients, we must know what 

kinds of properties it possesses. One possibility, as yet 

unproved, is that edges and contours are detected in response 

to spatial frequencies, into which the intensity discontinuities 

that make up the edges and contours can be analyzed. 

There is rather clear evidence that the . visual system 
detects bars of specific widths and orientations, and 
also that it detects grating patterns of specific 
spatial frequencies. It is possible that these are 
quite independent properties of patterns that the . visual 
system is tuned to detect, but parsimony would suggest 
some relationship should be found between them. 
(Haber 1969, p. 57) 

Such a relationship can be established w:' .th a cell that responds 

to a cluster of the center-surround receptive fields alig.ned so 

that their centers are a certain distance apart, the distance 

corresponding to a desired spatial frequency. For the 

detection of surface texture, the fields would have to be 

finely tuned, since this texture is primarily of high spatial 

frequency (Haber 1969, p. 58). 

There is, in fact, some indication that such groupings do exist. 

For instance, some ganglion cells have been shown to be 

maximally responsive to given spatial frequencies, while cortical 

cells have shown similar responsiveness but only when the 
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orientation was properly aligned. Nevertheless, this is still 

a matter of speculation, requiring experimental verification. 

Furthermore, since any portion of the retina might, at one time 

or another, be the recipient of stimuli characteristic of any 

one value of texture density, that portion must contain all of 

the receptive field clusters necessary to permit the full range 

of perceivable densities. If, for example, perception of the 

full range of texture s required t e n groupings of receptive 

fields (in the form of a cascade of simple to complex to hyper-

complex receptive fields, 

of each of ten groupings. 

each of ten cascade cells. 

say), then each receptor must be part 

That is, it must be connected to 

Otherwise, that receptor would be 

unable to contribute to the perception of some one or more 

texture densities. If no receptor in a given area of the retina 

connected to a cascade cell defined for some· density, then that 

area would be blind to the density. There would then appear 

to be a discontinuity in the scale of space. 

Also, a certain minimum number of cascade detectors would be 

required, inasmuch as the texture density of perceptual space 

is a smoothly varying phenomenon, near to far. That is, there 

are no apparent discontinuities in the scale of space as it is 

normally perceived. Changes in the density of any segment of 

surface in space occur in strict accordance with the scale of 

space, the correlate of which is given in the governing rule s 

of perspective on the space. There must be enough detectors 

to create this smoothly changing scale. 

CRITICISH OF :FEATURE DETECTORS 

Distinguishing sharply between feature detection and feature 

identification -- a necessary condition in pattern recognition 

Pribram feels that feature detectors, while certainly not un­

important, playa somewhat limited role in perception: 
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Feature detectors are, of necessity, built into the neural 
apparatus and, of necessity, they cannot be radically 
modified by experience if they are to do the job of 
detection. Feature detectors are therefore stable, 
"wired-in," native elements of the input systems which 
preprocess signals before further operations on them 
are performed. On the other hand, the mechanism of 
identification upon which recognition is based needs 
to be flexible and modifiable by experience. Because of 
the immediacy of r ecognition, however, identification 
must, at any given moment, share preprocessing with 
detectors. It is this sharing which has led to confusion 
about the two me chanisms and the feeling that features do 
the whole job. (1971, p. 324) 

The detection apparatus must, however, be such as to allow for 

the paradoxical situation in which, on the one hand, a topo­

logical correspondence between receptor surface and the cerebral 

cortex is preserved and, on the other hand, the sensory system 

can, mysteriously, still function with very high eff iciency even 

when it b ecomes damaged, through disease or surgery, and only 

the smallest part of it remains intact. According to Pribram, 

an animal in whom 80 to 90 percent of the input mechanism has 

been removed or interrupted is able to solve problems requiring 

discriminat ions of patterns differing only in detail (p. 122). 

Since it doesn't . seem to matter which part of the input system 

is destroyed , the stored information has to be reduplicated 

over many locations. How is this possible? 

How, too, do objects appear sufficiently consistent that we 

can recognize them as the same, independent of our angle of view 

or their distance from us? How do we recognize an object re­

gardless of the part of the retina, and therefore of the brain, 

which is directly excited by the light coming from that object? 

The capacity for such size and object constancy is already 

developed in the human infant only a few weeks of age, so any 

easy explanation of the constancy phenomenon in terms of learning 

But what sort of is brought into question, in 

mechanism would be required? 

allow for the flexibility of 

Pribram's view. 

What mechanism would simultaneously 

perception and the constancy of 

recognition once distribution has taken place? 
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In response to these questions, Pribram describes a modified 

version of a process suggested by Gerhard Werner for somes­

thetic feature analysis: 

(A) cortical column is conceived to consist of input 
and operator neurons, and of interneurons and test cells. 
An input to a neural unit of the column that displays a 
receptive field is distributed to interneurons which in 
turn connect to an operator neuron. The interneurons 
are tunable -- i.e., they adapt and habituate, they have 
memory. Each interneuron thus acts as does a bin in a 
computer that averages the patterns of input to which it 
is exposed. Only when a pattern is repeated does 
structured summation occur -- nonrepetitive patterns 
simply raise the baseline and average out. Thus the 
operator neuron, sensitive solely to patterns of 
excitation is activated only when input patterns are 
repeated. The entire process is sharpened by feeding 
the output from the operator neuron back onto the input 
cell via a test neuron that compares the pattern of 
neural activity in the input and operator neurons. When 
match is adequate, the test cell produces an exit signal, 
otherwise the tuning process continues. Thus each 
cortical column comes to constitute an engram by virtue 
of its specific sensitivity to one pattern of neural 
activity, a "list" of interresponse times of a firing 
neuron or the wave form that describes the envelope of 
the firing pattern. 

Each cortical column is conceived as being connected 
with others by horizontal cells and their basal dendrites, 

-which are responsible for inhibitory interactions. 
Whenever these horizontal cells are activated unsymmet­
rically, as they are by directional sensitive inputs, a 
temporary structure constructed of several columns _. is 
put together. These extended structures, dependent on 
hyperpolarization rather than on nerve impulse trans­
mission, are composed therefore by the action of the 
junctional microstructure and constitute temporary neural 
sta tes. 

We now have good evidence that the so-called association 
areas of the cerebral cortex exert a type of control 
over the input systems which is in many respects similar 
to that exercised when a zoom lens is extended and 
retracted. This function would have the effect of 
changing the number (and perhaps the complexity) of 
cortical columns that can be contained in such a temporary 
structure. 

The logic of the input systems can thus be conceived to 
constitute a filter on input, a screen that is being 
continually tuned by that input. One of the characteris­
tics of the filter is that it constitutes a self-adapting 
system whose parameters of adaptation are controlled by 
its own past history and by the operations performed on it 
by other neural mechanisms. (1971, p. 130-1) 
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The current neurological state is thus seen as a summation of 

the events that have transpired for the individual to date 

the totality of historical forces which, together with current 

inputs, determine the manner in which patterned responses are 

produced. Put in this context, it is no wonder that a feature 

detection view of perception is sorely inadequate. But more 

specifically, what is wrong with the detection view is: 

First, the features analyzed are not the distinct 
features they appear to be ,. Second, the richness of 
the phenomena of percep tion is unaccounte d for by the 
feature detectors so far discovered. And third, 
manipulations of sensory input during development have 
decoupled the effect produced on feature detectors as 
studied with microelectrodes from that produced on 
feature analysis as studied by behavioral discrim­
ination. (:Pribram 1972, p. 132) 

THE INPUT PROCESSOR AS A PATTERN RECOGNIZER 

Feature detectors, as such, are only a part of the complex 

fabric of the input systems. Along with other mechanisms,they 

are thought to provide the essential reference, the backdrop 

against which other more changeable configurations of neural 

events take place. 

They are the wired-in parts of the screen, the warp 
across which the woof of experientially sensitive 
neural microstructure is woven. At any given moment 
the fabric of the screen processes the neural events 
impinging on it -- preprocesses them on the way to sub­
sequent cell stations. The warp of the screen is un­
affected by the processing, but a residue is left on 
the woof, another thread has be en woven into the fabric. 
(Pribram 1971, p. 325) 

Identific a tion is a necessary adjunct to detection and 

intimately related to it, involving a neural mechanism which, 

a c cording to Pribram , inc orpor a t e s the l ogic e l ements of the 

screen. Ordinarily, the se logic elemen ts -- the columns of 

cortical c e lls -- a re more or less connected to each other by 

their directionally s e nsitive eleme nts. The directional 
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sensitivity of the receptive fields of cortical cells provides 

pointers to adjacent cells, thus turning a cortical column 

into a data structure, a list. 

Lateral inhibition, by separating logic elements from 
one another, structures the list. Each logic module, 
each list, can be thought of as a dipole which becomes 
polarized by the input signals. . The electrical 
dipole could become constituted of the changes in 
molecular conformation. . Conformational modifica-
tions can be measured by nuclear magnetic resonance 
spectroscopy and X-ray diffraction studies since each 
distinct conformation resonates at a different natural 
frequency. Large molecules, such as the lypoprotiens 
and glucoids which make up the synaptic and dendritic 
membranes in the brain's microstructure, are known to 
be liable to conformational change. Whenever a neural 
signal traverses such a membrane , conformational changes 
would tend to become stabilized, aligning molecular 
structures for the duration of the signal and for 
some limited time after. These temporarily stabilized 
conformations, if sufficiently extensive, would, in 
effect, produce electrical polarization of the micro­
structure. This polarization would be enhanced when the 
influence of each dipole on its neighbor was minimized 
through lateral inhibition. Without such inhibitory 
interactions, the alignment of dipoles would tend to 
weaken much as like poles of magnets aligned in parallel 
tend to disturb the alignment. The alignment of dipoles 
by input is therefore enhanced by the effects of temporal 
cortex stimulation on lateral inhibition,. . an en-
hancement which provides constancy to the relationship 
between input and logic elements. This constancy also 
cuts the cortical system into smaller functioning units, 
allowing readier adaptation of each unit to its input. 
(Pribram 1971, p. 325-6) 

In this system, preprocessing and modification brought about 

by experience are, in effect, interleaved in such a manner that 

some parts of the preprocessor are changed by the processing 

itself, making the neural mechanism self-organizing. The 

mechanism of detection, to work effectively, cannot be modified 

radically by experience . But the mechani sm of identification, 

which needs to be flexible due to the variety of objects to be 

identified, and which, because of the immediacy of recognition, 

must share preprocessing with detection, might be altered in 

the course of time to "resonate" , rather specifically to a 

certain configuration of the neural microstructure. 
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The pattern recognition process, or discrimination, i.e., the 

perception of meaning in the world, is clearly a very active 

process. The percEoiver is also highly selective, seeing this 

or that, choosing one aspect of his experience or another, 

much as if he were performing normal motor skills. In fact, 

evidence shows that control over the perceptual response 

"involves pathways through brain structures usually considered 

to be motor in function," in a manner analogous to that in 

which behavior is effected largely through control over peri­

pheral receptors (Pribram 1971, p . 312). 

According to 

done, by him 

Pribram, a large number of experiments have been 

and others, which show that the organism's 

channels and even the sensory receptors themselves, are 

input 

subject 

to efferent control by the central nervous system. One result 

showed that stimulation of the infero-temporal area of the 

cortex reduces redundancy, while stimulation of the frontal 

lobe enhances redundancy in the visual system. 

These opposing effects operate essentially either to 
"open" the organism to his environment, allowing the 
processing of a greater number of different signals, 
a greater amount of information to go on at any 
moment, or, conversely, to "close down" the input 
channels so as to restrict processing to a more 
limited number of different signals, a more limited 
amount of information. (1971, p. 211) 

ADAPTATION 

A process intimately related to contrast enhancement, and 

possibly reciprocal to it, is identified as adaptation, or 

habituation. In the visual system, this is the process where 

the eye adapts to a stabilized image configuration with the 

effect that the pattern ceases to be obse rved -- it simply dis­

appe ars. This is observed most vividly in an e xperiment in 

which an image is projected on the retina using mirrors and 

lenses in such a way that the image doesn't move. After only a 

very short time, fading occurs in chunks and the pattern is soon 

gone. 
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Pribram cites several investigators who suggest that this neur­

onal adaptation "re s ults from the operation of a feedback 

mechanism in which the signal at one stage feeds back onto a 

previous sta ge and thus reduces its 

he says that Dowling 

sensitivity or gain" (p. 59). 

and Boycott (1965) have In particular, 

shown with the electron microscope tha t the bi-polar, amacrine, 

in just this fashion. and ganglion cell contacts can function 

The inference is that this feedback, from the amacrine to the 

bi-polar cell, is negative; but this conclusion remains to be 

established more directly. 

In a wider sense, adaptation is also related to awareness with 

respect to instrumenta l behavior, i.e., habit. In this respec t 

it can be said that the more reflexive the act, the less does 

mind accompany it. 

The reciprocal relationship between awareness and be­
havior is perhaps best illustrated by the psychological 
processes of habit and habituation. If an organism is 
repeatedly exposed to the same situation, is placed in 
an invarient environment, two things happen . If he 
consistently has to perform a similar t a sk in that 
environment, the task becomes fairly automatic, i.e., 
he becomes more efficient. The organism has l earned 
to perform the task; he has formed habits regarding it. 
At the same time, the subject habituates; he no longer 
produces an orienting reaction; he no longer notices 
the events constant to this particular task in this 
environment. . As noted, however, habituation is not 
an indication of some loss of sensitivity on the part 
of the nervous system but rathe r the deve lopment of a 
neural model of the environment, a representation, an 
expectancy, a type of memory mechanism against which 
inputs are constantly matched. The nervous system is 
thus continually tuned ~ inputs to process further 
inputs. ( Pribram 1971, P. 104-5) 

On the tennis court, the relationship between awareness and 

habituated movement is reflected in the player's ability to 

perform integrated actions while attending to something else, 

such as the moving ball. The less attention h e has to pay to 

the more detailed aspects of the game, the more he is able to 

concentrate on the mental aspects of the game , such as proper 

positioning, tactics and shot selection. A player who is 

5-40 



unsure of his strokes, for example, is less likely to be 

attentive to the other things; he is too busy with detailed 

body movements. 

To characterize this relationship physiologically, Pribram points 

out that nerve impulses and slow potentials are two kinds of 

processes that could function reciprocally. 

A simple hypothes is would state that the more efficient 
the processing of arrival patterns into departure 
patterns, the shorter the duration of the design formed 
by the slow potential junctional microstructure. Once 
habit and habituation have occurred behavior becomes 
"reflex" -- meanwhile the more or less persistent designs 
of slow potential patterns are coordinate with awareness. 
Thus, even the production of speech is "unconscious" 
at the moment the words are spoken. My hypothesis, 
therefore, is an old~fashioned one: we experience in 
awareness some of the events going on in the brain, but 
not all of them. 

In short, nerve impulses arriving at junctions generate 
a slow potential microstructure. The design of this 
microstructure interacts with that already present by 
virtue of the spontaneous activity of the nervous system 
and its previous "experience ." The interaction is 
enhanced by inhibitory processes and the whole procedure 
produces effects akin to the interference patterns re­
sulting from the interaction of simultaneously occurring 
wave fronts. The slow potential microstructures act 
thus as analogue cross-correlation· devices to produce 
new figures from which the patterns of departure of nerve 
impulses are initiated. The rapidly paced changes in 
awareness could well reflect the duration of the 
correlation process. (1971, p. 105) 
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CHAPTER 6 

THE MOTOR SYSTEM 

In the previous chapter we examined the input side of the human 

organism, concentrating attention on visual information, i.e., 

on afferent signals initiated at the receptors in the eyes. We 

now consider the output side of the organism and look at the 

innervation of skeletal muscles, i.e., at efferent signals 

generated by mechanisms in the nervous system which stimulate 

contraction of muscle tissue to cause movement. These mechanisms 

are the motor functions and reside at all levels of the nervous 

system. The innervations are transmitted over motor neurons, 

and it is these neurons that we consider firs.t for simulation. 

MOTOR NEURONS AND MOTOR END PLATES 

A motor neuron is like other neurons in that it has a soma or 

cell body containing a nucleus and cytoplasm, and it has 

dendrites and an axon. Like other cells it also has a cell 

membrane which is metabolically very active and capable of 

producing action potentials. The principal difference is that 

its function is to transmit impulses to muscle fibers and for 

this reason it has specially constructed axon terminals. 

As the axon approaches the muscle fibers, it branches to 

contact the diverse muscle cells it is to innervate. The motor 

neuron may have as few as 10 to 20 attaching branches, for small 

muscles used for fine movement, or as many as 100 or more, for 

large muscles used for coarse movements. The group of muscle 

fibers innervated by branches of one nerve fiber is called a 

motor unit (Figure 6.1). An entire muscle involves many 

motor units (Easton 1974). 
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Figure 6.1. The motor unit. Two motor units are 
demonstrated, one shaded, one unshaded. 
(From Easton 1974) 

The branches of a motor neuron contact the muscle fibers at 

motor en.d plates (Figure 6.2). The synaptic knobs containing 

vesicles of acetylcholine fit into the depression on the muscle 

sarcoplasm called synaptic clefts. It should be noted that 

motor neurons are only excitatory, not inhibitory. When im­

pulses arrive at the end plate, the vesicles release the 

acetylcholine and de polarization of the membrane occurs. 

Another chemical, cholinesterase, is then released to in­

activate the acetylcholine so that the membrane can repolarize 

again. 

Synaptic 
. vesicles 

Axon terminal in 
synaptic trough 

Figure 6.2. Schematic showing the axon terminal of a 
motor n e uron s e en in an e l ec tron micrograph. 
(Afte r Jenson and Fisher 1975) 
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CONTRACTION OF MUSCLE 

The physiological basis for muscle contraction is not well known. 

Skeletal muscles are made up of thousands of muscle fibers, which 

extend the length of the muscle and attach to muscle tendons, which 

attach to bones. When the fibers are stimulated, they contract, 

and the force of contraction "is transmitted through the tendons to 

the bones. 

Each fiber contains several hundred to several thousand myofybrils, 

and each myofibril has lying beside it about 1500 myosin filaments 

and about 3000 actine filaments. (See, for example, Guyton 1979, 

for details.) The myosin and actin filaments interdigitate and 

somehow interact when the muscle is stimulated, possibly somewhat 

like the oars of a canoe interacting with the water. 

The fibers of a given motor unit are typically distributed some­

what randomly over the muscle and, being innervated by the same 

nerve fiber, are excited simultaneously and therefore contract 

in unison. Because of the distribution, stimulation of a motor 

unit causes a weak contraction in a broad area of the muscle 

rather than a strong contraction at a specific point. 

To increase the strength of muscle contraction, it is necessary 

to innervate more of the incoming nerve fibers at the same time; 

and to sustain contraction of the muscle, trains of impulses 

are needed. When several impulses come in quick succession, 

the muscle does not have time to relax from one contraction be­

fore it must start another. As long as the impulses continue 

to arrive, muscle force may be sustained (Easton 1974). 

The summation of contractions in individual muscle fibers may 

be of little importance, because the normal impulse rate may 

be only 10 to 20 impulses per second, whereas contraction times 

can be on the order of 1/100 second (for ocular muscles) or 3/100 

seconds (for a gastrocnemius muscle) (Guyton 1979). Muscles of 

this type will already have relaxed when the next pulse 
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arrives. However, each contracting fiber pulls on the tendon 

of the entire muscle, and contractions in several motor units 

add together to prcduce a contraction force in the whole 

muscle. If the contractions in the various motor units were in 

phase, twitches at 10 to 20 per second would be sensed as 

definite vibrations. But this seldom occurs, because the motor 

units do not contract synchronously but are out of step with 

one another (Easton ,1974) . 

Two kinds of contraction summation may therefore be distinguished . 

For a given number of active motor units, wave summation 

characterizes the kind of summation of contraction in which the 

overall force on the muscle attachments is smoothly maintained 

by asynchronous motor unit activity. At any moment in the 

interval of activity, some fibers are likely being contracted, 

so tension is smoothly maintained for the most part. 

Wave summation is to be distinguished from quantal summation, 

which refers to the increase in force of contraction due to the 

increase in the number of motor units activated. With the 

addition of each active motor unit, contraction of the associated 

fibers contributes a discrete additional force to the muscle 

attachments. For this reason the summation is called quantal. 

Other factors which affect strength of muscle contraction are: 

size of the muscle, number of fibers in the muscle, and the ex­

tent to which the muscle has already been contracted. The 

strength of muscle contraction is not uniform over the stretching 

range. That is, the force that the muscle can exert against 

its attachments varies with the extension of the muscle. Consider 

a flexor in the forearm, for example. When the arm is fully 

extended at the elbow or fully contracted, the force it can 

apply is less than that capable of being produced when the arm 

is only moderately flexed, or more nearly in its normal 

stretched state. This is shown in Figure 6.3. The normal 

length of a muscle is almost exactly optimal for maximal 

strength of contraction. 

6-4 



I 
s:: o ..... us:: 

o 0 
Q) • .-I 

Q) .... .j.l 
uuu 
HUlC<) 
0::1 H 
1i<::E:.j.lL-___ ~----_+_-------''I__----

~ Normal Normal, 2 Normal 

Figure 6.0. Effect of the initial length ofa muscle 
on the contractile force developed 
following muscle excitation. (After Guyton 1979) 

Independently of the length to which muscle is stretched, 

strength of contraction increases both with the number of fibers 

it contains and with its physical enlargement. Large muscles 

with many fibers are able to exert more force than small muscles 

with few fibers. But from one person to another, differences 

in muscle strength are due mainly to the size of its fibers, 

which can be enlarged with appropriate resistive or isometric 

exercises. 

Growth of muscle, or hypertrophy, is the result of an increase 

in diameter of the individual fibers. Associated with hyper-

trophy is usually an increase in the efficiency of muscular 

contraction, for the hypertrophied muscle stores increased 

quantities of glycogen, fatty substances, and other nutrients, 

and the number of contractile myofibrils also increases. All 

these cause the efficiency of the contractile process to in-

crease so that the percentage of energy lost as heat becomes 

considerably less in the athlete than in the nonathlete (Guyton1979). 

CONTROL OF MOTOR FUNCTIONS 

To control motor activities, the appropriate muscles have to be 

innervated at the correct time with the proper pulse rates. The 

operational structure, as we saw above, is the motor unit --

a group of muscle fibers innervated by a motor neuron arising 

out of the spinal cord. The unit either acts or it doesn't. 
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To act, i.e., to contract its muscle fibers, it must be act­

ivated by an action potential. And in this deceptively simple 

mechanism are hidden the variety, versatility and complexity 

of motor control. 

In the first place, there are many motor units, and they operate 

independently of one another. Any number and combination of 

the units may be activated at any given moment. To activate 

these units, it is necessary to transmit a complex pattern of 

neural impulses to them. Good practice may require long hours 

of trial, error and correction and a great deal of skill. 

There is also the possibility of graded contraction of motor 

units, a function of the frequency with which motor impulses 

are transmitted to the muscle fibers. Within limits, the higher 

the frequency of the impulses, the greater the contraction of 

the muscle and hence the greater the force applied to its 

attachments. 

Beyond this is the organization. of groups of muscle fibers into 

separate muscles, with tendons arranged variously so as to 

produce different joint actions. This leads to a . variety of 

combinations in which different muscles can be activated to 

produce desired movements, such as those in the game of tennis. 

Complicating the control problem is the fact that an individual 

muscle may act in one or more of several ways, depending on 

the circumstances. We know that when a fiber is stimulated, it 

contracts. But this is not to say that it shortens. It only 

develops tension within itself, and while it may the refore have 

a tendency to shorten, it doe s so only if other factors permit 

it. For instance, the tension has to excee d internal or 

external resistance . Other muscles may be pulling against it. 

Or its mechanical leverage may be poor, as we will see in the 

next chapter. 

The muscle t e nds to shorten, and it tends to do all its poss ible 

actions. However, the re is nothing in the muscle itse lf, no 

me chanism as such, to dete rmine which of the various possible 
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movements or joint actions will occur. The muscle can only 

exert a pull, and this pull applies to all the possible move­

ments. But outsio~ forces may prevent the muscle from doing 

anything. This complicates the simulation even more. 

In isometric contraction, for instance, tension is developed 

in the related muscles, yet the corresponding body 

not move and the length of muscle does not change. 

parts do 

And in 

isotonic contraction, if a muscle develops sufficient tension to 

overcome a resistance, it will shorten. However, it may actually 

lengthen if the resistance overcomes the tension. In lowering 

a weight, for example, contracted biceps may actually be 

lengthening, whereas in first lifting the weight, the biceps 

had shortened. 

Since a muscle can only exert a pull, control of movement de­

pends entirely upon the selective activation of the individual 

motor units in various combinations. Of course, if a muscle 

is too weak from lack of training or from a debilitating 

disease or is too fatigued, no amount of stimulation will be 

effective. But in that event, no control is possible at all. 

Otherwise, desired movements require organized patterns of 

neural impulses. 

There are several sources for such innervation patterns, but 

be fundamental for all patterns spinal 

(Rasch 

reflexes are deemed to 

and Burke 1978). Supporting this, Guyton says: 

Though most of us have an inherent belief that it is 
only the conscious portion of the brain that causes 
muscle movements and other motor activities, this is 
farthest from the truth, for perhaps the greatest pro­
portion of our motor activities is actually controlled 
by lower regions of the central nervous system, 
specifically the spinal cord and lower brain stem, which 
operate primarily at a subconscious level. (1979, p. 301) 

Reflexes are reproducible patterns of movement that result 

from particular kinds of peripheral stimulation entering the 

nervous system. Common examples are: sudden withdrawal of the 

hand from a hot object, lifting a foot away from a sharp stone, 
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and the stretch reflex of the knee tendon. (When a muscle 

is suddenly elongated, by a sudden blow, e.g., the middle 

of its spindle is stretched, as we will see below. This sends 

a signal to the spinal cord which excites the motor neurons 

controlling muscle fibers surrounding the muscle spindle, 

causing them to contract and thereby damp the stretching action 

by opposing it.) 

These movements are called reflexes because the effect of a 

stimulus seems to travel into the central nervous system and 

be reflected back to the muscles. The pathway includes the 

receptors, afferent fibers carrying impulses from the sensors 

into the central nervous system, central connections, and 

efferent fibers carrying messages out to the muscles. This 

pathway is a reflex arc. (Easton 1974) 

In coarse outline, the arrangement of the path is as follows. 

Afferent fibers travel from the various sensors of the body 

to the spinal cord and up the back (dorsal) of the central 

canal in sensory or ascending tracts to the brain. Efferent 

fibers from the brain come down the front (ventral) of the 

central canal in motor or descending tracts. 

involvement of the brain is minimal. 

In reflex arcs, 

Some muscles are arranged in antagonist pairs, and impulses 

that reflexly cause an excitation in the motoneurons to one of 

the pair (the agonist) also cause a reflex inhibition in the 

motoneuron of its 

time that tension 

antagonist muscle. 

in the quadriceps 

For example, at the same 

(four-headed muscle in the 

thigh) increases, hamstring tension decreases, otherwise the 

leg wouldn't bend. Such muscles are said to be reciprocally 

innervated. 

As long as peripheral connections are intact, reflexes in­

volving the spina l cord c an proceed \~ithout the presence of 

the brain though not without certain local controlling neuronal 

mechanisms of the cord. One reflex of the spinal cord is the 

extensor thrust mechanism, which allows stiffening of the ex­

tensor muscles of the legs when pre ssure is applied to the pads 
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of the feet. This reflex, together with impulses from the 

bulboreticular formation or reticular activating system of 

the brain stem needed to stiffen the trunk and limbs, make it 

possible to stand erect, i.e., to support one's self against 

gravity. The spinal cord also provides the rythmic to-and­

fro movements of the legs used in walking. 

The bulboreticular system also draws information from the vesti­

bular apparatuses of the ears to maintain equilibrium of the 

body by adjusting the tone of the various muscles. The bulbore-:_­

ticular system is actually an integrating center. It receives 

incoming fibers from many sources, including the spinal cord, 

the equilibrium apparatus of the ear, the motor portion of the 

cortex, and the basal ganglia. Thus it combines and coordinates 

sensory information from the body, motor information from the 

motor cortex, equilibrium from the ears, and proprioceptor 

information about body movements from the cerebellum. with this 

information it controls many of the involuntary muscular 

activities. 

Once the body is supported against gravity and main­
tained in a state of equilibrium, locomotion then depends 
on rhythmic motion of the limbs. Rhythmic circuits in 
the spinal cord are capable of providing the to-and-
fro movements of the limbs, and the movements of the 
opposing limbs are kept in opposite phase with each 
other by the reciprocal inhibition mechanism of the 
cord. Thus, most of the functions of locomotion can be 
provided by the cord and brain stem, but the cerebral 
cortex must control these functions in accord with the 
desires of the individual. When he wishes to move for­
ward, to stop, or to turn to one side, his motor cortex 
and basal ganglia simply. initiate the action, stop it, 
or change it by sending command signals. The cord and 
brain stem provide the stereotyped actions required to 
perform the actual movements. In this way, the energy 
of the brain is conserved to perform other mental feats. 
(Guyton 1979, p. 312) 

THE GAMMA SYSTEM 

The reflex theory postulated by Sherrington (1947) made ex­

plicit the notion that all afferents are sensory (i.e., that they 

are connected to sensory receptors) and all efferents are motor 
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(i.e., that they are connected to contractile muscles). But 

Pribram (1971, p. 85-6) pointed out that there is data to 

show that the orgarism's input mechanisms are directly controlled 

by the central nervous system. For one thing, one-third of the 

fibers of the ventral root are small-diameter fibers (called 

gamma fibers) and end not in contractile muscle tissue per se 

but in specialized receptors called muscle spindles that are 

embedded in the contractile muscles. 

Experiments performed on these fibers show that they have no 

direct effect on muscle contraction. That is, the rfibers 

(gamma fibers) are efferents whose function is not motor. 

Further, the t system effects a negative feedback on input 

derived from the muscle spindles (afferent activity of the 

dorsal root), such as do the mechanisms of adaptation and 

habituation discussed in Chapter 5. In addition, stimulation 

of the spinal cord, the brain stem, cerebellum, and even the 

motor cortex influences the activity of the muscle spindle 

afferents (dorsal root), so the feedback is very extensive 

(Granit 1944, p. 103-18). 

Experiments by Pribram yielded similar results for the visual 

system: 

Nonvisual inputs (clicks and taps to the paw) evoked 
responses in the optic nerve of cats (whose muscles, 
including those of the pupil, had been immobilized). 
Further, the electrical activity of the retina (measured 
by electroretinogram) and of afferents originating in 
the retina was altered by such nonvisual stimulation 
Finally, as in the case of other sensory modalities, 
stimulation of the appropriate part of the cerebral 
cortex resulted in changes in the receptivity (e.g., 
size of the receptive field) of the retinal ganglion 
cells . . . The results of these experiments strengthen 
the belief that the organization of the visual mechanism 
resembles the other sensory systems in that central 
control of the input does exist. ( 1971.,. p. 87) 

Thus there are two separate nerve-m,uscle systems, innervated, 

respectively, by large and small neurons. The relationship 
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is shovm in Figure 6.4. In this figure, the l~rge neuron.s, or 

alpha (0<) fibers, are represented by the line drawn from the 

ventral root of the spinal column to the tension or extra­

fusal fibers of the motor end plate. The gamma fibers are 

represented by the line from the ventral root to the intra­

fusal or sensory fibers of the end plate. The gamma fibers 

regulate the organism's receptors and therefore sensory 

functions. 

Afferents from the muscle spindles are shown leading to the 

dorsal root of the spinal column. These spindles sense the 

amount of tension in the muscle fibers among which they are 

located. Muscle spindle afferents are muscle receptor neurons 

whose job it is to sense when a muscle is stretched. Integral 

to the control of motor activity, the muscle spindle consists 

of a connective tissue sheath containing several intrafusal 

fibers which lie parallel to and alongside the regular muscle 

fibers or extrafusal fibers. The fibers in the she~th have a 

central heavy nucleated area called the muscular bag, which 

stretches when the muscle is stretched. This excites nerve 

endings (the annulospiral endings) which are entwined around the 

nuclear center. 

Tendon stretch receptors are similar to the muscle stretch 

receptors, except that they sense when the tendon is stretched. 

The two types of receptors are not necessarily stimulated to­

gether. They act together for the most part when a muscle is 

stretched under a load, i.e."under isotonic stretching. 

But under isotonic contraction the tendon is still pulled 

slightly by the load, whereas the musc le itself is contracted. 

Under isometric contraction the tendons are strongly stretched 

(Easton 1973; Jenson and Fisher 1975). 
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By central control, the sensitivity of the muscle spindle can 

be set at various levels or positions, somewhat like a thermo­

stat, or steering wheel in power steering. These settings can 

be predictive; the settings can be made to anticipate a 

sensory need. The setting depends on the gamma motor neurons, 

whose impulses result in contractile shortening of the spindle, 

itself, without any detectable influence on the strength or 

shortening of the whole muscle (Rasch and Burke 1978). It appears 

that there follows a non-conscious response, a reflex arc 

which operates through higher brain centers but is not 

conscious, that powers the extrafusal muscles. That is, 

afferent signals from the activated spindle reach the brain 

and trigger 0< motor neuron messages to the extrafusal muscles, 

contracting them. 

When a muscle is made to contract under the influence of the 

~ motor neurons, the muscle spindles are slackened. The result 

is a cessation of If afferent discharge from the spindle. How­

ever, as the spindles become slack, gamma motor impulses can be 

increased, thereby restoring tension within the spindles and 

re-setting the sensitivity of the sensory mechanism. Similarly, 

when the muscle slackens due to muscular relaxation, the spindles 

may be stretched so that afferent discharge increases. But then 

gamma motor impulses may be decreased, again restoring the re­

duced state of tension and re-setting the sensitivity of the 

sensory mechanism to a lower level. 

The gamma neurons and the intrafusal muscle fibers thus 
appear to be a servomechanism for controlling afferent 
discharge. In the spinal cord, the gamma motor 
neurons are under the integrated control of several 
efferent tracts originating in both the subconscious 
and the volitional centers of the brain. These higher 
centers can "decide" in advance what level of reflex 
sensitivity will be required and set the tension within 
the spindle accordingly. Technically, this might be 
called a "follow-up length servo." (Rasch and Burke .1978, 
p. 88) 

HIGHER CENTERS OF MUSCLE CONTROL 

Highly coordinated functioning of the neuro-muscular system is 
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the key to movement skill. In a skillful act, each movement 

occurs in the correct sequence and timing and with the right 

amount of force; the act appears smooth and rhythmical. This 

means that neural impulses reach the proper muscles with just 

the right intensity at the correct time. To occur precisely 

on time and in the proper way, knowledge of the external 

environment and the condition of the internal environment is 

essential; sensory information is needed. Hence, the key to 

movement skill is the coordinated action of the sensory-motor 

processes. 

We have seen that reflexes are basic to these processes and 

that the bulboreticular formation of the brain stem is instru­

mental in maintaining posture, equilibrium and the rhythmic 

movement of the limbs. But without control from higher centers 

of the central nervous system, the movements are mechanical, 

uncoordinated, jerky and undirected or unconscious. Intricate 

tasks such as talking, writing, playing musical instruments, 

games like basketball and tennis, and the like, involve major 

degrees of control by the brain. 

Besides the buloreticular formation, discussed above, there 

are three other major muscle control centers in the brain. These 

are: the motor cortex, the basal ganglia, and the cerebellum. 

They are shown in the schematic drawing in Figure 6.5. 

Hotor innervations are transmitted from the motor cortex to 

the spinal cord along one or the other of two separate pathways. 

The more direct of the two is called the corticospinal tract 

(from the cortex to the spine), which passes without synapses 

to the cord. These fibers actually occur in pairs and cross 

from one side to the other, so the motor cortex in the left 

hemisphere of the brain controls muscles on the right side of 

the body, and that in the right hemisphere controls the left 

side of the body. 

6-14 

..... 



Motor Cortex 

Corticospinal " 
track to 
muscles 

/ 
/ 

Cerebellum 

" \ 

'-

.--'­
r 

Premo tor· Cortex 

Caudate 
~'/Nucleus 

/- Putamen 

Globus Pal.lidus 

Bulboreticular forma·tion 

Extra-corticospinal 
pathway to muscles 

Figure 6.5. Control of muscle activity by the motor 
cortex, basal ganglia, and cerebellum. 
(From Guyton 1979) 

The less direct route is over the extracorticospinal pathway, 

which consists of seve ral fiber trac ts. These are the other 

paths, or those not within the sco~ of the corticospinal 

tract. They originate ma inly in the basal ganglia and the 

bulboreticular system, as indicated in Figure 6.5, and are 

involved in the control of most of the stereotyped and non­

conscious body movements. 

Nerve fibers of both the corticospinal and the extracortico­

spinal pathways termina te in a special neuronal network of the 

spinal cord. It is this network that sends direct signals to 
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the muse les. Signals that corne from the brain combine with 

those from the sensory nerves entering each spinal segment 

and are used by the neuronal network of the cord to control 

muscle activity (Guyton1979) . The neural network is schematized 

in Figure 6.6. 

" 

~ -;0 Sen,sory neurons 
~ ,... 

/' 

- - ~ Interneurons 

__ Anterior motor neuron, 

~ - - Motor nerve 

Figure 6.6. Convergence of different motor pathways 
on the anterior motor neuron. (After 
Guyton '1979) 

Located in the anterior portion of the spinal cord (Figure 6.6) 

are many very large neurons called anterior motor neurons. 

They send large axons out from the spinal cord into the motor 

nerves (the nerves that supply the muscles). It should be re­

called ,that motor nerves are only excitatory; they either 

excite muscle into contraction or they do not, but they do not 

inhibit. Thus, if inhibitory control of muscle is to occur, 

it must take place upstream of the motor nerves. Indeed, this 

is the case. The ante rior mo to r neuron s take inputs from many 

sources, some of which are excitatory while others are in­

hibitory. Muscle control is therefore more complex than simply 

transmitting muscle contraction signals (Guyton 1979). 
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Many patterns of muscle contraction are determined in a large 

group of smaller neurons (interneurons) contained in central 

portions of the spinal cord gray matter. 

of the flexor reflex of the knee and the 

For example, patterns 

extensor and walking 

reflexes are determined there. These interneurons receive 

signals from incoming sensory nerves, from the corticospinal 

tract and from the extracorticospinal pathway and in turn 

transmit signals to the anterior neurons. 

The brain may "command" the neuronal network to perform a 

certain task, such as walking or running. In response, the 

interneuronal mechanism to do the task is set into motion, 

causing the discrete muscle contractions that are required. But 

no single message to the interneurons necessarily causes a 

muscle contraction. The contraction occurs only if a pre­

ponderance of information favors it. Other excitatory or in­

hibitory influences may block the action (Guyton 1979). 

MOTOR CENTERS IN THE BASAL GANGLIA 

The basal ganglia are large paired masses of neurons embedded 

deep in the white matter of the cerebral hemispheres, above 

the midbrain. The most important of them appear to be the 

caudate nucleus, the putamen and the globus pallidus, and are 

arranged somewhat as given in Figure 6.5. Neuronal connections 

with other portions of the motor control system are shown in 

Figure 6.7. 

While not much is known about the detailed functioning of the 

basal ganglia, it seems clear that the caudate nucleus controls 

those gross intentional movements of the body (either conscious 

or sub-conscious) which aid in the overall control of body move­

ments. The putamen operates in conjunction with the caudate 

nucleus to control gross intentional movements. Both work with 

the motor cortex in organizing the various movement patterns. 

Damage to these elements can lea~ to uncontrolled sequences of 

different unrelated motions. 
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The globus pallidus possibly directs the positioning o~ ,the 

gross parts of .the body, more or less the posture, when. a 

person begins to perform a complex movement pattern. Say when 

a tennis player gets set to take a particular shot, such as a 

volley at the net, he first positions his body in a semi-crouch 

and tenses the muscles of his upper arm. These are mainly 

globus pallidus functions. 

MOTOR CENTERS IN THE CORTEX 

The cerebral cortex, or simply cortex (figure 6. ' 8 ), the largest 

and phylogenetically the newest portion of the brain, is def­

initely involved in voluntary movement, but the precise nature 

of the involvement is not yet known. 

The motor cortex is the area of the cortex which seems to 

be the most directly concerned with muscle control. It is 

located immediately anterior to the central sulcus (fissure) 

of the brain and is divided functionally so that the points for 

control of muscles in the lower part of the body are near the 

mid-line, while those for control of the upper body are located 

far laterally. There is a point-to-point communication between 

the motor cortex and specific muscles everywhere in the body, 

so that signals from discrete parts of the motor cortex 

activate discrete muscle movements, sometimes involving only a 

single muscle. 

However, body parts are not uniformly represented. in the cortex. 

The hands and face, for instance, have . very detailed representa­

tion, while a large area of back muscles has very limited 

representation. By comparison, the degree of representation 

of muscles of the thumb and fingers and also of the mouth and 

throat is as much as 100 times that for the trunk muscles 

(Guyton 1979). 

Another important, though less well defined, area of the cortex 

is the premotor cortex. The storehouse of "patterns" of motor 
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activity that can be called forth by the thinking part of the 

brain, it is intimately concerned with the orderly sequence 

and timing of complex movement patterns. 

The precise part of the brain that is utilized for 
storing the skilled patterns of activity is not known .. 
It probably partly involves the motor cortex itself, 
and also some of the sensory areas, some of the areas 
of the frontal lobes immediately in front of the motor 
cortex, and some of the deeper centers for motor control 
as well, such as the basal ganglia. Of special 
interest is the area I to 3 cm. wide that lies immed­
iately anterior to the motor cortex in the frontal 
lobes. Electrical stimulation of discrete points in 
this area frequently elicit skilled patterns of move­
ment, especially skilled movements of the hands. Also 
located in this area are centers for control of eye 
movements and for formation of words during speech. 
(Guyton 19J9, p. 320) 

While the motor cortex is pre-eminently involved in early phases 

of skill learning, in which conscious attention is given to each 

action, the premotor cortex seems to take over the functions as 

they are learned. Motor learning is usually a slow and almost 

painful process which finds the sensory nervous system con­

stantly checking for success. Visual, auditory, somesthetic 

and all other types of information that might be useful in the 

estimation are involved. But as the movements become engrained, 

as the need for feedback is reduced, and particularly as speed 

of performance is increased to the point where the time taken 

to perform the act is less than the time required for informa­

tion to feedback to the brain, the premotor cortex apparently 

takes control. 

The extent to which such control takeover occurs is not clear, 

though certain sensory considerations appear to restrict it to 

relatively simple actions. Relatively more complex skills 

cannot be performed satisfactorily in the absence of the sensory 

system. These skills require a sequence of patterns of move­

ment and the sequences are stored intact In the memory bank of 

the sensory system. Conscious attention is thus required and 

it would seem that control must then revert to the motor cortex, 

if it had ever been taken over by the premotor cortex at all. Even 

so, the precise point at which this might occur is not established. 
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MOTOR CENTERS IN THE CEREBELLUM 

The cerebellum, the smaller part of the brain (sometimes 

called the hind brain), is an oval shaped miniature of .the 

cerebral cortex. It is located posteriorly and inferiorly in 

the brain; that is, it sits in back of and below the cerebral 

cortex, behind the brain stem. It is actually out of the main 

stream of neural links with the spinal cord. Its function is 

to remove the rough edges from movement; it modifies motor 

signals an.d contributes to the refinement of desired move­

ments. Communicating with the other motor areas of the brain 

through several large neuronal trunks, it helps both the motor 

cortex and the basal ganglia perform their function.s, making the 

movemen.ts smooth rather than jerky. 

The cerebellum thus plays an important role in predictive 

control, which involves both. feedba.ck ane;! feedforward. It acts 

as a feedback mechanism to help control muscle movements 

initiated by the motor cortex and basal gangl~a, and it is 

closely allied to the damping function in its ability to predict 

the position of different parts of the boe;!y. Anticipating 

movements from the present state of .the muscles and joints, it 

can distribute signals which prevent errors in the movement 

patterns. Though not directly responsible for muscle control, 

the cerebellum helps to make groups of muscles operate to­

gether in a cQordinate manner so that very accurate ane;! very 

fine degrees of muscle control can. be ac'1ieved .• 

Movements of parts of the body are affected greatly by 
their inertia and momentum. That is, a limb requires a 
certain force to start it moving, but once started, it 
keeps on moving until an opposing force stop s the motion. 
Neither the cer·ebral cortex nor the basal ganglia are 
organized to take these physical factors into consideration. 
Instead, the cerebellum makes the automatic adjustments 
that keep these factors from distorting the patterns of 
activity. . It receives signals from the proprio-
ceptive receptors located in all joints, in al l muscles, 
in the pressure areas of the body, and anywhere else 
that signals informing of the physical state of the body 
can be obtained. Signals are transmitted into the 
cerebellum, too, from the equilibrium apparatus of the 
ear, and even from the eyes to depict the visual 
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relationship of the body to its surroundings. Finally, 
the cerebellum receives information directly from the 
motor cortex as well as from the basal ganglia of all 
motor signals that are being sent to the muscles. In 
summary, the cerebellum is a collecting house for all 
possible information on the instantaneous physical 
status of the body. (Guyton 1979, p. 320-1) 

Comparing information about the present condition of the parts 

of the body with information from the cortex of the muscular 

movement that it intends to perform, the cerebellum obtains 

feedback information which it sends back to the motor cortex 

and basal ganglia to initiate appropriate corrective action. 

But the cerebellum doesn't work simply with data on the current 

status of muscles. Operating in conjunction with the somes­

thetic cortex, it predicts the state of the muscle s to the 

next instant, perhaps 30 milliseconds into the future. For ex­

ample, in running after a tennis ball, the cerebellum will pre­

dict where the legs will be a moment from now. This information 

is used by the runner to make the appropriate anticipatory 

responses on the basis of what he expects to be the case. He 

thus uses both feedback and feedforward computations in his 

predictive control loop. 

INTEGRATED CONTROL OF MOVEMENT 

It was believed at one time that the center of .control of the 

motor processes resided in the motor cortex. However, develop­

ment of the microelectrode and its application to the study of 

the cere bral processes in motor control in laboratory animals 

indicate that the motor cortex is actually functionally nearer 

to muscle movement than are control zones deep within the brain. 

The motor cortex is also more directly connected to spinal 

cord motor neurons than either the cerebellum or basal ganglia. 

It now appears that inputs to the cerebellum and basal ganglia 

are more abstractly coded and complex than those to the motor 

cortex. The primary function of the cerebral motor cortex may 

therefore be the refined control of motor activity rather than 

the source of volition (Evarts 1973). 
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All three major motor areas become electrochemically active 

prior to the onset of movement, though, as indicated above, 

each zone involves a different aspect of control. Contrari­

wise, the sensory cortex, which is adjacent to the motor 

cortex and receives inputs from receptors in the skin and 

joints, appears not to become active until after the initial 

muscular contraction. This indicates that these cells are not 

in the circuit that initiates the first muscular contraction, 

although they may play a part in guiding movements through 

feedback mechanism (Evarts 1973). 

The entire cerebral cortex sends fibers to both the basal 

-ganglia and the cerebellum, and these centers send many fibers 

back to the motor cortex, by way of the thalamus. This means 

that the basal ganglia and the cerebellum receive data from 

the somatosensory, visual and auditory regions of the cerebral 

cortex, that they transform the data and send a new pattern of 

then sent messages to the motor cortex, 

to the muscles via the spinal 

and that messages are 

cord from the motor cortex. 

(This) does not mean that there is a one-to-one relation 
between the motor cortex nerve cells and the spinal-cord 
motor nerve c e lls. On the contrary, there are a number 
of differences between the pattern of activity of nerve 
cells in the motor cortex and the activity of motor 
nerve cells in the spinal cord. It may be that the 
relation of the motor cortex nerve cells to the spinal­
cord motor nerve cells is similar to the relation be­
tween the cells in the lateral geniculate nucleus . 
and the cells in the visual region of the cortex. Cells 
in both the lateral geniculate nucleus and the cortex 
respond to the location of the stimulus on the retina, 
but if there is a pattern in the stimulus, it will be 
processed by the visual cortex. In much the same way 
it appears that the activity of nerve cells in the motor 
cortex may be related to certain patterns of activity 
within a group of muscles, whereas the activity of a 
spinal-cord motor nerve cell is related only to a single 
set of fibers in one muscle. (Evarts 1973) 

The messages to the spinal cord appear to be related to the 

amount and pattern of 

displacement that the 

muscular contraction rather than to the 

contraction 

with a view expressed by J. A. V. 
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for Nervous Disorders in London that force is the basic output 

of the body. We have seen, too, that acceleration (or force, 

when mass is present) may be considered to be the fundamental 

concept of mechanics. (Velocity and displacement are then 

derived quantities, obtained, respectively, by first and second 

integration of force.) 

The significance of this ide~ can be grasped by comparing the 

force of muscle contraction that would be required, in turn, to 

swing a tennis ball and steel ball of comparable size through 

a given distance with a given speed. While the overt motions 

appear to be the same, the muscle forces are quite different 

in the two cases, and the pattern of activity in the motor 

cortex would also be different. 

Another characteristic that shifts the locus of central control 

away from the motor cortex is that the activity in the nerve 

cells in the motor cortex is more likely related to what the 

muscles actually do rather than to the circumstances in which 

they do it. For example, the same set of nerve cells in the 

motor cortex are found to control the contraction of arm muscles 

regardless of the circumstances of the movement. However, in 

other areas, such as in the cerebellum or basal ganglia, cells 

are differentially active depending on the type of movement 

rather than on the muscle activity (Evarts 1973). This implies that 

different types of movement involve different neural mechanisms, 

even though the same muscles may be involved in the different 

movement types: 

movements. 

for example, fast saccadic or slow pursuit 

Indeed, it has been suggested that the major role of the 

cerebellum is to preprogram and initiate rapid saccades or 

ballistic movements, while that of the basal ganglia is to 

generate slow or pursuit movements. The motor cortex, on the 

other hand, is involved with both slow or fast movements. 



CHAPTER 7 

MOVEMENT OF THE BODY 

In Chapter 6 we looked at the micro-structure of the human 

organism's muscular system, noting in particular the manner in 

which muscles contract and how such contraction is controlled. 

Now we examine the macro-structure, or the musculo-skeletal 

system of the organism as a whole. This approach presumes the 

occurrence of muscular innervation and control and considers the 

various kinds of movements that are possible with the given 

anatomical structure. These movements involve muscular forces 

and we analyze the movements by viewing the body as a system of 

levers by means of which the muscular forces are applied. 

THE MUSCULO-SKELETAL FRAMEWORK 

For muscles to be effective they must work against other muscles 

or ultimately against an external agency, such as the ground or 

water, according to the medium of the action. When no such 

agency exists, as in free fall (from a diving board, airplane, 

and the like), movement of one part of the body will produce a 

comparable movement in another part of the body in reaction to 

it. In other words, movements have to satisfy what is known in 

physics as the principle of linear or angular momentum (See 

Chapter 2). 

Behavior of the individual body parts under muscle contraction 

cannot, therefore, be determined in isolation; the whole system 

has to be considered. In a tennis forehand stroke, for instance, 

the muscles of the hitting arm provide the torque which drives 

the racquet head against the ball. But the drive depends for 

its force on the strength of the torso, which braces the hitting 
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arm, and on the stability of the legs, which power the torso. 

rf muscles in the legs or back should "break" at the moment of 

impact with the ball, or if the court surface is slippery, 

power will be lost. 

As we saw in Chapter 1, the adult human body contains more than 

200 bones and over 430 skeletal muscles. Programmed innervations 

of these muscles by the central control system produce patterned 

contractions which lead to coordinated movements of the skeleton 

and thus a movement of different parts of the body, or to 

the body as a whole acting against an external resistance. So 

the arrangemenb, or organization, of bones and the way in 

which they are held together with muscles, is especially im­

portant in the production of movement. Differences in the 

structure create differences in the forces that are produced. 

Some structures are therefore better than others for certain 

activities. 

The skeleton may be partitioned conveniently into two groups of 

bone structures (Easton 1974). The skull and vertebral column, to­

gether with the ribs and the sternum, is the axial skeleton. 

The pectoral and pelvic girdles and the appendages (or limbs), 

which attach to them, make up the appendicular skeleton. 

The human skeleton contains a variety of long, short and flat 

bones. Long bones, such as the humerus and femur, of the upper 

arm and upper leg, respectively, are found in the limbs, while 

short bones are mostly in the hands and the feet -- in the carpal 

and tarsal bones. Flat bones, such as the sternum, ribs and 

scapula, provide extensive area for the attachment of muscle 

and ligament. 

The vertebrae are special bones joined together by means of 

strong ligaments to form a sufficiently stiff column to prevent 

excessive twisting of the spinal cord but one with enough flex­

ibility to allow some movement of the individual vertebrae with 

respect to one another. 

-
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The ribs, while providing protection for the heart and lungs, 

combine with the diaphram muscles to make efficient breathing 

possible. They are moved by intercostal muscles. 

The links between the limbs and the axial skeleton are the 

pelvic and the pectoral girdles. The pectoral girdle forms a 

joint with the axial skeleton on the front side only and is 

anchored to the ribs by strong ligaments as well as by the 

muscles that attach it. The pelvic girdle attaches at the 

sacrum. The arms and legs articulate (join with) their respec­

tive girdle by way of a ball-and-socket joint: the head of the 

humerus of the upper arm in the glenoid fossa (cavity) of the 

scapula, and the head of the femur of the thigh in the aceta­

bulum (cup) (Easton 1974). 

The humerus, in turn, forms a hinge joint with the ulna, one 

of two bones of the lower arm. And the femur forms a hinge 

joint with the tibia, one of two bones of the lower leg. 

Associated with the ulna and the tibia, are, respectively, the 

radius of the arm and the fibula of the leg. The tarsals and 

metatarsals of the hands and the carpals and metacarpals of 

the feet round out the main structure of the appendicular 

skeleton. 

The bones of the skeletal system are made to move by the contrac­

tion of muscles whose ends attach to the bones. As we saw in 

Chapter 6, when a muscle contracts it tends to pull its ends 

toward the center of the muscle. Therefore, bones which are 

attached to the ends of the muscle tend to be pulled toward each 

other. The skeletal muscles are the machines which produce this 

mechanical action. In order to simulate the action realistically, 

an accurate machine model is needed for each muscle. This calls 

for a detailed study of the pertinent muscle groupings. 
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The nature of the applied force of a muscle varies according to 

the arrangement of the muscle's fibers, i.e., according to 

its shape. There are two main types of such structure: the 

longitudinal, or fusiform, and the pennyform (Rasch and Burke 1978). 

Within these types the fibers are arranged in many ways with 

respect to one another and to the tendons. 

The simpler of the two forms is the fusiform, whose fibers run 

parallel to the length of the muscle. Most of the muscles of 

the limbs, especially those attached to the bones of the hands 

and feet, are fusiform; they are long, thin, and pointed at 

both ends; that is, they are cigar shaped. 

Generally, muscles which are long and slender are weak but can 

shorten through a relatively large distance. Contrariwise, 

muscles which are short and broad have great strength but can 

only exert the strength through a proportionately short distance. 

Muscles of this type are called penniform. They are shaped more 

like a feather, having a tendon for the shaft and muscle fibers 

for the barbs. Since the fibers are arranged diagonally to 

the direction of pull, more of them can be brought into play, 

but the range of motion is reduced. 

LEVERS, TORQUES AND MOMENTS 

Suppose you are standing at attention with your hands to your 

sides. Now imagine a point at which all of your weight might 

reasonably be concentrated so as to maintain the standing 

balance of the body parts. Would this point lie above the head, 

say, or to the side of the body somewhere? Or is it more likely 

to be inside the abdomen, possibly around the stomach? As an 

intuitive representation of the body weight in space, the latter 

point is more meaningful it is called the center of gravity 

(c.g.). (See Picture 7.1 for a good example of a low c.g.) 
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We saw in Chapter 2 that gravitational forces act on material 

objects. For any given object, this pull of gravity may be 

considered to be a composite of a large number of little pulls 

on tiny parts of the object. It may also be visualized as a 

resultant of all of the little pulls, originating at the 

center of gravity. If the object could be supported at the 

c.g., with no other contact on the object being made, it would 

balance exactly. 

Balancing an object on a knife edge or on a needle point can be 

a useful trial and error method of finding the c enter of gravity, 

but it is coarse at best and has serious limitations when the 

object is irregular. A more sophisticated technique makes use 

of the concept of a lever, and employs torques and other 

moments to compute the c.g. 

While the formal or mathematical notion of a lever may not 

normally be understood by the average individual, the intuitive 

feeling is experienced even by the typical child, who applies 

torques in one form or another dozens of times a day. For 

example, the child may, on charging into the house, push against 

the center of the door to open it wider. Possibly finding too 

much resistance, he may slide unconsciously toward the door 

knob, where it can be opened more easily. Or he may experience 

difficulty turning the lid on a jar of peanut butter and run 

to his mother for assistance. These and many other examples 

demonstrate the normal, every day application of torques and 

levers. An application of torque in arm wrestling is shown in 

Picture 7.2. 

People frequently use screwdrivers, crowbars, and other such 

devices as aids to pry open paint cans, lift heavy objects, 

and the like. This shows a practical, if not a formal, under­

standing of the lever principle which says that increasing the 

length of the lever arm increases the advantage of the lever. 

Without changing the applied force, an advantage can be gained 

by increasing the distance to the fulcrum. That is, more torque 

can be exerted, and therefore more weight can be lifted or a 

greater force can be applied to the obj ect of interest. 

7-6 

k .. 



Picture 7.2 Virgil Arc' a ~ero a l' rm wrestlin PP ~es torqu Jack Lard . g match. (Ph e to win an om~ta) oto by 

7-7 



without changing the distance of the lever arm to the fulcrum 

(which is actually called the moment arm), and without increasing 

the magnitude of the force, the torque can be increased still 

more if that force can be directed more nearly perpendicular 

to the lever. 

Referring to Figure 7.1, a precise meaning of torque can now 

be formulated. If F is a force acting at right angles to a 

weightless moment arm at a distance, d, from the fulcrum, or 

pivot point, then the torque, T, is defined as the product 

T = Fd. 

d 
A 

fulcrum 

Figure 7.1. Formula for torque, or moment of force. 

By definition, a unit of torque is a unit of force-distance. 

Since force is normally expressed in pounds (the English 

system) or in dynes (the metr i c system), and distance in corres­

ponding feet or centimeters, torque is given in pound-feet 

or in dyne-centimeters. The torque may be positive, or negative, 

according to the direction it tends to rotate the lever around 

the pivot point . For convenience, it is deemed positive if 

the action is clockwise from the v i ewer's point of view; other­

wise it is negative. 

STABILITY OF A BODY 

The plumb-line technique points up the importance of the 

location of the center of gravity of a body to its stability, a 

condition of prime significance to all individuals , but es­

pecially to the athlete. 
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Generally speaking, a body can be said to be stable if its 

center of gravity is within its support structure; otherwise 

it is unstable. Consider the rectangular block of Figure 7.2., 

for example. The b'.ock resting on its base (Figure 7.2 (a» is 

in stable equilibrium; the sum of its torques is zero. A 

body is in stable equilibrium if it can be jostled slightly with-

out tipping over. If it is kicked no farther than shown in 

(b), for instance, it will return to its original position~ 

Otherwise, as in (c), it will continue to roll and fall to 

another base. Picture 7.3 shows a young wrestler trying to 

de-stabilize his opponent. 

The reason for the instability in position (c) is that the 

center of gravity of the block has passed to the outside of the 

support structure of the block. A vertical line drawn from the 

c.g. lies to the right of the base, thus creating an unbalanced 

torque which continues unopposed to twist the block clockwise. 

(a) 

Figure 7.2. 

(b) (c) 

Stability conditions of a rectangular block. 
(a) and (b) stable, (c) unstable. 

This block is presumed to be rigid; therefore its c.g. cannot 

be change d. However, if it were deforw~ble, one might reshape 

it to produce a more stable structure. This can be done by 

shortening the object and widening its base. It is clear that 

merely widening the base is not enough, because the object might 

a t the same tir .. ,e b e made very tall; a tall, inverte d T is not 

very stable. Just shortening the object is not adequate, eithe r, 

because it could b ecome very top heavy, like an inverted, 

truncated pyramid. But the effect of the joint deformation is 
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to lower the center of gravity. since the weight is unaffected, 

this means that a greater force for the same torque has to be 

applied to overturn the object. 

For the human body, say in a standing position, increased 

lateral stability is gained by spreading the feet apart and 

bending the knees, i.e., by lowering the buttocks and getting 

into a crouching position (see Picture 7.1). By doing this the 

effective height shortens; the bulk is lowered. Thus th~ c.g. 

is lowered and greater force has to be applied to overturn or 

destabilize the person. 

This practice is especially important for certain athletic 

events, such as defensive wrestling, in which the athlete 

strives to keep from being thrown to the mat. In tennis, too, 

it provides strong support for ground strokes, where power is 

generated off the legs. In this respect, off-balance shots are 

generally ineffective. But this is not to say that all actions 

are to be taken with the center of gravity safely nestled 

within the bounds of the support base. On the contrary, the 

center of gravity frequently shifts beyond the base of support, 

and rightly so , a fact to be kept in mind for simulation. 

While it may be best in static events to keep the c.g. well 

contained -- in lifting weights, for instance, the body has to 

shift in such a way as to keep the gravity line from slipping be­

yond the support base --, there are many dynamic situations where 

this would be highly ineffective . . For example, the simple acts 

of walking or running are almost literally acts of falling. In 

this behavior the area of support regularly reduces to just the 

area of the ball of the foot before the other leg is brought 

forward, and at this moment the center of gravity is moving well 

to the front of the support as the other leg is being brought 

into place. 

This illustrates dynamic equilibrium. It is to be distinguished 

from stable equilibrium in that the situation is constantly 

changing . The parts of the skeletal structure are shifting with 

respect to each other, and the center of gravity is shifting 
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(see picture 7.4). Indeed, this is the more normal condition in 

human movement, generally, and in athletics, spec ifically . 

Most action shots taken of athletes show that the players are 

statically unstable -- if placed in those positions they would 

fall --; yet they are not out of control dynamically, but 

are in dynamic equilibrium. Picture 7.5 is a good example. 

THE BODY AS A SYSTEM OF LEVERS 

As stated above, the body moves as a consequence of the orderly, 

organized spatio-temporal patterns of innervations and con­

tractions of musc les. Neural impulses innervate and muscle 

contracts and tends to pull its attachments toward the middle; 

the stronger the contraction, the greater the tendency to 

pull. The muscles pull against bones, which act as levers. 

For example, the coracobrachialis attaches to the scapula and 

humerus and tends to lift (flex) the arm, and the t eres major 

tends to extend the arm. Similarly, the gluteus medius attaches 

to the ilium of the pelvic girdle and to the femur and tends to 

lift the l eg out to the side (abduct the l eg), whi l e the adductor 

brevis, with others, tends to adduct, or draw the leg in. These 

and the other striate muscles act in a system in which bones 

move as moment arms or weight arms around appropriate joints. 

In other words, they can be said to form different kinds of levers. 

We have seen that a lever is an application of torque, which 

is a moment of force, i.e., a force which acts normal to (at 

right angles to) the lever arm and at some distance from a 

fulcrum or pivot point. The force tends to rotate the lever 

arm about the fulcrum, so a lever is the application of a 

rotatory force. The lever arm, reckoned from the fulcrum to 

the point of application of the force is normally called the 

moment arm, or force arm. 
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This rotatory force is directed against some resistant element, 

such as a heavy weight, with the intention of lifting that 

weight, or moving it, or otherwise doing some useful work. The 

weight is the reason for using the lever. The lever arm, 

measured from the fulcrum to this weight, is called the weight 

arm. An analysis of levers therefore involves the analysis of 

forces applied to a moment arm and forces working on the weight 

arm. 

The weight and the applied force need not be on the same side 

of the fulcrum, as the previous examples indicated. But it 

is the arrangement of these different forces on the lever that 

determines the kind of lever being used. Accordingly, there 

are first, second, and third class levers. 

In a first class lever the weight and force are on opposite 

sides of the fulcrum, as shown in Figure 7.3. A lever is in­

tended to be used to advantage. In this kind of lever a small 

w F 
r d 

Figure 7.3. First class lever. 

force can be used to advantage over a hedVY weight if a 

sufficiently large force arm can be employed. The trick is to 

counterbalance one torque with another one of opposite sign. 

Since a torque is a product of force and distance, a large 

distance can produce a large torque. This distance, d, must be 

such that F x d is at least as large as W x r, where F is the 

applied force, W is the weight against which the force is 

working, and r is the weight arm. That is, d must at least 

satisfy the equation. 

F x d = W x r. 
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Levers of this class include. such items as scissors, crowbars, 

and teeter-totters. While there are not many of these levers 

in the human body, one example is the triceps , which attaches 

to the infraglenoid tuberosity at the shoulder end of the 

humerus and at the olecranon process of the ulna at the elbow 

(Figure 7. 4 ). 

HUmerus 

Ulna 
Triceps 

Figure 7.4. First class lever at the elbow. 

In a second class lever, the weight and force are on the same 

side of the fulcrum but the weight is between the force and the 

fulcrum, as shown in Figure 7. 5. 

in the body . 

This lever is seldom found 

w F 
r 

t d 

Figure 7. 5. Second class lever. 

In the third class lever, both weight and force are on the same 

side, but the force is applied between the fulcrum and the 

weight, as in Figure 7 .. 6 .. In this and in the second class 

lever, the torque equation to be satisfied is the same as 

F w 
d 

r 

Figure 7 . 6. Third class l ever . 
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that for the first class lever, namely, 

F x d = W x r. 

Examples of this lever class are to be found in the inside 

door handle of a car, the spring pulling on the screen door, 

tweezers, finger-nail clippers, and the like. This is the 

type most common in the body. A typical example is the biceps 

brachii, which flexes the arm (Figure 7. 7r. 

Biceps 

Humerus Ulna 

Figure 7 .. 2. , The biceps brachii as a third c lass lever. 

It should be clear that in this type of lever there is no force 

advantage. Since the force arm is shorter than the weight arm, 

the force to be applied must actually be greater than the weight 

itself if the torques are to balance. There is then a force 

disadvantage. That is, the mechanical advantage -- the ratio 

of weight to force -- is less than unity. 

What then is the value, or advantage, of having third class 

levers in the body? The value lies in the gain in the speed 

of movement. In a dynamic situation the levers (bones) are in 

motion. They rotate about their joints. For these levers the 

weight end, or the end of the weight arm, being farther from 

the fulcrum than the end of the force arm, moves through a 

greater 

speed. 

distance than the force end, so it moves with greater 

Speed advantage is gained at the loss of force 

advantage . 

Even greater advantage is attained if the angle of pull is 

smaller, and this implies an even greater sacrifice of force. 
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The smaller the angle of pull, the farther and faster a given 

amount of muscular contraction moves the bone. 

From the point of view of force alone, the optimum angle for 

pull is 90 0
• At this angle no component of force acts along 

the length of bone. All of the pull tends to rotate the bone 

and the force arm actually equals the distance to the point 

of muscle attachment. At smaller angles, some part of the 

muscle tension tends to pull the bone into its joint, whereas 

at larger angles some component tends to pull the bone away 

from its joint. In either case, there is a loss of efficiency; 

power is reduced. Hence, the greater speeds at the lower 

angles is achieved only at the expense of a considerable loss 

of power. 

When a weight or resistance of some kind is engaged by muscle 

action, not only the angle of pull but also the angle of 

resistance, changes with time. 

where the applied force and the 

This is illustrate d in Figure 7.8. 

weight are at angles to the 

lever different from 90°. since the torque equation applies 

on.ly when forces are at right angles to the lever arm, the 

appropriate conversion of . values is required. This involves 

trigonometric formulas. 

F 

Figure 7.8 . Trigonometric conversion of forces. 
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The weight, W, acts on the lever arm with two componen.ts of" 

force, one along the length of" the arm and the other normal 

to it. The normal component is the effectiv e we ight producing 

a torque about the pivot point. This has the . value Wsint . 

Similarly, the force, F, acts with its two components, one 

along the length of the arm and the other tending to counter­

act the action due to the weight. The normal component has 

the value Fsin~. 

In computing the dynamic characteristics of the torques acting 

to produce movement, it is necessary to consider the changes in 

angle that take place on these forces. This can be a formidable 

task. It is the more difficult because of the many other 

variables that have to be considered. 

The human organism is seldom static. Even when at attention 

there is a normal, continuous adjustment of muscle tension to 

maintain equilibrium. Muscles fatigue and rejuvinate, re­

sistances change, the flow of innervations is fluid, mechanical 

leve rage . varies with angular position of the bones, tension 

depends on muscle l ength, and the amount of work that can be 

accomplished de pends on the tension. Somewhat like a batte ry, 

muscle appe ars to contain resistance, which consumes part of 

the energy. 

There is the additional complexity due to the ability of muscle s 

to contract finely between the very weak and very strong, de­

pending on the number of motor units stimulated, the frequency 

of the stimuli and their timing to various motor units. The 

central nervous syste m is able, in effect, to recruit any 

number of the available mot or units and stimulate them even to 

a point of great synchronicity for Herculean strength. 

Fina lly, these proble ms have to b e c onsidered in the light of 

irregular, external forces imp inging on the organism. For the 

fast-moving t ennis player, this means reacting to the ball 

and to the opponent. The physical situation has to b e surrmed up 
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quickly. Estimates are required. Relationships have to be 

perceived. Anticipations calculated. And movements effected. 

This creates a com~lex system of lever dynamics. 

ROTATIONAL DYNAMICS 

In Chapter 2 we dealt with inertia and acceleration,i.e., with 

the quality of a body that resists change in its state of rest 

or uniform motion and with the forces causing changes in the 

state of rest or motion. This yielded the Newtonian ex­

pression F = ma o 

A similar expression can be written for moments of force re­

lating to moments of inertia. In this rotational form of 

Newton's equation, the moment of force, M, is equal to the moment 

of inertia, I, of the body times the body's ·arigular 
~ .. 

accelera tion -€r. Tha t is, M = I eo-

The moment of inertia is the quality ofa body that resists 

changes in its rotational movement. It thus depends on mass, 

as in linear mechanics. But now the organization of that mass 

is a most important factor. This means that objects with the 

same mass but different structure will have different moments 

of inertia. It is this dependence on structure that permits 

the figure skater to accelerate or decelerate a pirouette, for 

by bringing his feet together and pressing his arms to the 

side he actually lowers his moment of inertia and increases 

his angular . velocity, and by stretching out the arms again he 

raises his moment of inertia and decreases angular . velocity. 

Computation of the moment of inertia is not always an easy task. 

However, for an idealized point mass at a distance, r, from the 
2 pivot point, it is given as I = mr , a formula that can be used 

as a computationa l starting point for any r ea l obj ect. This is 

done effectively by treating the obj ect as a collection of 

"point" masses and summing up their respe ctive moments of 

inertia. When the mass distribution and boundaries of the ob­

ject can be stated mathematically, the inte gral calculus can 
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be used to advantage. The moments of inertia for such objects 

as spheres and cylinders can readily be obtained if their mass 

distribution can be stated, for instance if they are homo­

geneous. Thus the moment of inertia of a cylinder rotating 

about its longitudinal axis is ~mr2, where r is the radius of 

the cylinder and m is its mass, the cylinder being homogeneous. 

In the human organism, such computations are particularly 

difficult because the body segments are not homogeneous and 

the centers of mass cannot be given exactly. Values for the 

moments of inertia of · the segments are therefore only approx­

imate as well. So the dynamics accuracy must suffer. 

Some approximations to local moments of inertia for . various body 

segments are to be found in the u.S. Air Force report number 

A}ffiL-TOR-63-l8. For this analysis, the body was segmented into 

14 idealized masses, as shown in Figure 7 . . 9. The model was 

developed to approximate the mass distribution, center of mass, 

moments of inertia, and degrees of freedom of the body. The 

analysis revealed that the segment moments of inertia about 

the mass centers of the hands, feet, and forearms are negligible 

when compared to the total body moments of inertia. 

Insofar as this model is used to predict man's mechanical be­

havior, it is of interest here. But it has limited. value in 

that the results apply. specifically to conditions of weightless­

ness. The important gravitational force for earthbound creatures 

was ignored. While its absence poses interesting dynamics 

problems, its presence poses even more interesting problems for 

our tennis player. In either situation, however, there are 

certain common dynamics problems. On the earth or in free space, 

the biomechanical properties of the bocy change when its shape 

changes. If a man moves his arms or legs, his center of mass 

and moments of inertia change. The human body is complex and 

flexible. It is v a ria ble in shape, n on-symme trical, and non­

homogeneous. In short, man is a highly resistive, deformable 

creature. Therefore his mechanical responses will be complex 

and varied. 
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Figure 7. 9. Segemented mode l . 

BASIC MOVEMENTS 

Elliptical 
Cylinder 

In any mathematical formulation of the motion of physical ob­

jects, great care is taken to iso l ate components of motion 

which are independent of one another and by means of which 

composite motions can be determined. To this end, orthogonal 

coordinates are used. The basic components of motion are thus 

reduced to at most three, each one represented as 90 0 from t.he 

others in the coordinate system. 

In order to construct a dynamics of the human organism, it is 

reasonable to follow this approach to attempt to establish 
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basic movements out of. which composite movements can be defined. 

Since the ground of human movement is muscle tension acting on 

bones, the basic elements must derive from this source. 

We have seen that when a muscle contracts, it tends to pull 

against the bones to which it is attached. Apparently, muscles 

only exert a pUll; they don't seem in any way to dictate what 

movement will actually occur. The best that can be said is 

that they tend to do what is in their capability to do -- what­

ever that might be, considering that such capability is not 

entirely visible! In any case, for 

already mentioned, a muscle doesn't 

tendencies. 

anyone of several 

always fulfill its 

reasons 

To account for these occurrences or non-occurrences, we need a 

science of human movement, one which is ultimately able to 

predict the "good feeling" the individual has when he performs 

a highly skilled action well. Such a science requires a de­

tailed development of basic movements as a foundation on which 

to build a theory. 

As MacConaill and. Basmajian point out (1969), it is necessary 

to study the means by which movements are brought about or re­

strained, including gravity, the skeletal muscles and the 

mechanics of the joints. With this in mind they make use of 

the geometry and algebra of articular kinematics and the general 

statics of antigravity musculature. Since muscles pull on 

bones, and bones join at articular surfa~es, the structure of 

those surfaces and the manner in which the muscles are attached 

to the bones should determine the mechanical action of the 

musculo-skeletal system. 

According to MacConaill and Basmajian there are only two basic 

ways in which a bone can move, namely, by spinning and by 

swinging, movements which occur around some mechanical axis. 

By spin is meant any movement in which an arbitrary point on 

the bone rotates around the axis. A swing is then a ny movement 

that is not a spin, and a pure swing is a swing with no spin 

component. 
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It is important to note that, although translatory movement is 

a common occurrence in our lives, it is not a basic movement. 

Rather, it is a composite movement, stemming from the spins and 

swings produced by muscle tension. By virtue of this fact, it 

follows that any point of a bone moving at a joint moves in a 

cur'ved line. This is obvious for spins, but it is no less true 

for swings, though the curvature may be slight, as in the case 

of the larger bones. 

In a pure swing this point moves from its initial to 
its . final position in space along the shortest possible 
curved line. This line corresponds to the meridian 
of longitude on a sphere, and to a straight line on a 
flat surface. In an impure swing the movement is always 
along some curved line other than the shortest. This 
corresponds to an arc between two points on a flat 
surface, the line of pure swing corresponding to the chord 
between the same points. For this reason an impure 
swing is called an arcuate swing. A pure swing is called 
a cardinal swing. (MacConaill & Basma jian 1969, p. 15-6) 

Movement of bones at joints is not the simple action found in 

a carpenter's hinge, where the pivotal axis is fixed and there 

is a single degree of freedom of movement . In the first place 

we are dealing with contacting or articulating surfaces. 

Secondly, the surfaces are not planar; they may be ovoid , for 

instance, or· saddle shape. And finally, one surface may rock, 

slide, roll or spin over the other, depending on the kind of 

joint. 

Ovoid surfaces are surfaces .like egg shells, . which are· convex 

on one side and concave on the other and are such that the 

curvature varies from point to point. Saddle surface s, on the 

other hand, are concave on one cross section and convex on the 

cross section 90° to the first. The two surfaces are illustrated 

in Figure 7.10. A chordal triangle is drawn on each surface to 

show the variation in curvature. 
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(a) (b) 

Figure 7 • . 10. ovoid surface (a) and saddle surface (b). 
(After ~1acConaill and Basmajian 1969) 

In synovial joints, so-called because of the viscous lubricating 

fluid in the joints, there is at least one mating pair of 

articular surfaces, each in the pair being ovoid or each being 

saddle shape. In the ovoid pair the concave is called female; 

the convex, male. In the saddle shape pair the smaller is 

called female, the larger the male. 

Considering the movements of ovoid pairs, for example, movement 

of the female surface on the male is to be· distinguished from 

that of the male on the female. As shown in Figure 7.11, a 

female surface can both spin and slide on the male surfac~. 

Also, the female surface can rock to a small extent. The 

rocking occurs during sliding and works in the same direction, 

so; that during a sliding movement the female surface constantly 

approaches the male in the direction of motion. 

Male 
Surface 

(a) 
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(b) 

Female Surface 
(rocking) 

Figure 7.11. Female surface sliding over male surface 
through angle, s, (a) and female surface 
rocking on male surface (b). 
(From MacConaill and Basmajian 1969) 

As a result of this rocking and sliding, the mechanical axis of 

the moving bone is swung through space, the total angle in an 

amount equal to the sum of the two components. As Figure 7.12 

shows, this displacement of the axis is 

a = r +. s, 

where rand s are the angular displacements due to sliding and 

to rocking, respectively. 

__ ... _ .... :"r 
Female surface at different times 

r +. s 

Figure 7.12. The combined effect of the angle of ro­
tation due to slide (s) and to rocking (r) 
of the female surface on the male surface. 
(After MacConaill and Basmaj ian 1969) 

Similarly, male surfaces both slide and spin, but they also roll 

on the female surface. Rolling and spinning are the principle 

movements of a male surface. Sliding normally accompanies 
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rolling and its direction is opposite to that of the roll. 

The mechanical axis of the moving bone is swung through space 

mainly by the rolling component of movement of the male surfa ce, 

the effect of the sliding movement being to supplement that of 

the roll, just as the rolling movement supplements the effect 

of the slide in the moving female surface. And the same 

equation results, namely, 

a = r + s. 

This is illustrated in Figure 7.13. 

2 2 
2 

1 
1 

' 3 

(a) (b) (c) 

Figure 7.13 . The effect of rolling (a) at angle ~ , 
sliding (b) at angle .~ , and combined 
rolling and sliding (c) at angle 
;r+;s. 

If we now consider the action of muscles on bone s, we see that 

the force of the pull which is exerted can be resolved into 

three components. One force, T, may be transmitted along the 

length, or axis, of the bone. Another, A, may work directly 

across the axis. And the third, R, is such as to rotate the 

bone around its axis. Thus, R is a spin component, T acts to­

ward the joint, and A is the swing component, which itself can 

be resolved into one V, acting in the vertical plane and one, 

H, acting in the horizontal plane, as in Figure 7.14. 
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v H F 

r-R+---++-f;:~ 
,~ . , t'" --------------- -+-~- T 

Figure 7.14. Four components o~a force, F, ofa 
muscle acting on a bone. 
(After MacConaill and Basrnajian 1969) 

COMPOUND MOVEMENTS 

Given the basic movements, compound movements can be de~ined in 

terms of them (MacConaill and Basmajian 1969). Thus, for instance, 

a composite movement may be defined as any single movement 

which can be decomposed into two or more basic movements, 

typically swing and spin. Even the most corrunon simple move -

ments are of this type. All hinge joints have some degree of 

rotation combined with extension or flexion. For example , at 

the elbow the ulna is pronated (medially or inwardly rotated) 

in full extension and supinated (laterally or 

tated) in flexion. Similarly, when the index 

outwardly ro­

finger and thumb 

are brought into a good posture for grasping, the terminal 

phalanx of the finger is supinated and the thumb is pronated. 

When successive distinct movements are s~rung together in such 

a way that each makes an angle with its predecessor greater than 

0° and less than 180°, a diadochal movement results. For ex­

ample, humeral forward flexion followed by horizontal extension 

is a diadochal movement having two parts. If an adduction is 

added, a three-part diadochal movement is formed. 

Other classifications are possible as well (Ra sch and Burke 1978) 
Thus for instance, sustained force movements are movements in 

which a sustained force is applied against a resistance by 

contracting mover, or agon ist, muscles, while their antagon-
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ists are relaxed. Examples include the armstroke in swimming, 

the leg thrust in a racing start, or the forehand ground 

stroke in tennis. 

MOVEMENTS IN TENNIS 

The compound movements normally exhibited in the game of 

tennis may conveniently be categorized into those motivated by 

the need to acquire information about the state of the ball and 

the players and those seemingly more productive acts aimed at 

reaching the ball and striking it. The former involves eye 

movements predominantly, though head and body movements are at 

times necessary concommitants. Discussion of possible eye 

movements will be left for the next chapter. In this section we 

shall summarize briefly those actions whose objective is to re­

turn the ball to the opposing player's court. 

Movements of the body may be divided generally into two groups: 

movements at the ball and movements away from the ball. Move­

ments at the ball are those more frequently dealt with in 

books of instruction and refer to the variety of striking 

actions with the racquet. Movements away from the ball, on 

the other hand, relate to the actions of a player in antici­

pation of ball placement by the opposition. It is evident that 

the selection and execution of .shots is critical for effective 

performance on the courts, but proper positioning certainly 

improves the player's offensive and defensive capability. 

Different game situations certainly call for individual tactical 

maneuvers, and a great deal can be said about offensive and 

defensive strategy. But here we are not concerned with func­

tional or purposive aspects of movement but rather with its 

dynamic structure. In this respect the number of possibilities 

is considerably reduced. 

Movements away from the ball are either shifting movements, in­

tended to gain a better defensive or attack position, or inter­

cept movements, designed to put the player in a position from 
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which he is able to hit the ball. They can be subtle, barely 

noticable events, or explosive, wide-ranging actions. For ex­

ample, a player might simply take a short step forward or back­

ward, perhaps to adjust to his opponent's effective serve. Or 

he could back-peddle quickly as he sees his opponent rushing 

forward to attack a short lob. At the net he might suddenly 

bolt laterally, hoping to cut off a drive down the line, or 

race to the baseline to retrieve a lob. 

During furious doubles action, all four players could be in 

continuous motion, possibly running backwards or forwards, net 

to baseline and back, taking overhead smashes, switching 

positions with partner, covering for partner's poaches, etc. In 

singles action in order to intercept the ball, a player might 

have to run all out from one side line to the other, charge to 

the net, make a diving stab at the ball, or scramble from a net 

position to deep behind his baseline. Movements away from the 

ball can thus ' range from gently walking, . side-stepping or back­

peddling movements, to aggressive running or jumping movements. 

Having maneuvered to intercept the ball, our player is now in 

a position to take striking action, which he does with one or 

another of a standard variety of strokes with the racquet. 'fhese 

strokes are usually categorized as serves, overhead smashes, 

forehand and backhand ground strokes, and volleys at the net, 

each category allowing for a wide range of structural variation. 

The strokes can be compared with the throwing motion. For in­

stance, Broer (1973) differentiates among overhead, sidearm 

and underhand throws and shows the similarity in movement be­

tween the overhead throw of a baseball and the service motion 

or overhead smash. (The service motion is also frequently 

compared to the throw of a hatchet.) The forehand shot may be 

either an underhand movement, when the oncoming ball is low 

enough, or a sidearm action when the ball is higher. The back­

hand stroke is less well characterized in this fashion, and the 

net volley is more like a catching motion. 
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As in throwing, striking action with the racquet may involve 

all or only some of the lever components of a full stroke. 

The serve, for exc~ple, utilizes leg and body motion to propel 

the service shoulder upward and forward. From this accelerating 

power base, the shoulder muscles add to racquet head speed by 

contracting. Almost immediately thereafter, elbow muscles ex­

tend the lower arm to propel the racquet head even faster, until 

at near maximum speed the wrist muscles provide the last 

impulse of force . This is a rapid sequence of basic movements, 

not all of which need be used. Thus the first step might be 

neglected, with consequent loss of power, but possibly with 

increased control . 

Striking movements also have a beginning, middle and an end, 

and the player is well advised generally to maintain a degree 

of symmetry over the stroke. That is, it takes time and motion 

to build up the speed, and therefore the power, of a stroke; 

for a given muscle contraction rate, a longer back swing is 

needed to generate greater racquet speed through the ball. 

Similarly, it takes time and motion to bring the racquet to a 

stop after the ball is hit; the higher the speed, the longer 

the follow through that is required. Roughly speaking, then, 

the extent of the follow through should be comparable to that 

of the back swing. Shortening the follow through can weaken 

the shot by biting into the last phase of the acceleration of 

the :)::acquet. 
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CHAPTER 8 

MOVEMENT OF THE EYES 

Visual perception involves neuro-motor processes in an essential 

way. Attention is directed and the eyes are oriented to some 

selected component of the environment using the oculomotor 

system. On the tennis court the player transmits n eural signals 

to the muscles of his eyes to guide them along the path of the 

ball. Activated in some complex way, the muscles contract and 

relax appropriately and the eyes and body move in some manner 

or other. Hochberg summarizes these movements briefly as 

follows: 

The observer's body is in almost constant motion in 
the world, his head is in motion on his trunk, and his 
eyes are in motion in his head. Two kinds of eye move­
ments are e ssential for the perception of moving obj ects 
by moving observers in a three-dimensional world. 
Compensatory movements permit the eye to fix on some 
target while the body moves, .. and pursuit movements 
swing the eye smoothly to obtain clear foveal images 
from moving objects. Further, accommodation and con­
vergence bring the object to which we are attending into 
clear focus and central location on the retina . 
Normal v ision would be quite impossible without the 
cooperation of all of these muscular actions, and they 
must all be taken into account in some fashion in order 
to assign any spatial meaning to a given stimulation 
of the retina. In order to know where the distal object 
is in space we have to know how our eye has moved. Only 
then could we interpret the image on the retina. 
(1964, p. 27-8) 

The functiona l relationship between muscle movement and actual 

perception of moving objects is by no means simple and straight­

forward. Very similar conditions of movement can, in fact, lead 

to quite different perceptual results. Consider the phenomenon 

in which the eye is moved across the perceptual field, say to 

follow a line of print on this page. If that movement is made 

voluntarily by the viewer, the line and page remain perfectly 

8-1 



stable in the visual field. But if the eyeball is pushed with 

the finger and thus forced to follow the line, the line is seen 

to move in the opposite direction. No matter how smoothly and 

carefully this is dor,e , the line of print goes in a direction 

opposite to the motion. 

Pushing the eye mechanically across the page isn't exactly 

normal reading practice. But it demonstrates that something 

more is involved in the voluntary movement which it attempts 

to emulate. Some additional factor, perhaps another piece of 

information, is required in the process to produce the stable 

patterned response. The reflex arc needs to be developed in 

more detail. 

In Chapter 4 it was argued that the space of mental representa­

tions . acts on the stimulation patterns to produce the response. 

In Chapter 9 we will see that Pribram argues that the brain acts 

on the input system and thus controls the nature of the stimula­

tion and also modifies it. In another view, Hochberg claims that 

there must be an intervening higher-order variable between the 

external objects which are perceived and the patterned 

responses which result. 

Whenever observers agree about what they see, the 
following must be true. No matter how complicated the 
stimulus is, and no matter how great the effects of past 
experiences (and of other known factors), there must be 
some discoverable psychophysical relationship between 
the objects viewed and the perceptions that result. If 
there were nothing in the stimulus pattern to govern 
the response, there obviously could be no agreement 
(except by chance) among observers. If combining two 
stimuli changes their appearance, then there must be 
something about the combination itself which elicits 
that change. That is, in addition to the local physical 
characteristics of each stimulus, the relationship be­
tween them may be an important variable. A relationship 
that exists between individual measures is called a 
highe r-order variable. (1964,p. 74) 

The higher-order variable is a measured relationship between 

individual measures which serves to explain the peculiar 

properties of a perceptual phenomenon , such as the stability of 
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the line of print on the page. Another example is the ratio of 

the light energy of adjacent regions in an optical array. 

Whereas the measurrs of the absolute values of the energy of 

those regions would be inadequate to predict the lightness 

perceived, the ratio of those values could possibly do so. 

Again, consider the gradient, which is the rate at which a 

property changes over some region of space. This variable 

might provide an explanation of size-constancy, for instance. 

In effect, it identifies a relationship which characterizes the 

manner in which the visual system perceives physical space. 

The ultimate aim in the search for the higher-order variable 

is the discovery of the basic laws at work in perception. 

These are the laws in accordance with which the neural mechanisms 

operate and by means of which it can be predicted what an ob­

server will perceive if given a specific configuration of 

stimuli. 

MOTION PARALLAX 

Hochberg (1964) claims "if. we consider the higher-order variables 

which result from the observer's own motions, the stimulation 

of the eye is completely unambiguous -- at least in principle" 

(p.94). The view of an object from a single perspective may 

be ambiguous, but the ambiguity can be reduced as a result of 

successive presentations from different perspectives, the 

change producing what is known as motion parallax. 

By incorporating the effects of motion parallax, "the informa­

tion economy of seeing only one spatial arrangement -- the true 

or veridical arrangement -- becomes overwhelmingly greater than 

that of any other. In fact, it appears that, if he uses all 

of the visual information that is available, there is no way 

at all of fooling an observer, once we let him dete rmine his 

own movements" (p. 97). 
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Underlying this phenomenon may be a higher-orde r variable 

which Hochberg identifies as the gradient of expansion. When­

ever the observer moves toward a rigid surface, the elements 

of the field undergo a process of expansion, and this gradient 

"forms a pattern which will be different for each orientation 

of the surface, for each direction and speed of motion of the 

observer, and for each distance of the observer from that 

surface" (p. 97). 

In the game of tennis, motion parallax appears in the form of 

a rela ti ve displacement in the visual f ie·ld of the ball, net, 

other players, surface lines and backdrop. Except as modified 

by the independent motions of .the ball and other players, the 

displacement is naturally greater for nearer objects and less 

for those farther away. The speed and direction of the per­

ceiving player's motion clearly determine the extent of the 

parallax; the faster and more nearly at right angles to the 

line of play the motion is, the greater the parallax. 

The boundary lines and texture of the playing surface of the 

court are particularly useful in depth perception, because it 

is the gradient of the motion parallax that provides the key 

source of information. In the absence of any other data, two 

isolated points cannot be seen in clear depth when the observer 

moves. What is lacking is the cohesive quality provided by 

the gradient, which yields the visual array of points converging 

to the horizon. 

The gradient and movement are intimately related in that the 

gradient underlies the phenomenon of parallax , which movement 

generates, and at the same time defines the perceptual . space 

within which the movement itself occurs. They are two aspects 

of the perceiver's unified patterned response, two aspects of 

his behavioral environment. 

Unfortunately, there is virtually no information concerning the 

physiological processes involved in the perception of the 

gradient. Presumably we have adapted to some such real 

8-4 

t.... _ 



characteristic of the world. But the precise manner in which 

it is used or the specific neural mechanism by means of which 

the pattern occurs remains unknown. 

ACCOMMODATION 

While the utility of the gradient as a cue to depth is in doubt, 

there are other cues whose physiological attributes are more 

visible. One of these is accommodation, which utilizes the lens 

of the eye. As a movement in place, accommodation defines the 

ability of the perceiver to change the curvature of the lens 

and thus to shift his gaze along the line of sight from an ob­

ject at one distance to a second object at a different distance. 

Contracting the ciliary muscle loosens the suspensory ligament, 

thereby reducing the tension on the lens. Because of its 

natural elasticity, the lens settles into an increased curvature, 

reducing the focal l ength and bringing nearer objects into focus. 

The reverse occurs when the ciliary muscle is relaxed; the liga­

ment is stretched and tension on the lens is increased, 

flattening it out and increasing its focal length. 

Accommodation, particularly for near . vision, is under 
the control of the parasympathetic nervous system • 
The pathways for this control have been traced from the 
pretectal region in the midbrain to the Edinger-West­
phal nucleus through the oculomotor nerve to the ciliary 
ganglion and the short ciliary nerves to the ciliary 
muscles. While it is widely believed that the visual 
cortex plays a role in accommodation, the question of 
pathways from the cortex into the reflex loop governing 
accommodation is in dispute. Thus it is undecided 
whether the cortical influence acts in the pretectal 
r egion, in the colliculi, or in the Edinger-Westphal 
nucleus. In any case, even if the cortex does playa 
role, accommodation is probably not under direct 
voluntary control. (Kaufman 1974, p. 242) 

If the object of the observer's attention is in focus, the 

appropriate neural signals having been sent and the ciliary 

muscles appropriately tensed, the proximal image will, for a 

reasonably 

should the 

normal eye, be sharply etched on the retina. But 

object, a tennis ball, say, move slightly out of 
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focus, blur circles will occur around the i mage and accommo­

dation must take place in order to bring the object back into 

focus. Indeed, for Kaufman, 

it is the blur circles that trigger the occurrence of 
the accommodation of the lens . , but these blur 
circles are effective only if the subject turns his 
attention to the object producing the blurred image . 
Thus it is that accommodation involves a voluntary act 
indirectly and must ultimately b e initiated by events 
in the cerebral cortex. The way in which these cortical 
events serve to activate the portions of the autonomic 
nervous system involved in the accommodative reflex is 
clouded in mystery. At a less profound level, there is 
some mystery as to how the relative amounts of blurring 
of objects at different distances may be used as a cue 
to depth. (1974 ,p. 247) 

There is some evidence to indicate that the direction of 

correction, or accommodation, occurs in accordance with the 

color pattern of the blur circles, which have a blue fringe 

around a red center if the image comes to a focus in front of 

the retina and a r e d fringe around a blue center if the image 

focuses behind the retina (this because of the higher re­

fractive index of blue as compared to red light). But the 

magnitude of the correction cannot be so determined, because 

the value is affecte d by pupillary diameter, which change s with 

accommodation and convergence. 

Astigmatism may be another source of information. This asym­

metrical chromatic aberration, which may be diff e rent in the 

two eyes, produces a higher optical powe~ on one axis than on 

the other. A point source of light, stretched by astigmatism 

into a line along each axis, will focus as a line at one 

position for ·the higher power, say the vertical, axis and in 

another position for the lower power, or horizontal, axis. 

Between the two positions is the sO-called zone of minimum con­

fusion. The position of the retina relative to this minimum 

zone will d etermine whether the proximal image is a blur e llipse 

with a major vertical or major horizontal axis. Should the ob­

server learn to judge the location of the minimum confusion zone 

relative to the retina, he could conceivably use the blur data 

to accommodate accurately. 
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. .For Kaufman (1974), therefore ·, the blur circles, more than 

accommodation, are the cues to depth, inasmuch as they are the 

source of information. The curvature of the lens, itself, is 

"irrelevant to depth judgements, . since it simply serves to get 

one object imaged sharply, and the blur circles around more or 

less distant objects tell us that they are not in the same 

plane as the object of regard" (p. 250). This is consistent 

with the fact that we are able to make depth judgements outside 

of the range of the physical capability of the lens to accommo­

date. 

In any case, accommodation deals only with the radial component 

of motion of the distal stimulus; the change in lens curvature 

applies only along the line of sight from the eye to the ex-

ternal object. But the object may have a tangential component 

of motion as well. In this event, when one eye follows the ob­

ject, the other eye will behave in characteristic fashion de­

pending only on the directions of the components. Thus there 

may result vergent or conjugate eye movements. 

VERGENCE AND CONJUGATE MOVEMENTS 

There are two possible radial motions. -- toward and away from 

the eye -- and an infinite number at right angles to them. But 

here we confine attention to the horizontal plane and consider 

two tangential motions, left and right. Since the eyes 

happen to be tied functionally, the effect is to create four 

movement pairs: two of which are called disjunctive, or 

vergence, movements (convergence and divergence) and two con­

jugate movements. 

To illustrate what is involved, suppose a tennis ball is at a 

line-of-sight distance, r, from the receivin g player at time, 

t, and moving to the right with no r adial 

city, r,6e/ ,D..t, as shown in Figure 8.1. 

compon ent at a velo ­

After a time, D t, the 

ball will have moved a distance r ~€t and the left eye, pursuing 

it, will have rotated clockwise through an angle c.~ to keep the 

ball in view. Meantime, the right eye, too, will have rotated 
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Figure 8.1 Conjugate Movement. 

clockwise through a small angle even though it might have been 

occluded. The two eyes move together in this conjuga te fashion 

as if they were yoked. 

However, suppose that the ball at the same line-of-sight dis­

tance has both a tangential and a radial component of velocity, 

(Clr/tlt, rllt7/tlt), as in Figure 8.2 • 

.6r 

r 

1\ 
/ B 

Aff/ 
/ 

/ 
I 

/ 

Figure 8.2 Disjunctive Movement. 
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In this case, after a time, ~t, the ball will have moved to 

the point B and the left eye will have rotated through the 

angle ~$ again. The proximal image, too, will have t e nded to 

move across the retina along essentially the same path as in 

the first case when the object moved to point A. The right eye 

will also have moved, but this time, rather than rotate clock­

wise, it will have rotated counterclockwise. The two eyes 

move counter to each other in a convergence movement, yet the 

proximal image motion is essentially the same as before. The 

only apparent diffe rence is the occurrence of accommodation. 

In the conjugate eye movement, signals to the right eye cause 

it to do what the stimulated left eye does. But in the dis­

junctive eye movement, "it is clear that accommodation is in­

volved in reversing the sign of the signal that instructs the 

non-stimulated eye to move whe n an image translates across the 

retina of the exposed eye" (Kaufman1974, p. : 253) for there is no 

apparent difference in the stimuli to the exposed eye in the 

two cases. 

In short, if an image were to move from one point on 
the retina to the other and not change in clarity of 
focus, the two eyes would move toge the r as the exposed 
eye tried to keep the image in the fovea. On the other 
hand, if the image we re to move and change only in 
clarity of focus, then the two eyes would counter­
rotate as the exposed eye tried to keep the image in 
the fovea. (Kaufman 1974, p. 253) 

Vergence and conjugate movements involve different nerve centers 

and are essentially independent of each other. Suppose 

that a centrally located point were brought close enough to the 

nose that the eyes had to converge to their maximum amount to 

keep it in focus and that the point was then displaced laterally 

to the right, say. Following the point under these conditions 

the left e ye turns even more than it did from converge nce alone, 

. indicating that convergence and conjugate movements are additive 

or superimposable but diff e r ent systems . 

Response times are also different. For convergence, the reaction 

time is about 160 msec.; for conjugate pursuit movements it is 
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about 125 msec. Convergence to a new position may take as 

long as 800 msec., while saccadic conjugate movements ~- the 

corrective jumps that occur when the eye has drifted but a few 

minutes of arc from the fixation position -- take about 200 msec. 

In the above we considered only those cases where the tangen­

tial motion of the ball was to the right and the radial motion 

was toward the player, but the reverse cases obviously yield 

similar results. If the ball moves tangentially left, the 

occluded eye will follow the stimulated eye. And if the ball 

moves away from the player, the occluded eye will move counter 

to the movement of the stimulated eye. In this divergence move­

ment, accommodation again causes the signal to the occluded eye 

to reverse sign. 

BINOCULAR STEREOPSIS 

Now if both eyes are able to view the ball, there occurs yet 

another source of depth information, stemming from the fact that 

each eye sees the wor ld from a slightly different direction, 

from a different perspective. Attention to an object has a 

way of inducing an action of motor fusion. 

changes the . vergence angle. so that the lin.es 

That is, attention 

of sight from the 

eyes intersect at the object, the images are brought into 

approximate coincidence, producing visual disparity, or 

parallax, and somehow the two images are fused into one, 

producing what we recognize as a single object. 

This fusion can occur even when accommodation is not possible, 

so apparently the vergence movements in the two cases must not 

be the same. Indeed, according to Kaufman (1974): 

Convergence due to . disparity or double images is 
different from convergence associated with accommodative 
changes. Under normal circumstances accommodation and 
doubl e images supplement each other. As attention turns 
to an object at some new distance, the state of 
accommodation changes, the pupil of the eye constricts, 
and the amount of disparity decreases to provide a 
sharp and fused image. Convergence b e havior is also 
exhibited by people who cannot accommodate -- i.e., when 
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the accommodation is artifically paralyzed . • . as well 
as when the lens is removed surgically. Though c enters 
in the midbrain mediate the vergence response, people 
can learn to exercise voluntary control over the extra­
ocular musculature and cross or diverge their eyes at 
will. It appears that the cortical centers involve d in 
fusional vergence differ from those in accommodative 
vergence. Moreover, such vOluntary changes in vergence 
may lead to subsequent change in accommodation. It 
is common observation that when the eyes are crossed 
voluntarily the re is a period of blurred vision that may 
subsequently clear up. Hence the two systems of fusional 
and accommodative vergence are not totally independent 
of each other. (p. 256) 

If the visual field contains two objec.ts, at different distances 

from the eyes, changing. vergence to eliminate the disparity.of 

. one may still leave the other one disparate. That is, swinging 

the lines-of-sight from the two eyes to intersect on one of the 

objects and thus to bring the disparate images of that object 

into coincidence, may leave the images of the other object 

separate. There could still be a difference in the horizontal 

angular separation of the two images in one eye and that in 

the other eye. 

If the fixation point happens to be intermediate to the two 

objects, both of them might remain disparate though not to the 

same extent as in the first situation. "As a matter of fact, . . . 
the total disparity is constant regardless of flxatlon." Re-

lative to a particular scene, the disparity is invarient and 

"mathematically sufficient to denote the depth relations of the 

two objects. The depth response due to relative disparity, as 

opposed to convergence per se, is known as binocular stereop sis 

or simply stereopsis" (Kaufman 1974, p. 256). 

Stereopsis, it must be repeated, is the experience of depth 

and not the mere occurrence of an intersection of lines-of­

sight or coincidence of images. Since disparity leads to 

vergence and stereopsis depends on disparity, convergence and 

stereopsis are obviously very closely r elated ; but they are 

not the same. "Though eye movements have b een shown to enhance 

stereo acuity 

for stereopsis." 

, changes in convergence are not needed 

(p . 268) The mere fact of coincidence is not 
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sufficient to produce the experience of depth, but neither 

is convergence nec e ssary. The depth effect has been de mon­

strated unde r the illumination of a scene for a short enough 

interval of time as to eliminate the possibility of active 

vergence, which takes at the least about 160 msec. This means 

that active vergence is not essential and also "suggests furthe r 

that disparity may induce a de pth effect in its own right and 

in relative indepe ndence of convergence" (p. 268). 

Depth information may neverthe less b e a byproduct of conver­

genc e activity controlled by disparity of . visual images (Kaufman 

+.974). The signals to converge or diverge the eyes to see 

double images as single may be registered in the brain to 

indicate the distance to an object . Support for this "outflow" 

theory derives from the fact that visual portions of the cere­

bral cortex as well as the motor cortex are involve d in 

convergence. 

In binocular vision the world is seen . via two overlapping fi e lds 

(Figure 8.3). Angular dimensions of the fields are shown in 

Figure 8.4. The fronto-parallel plane cuts through the fields 

normal to the line from a point half-way betwe en the two eyes -­

the point of the so-called Cyclopean eye, providing the primary 

visual direction of subjective. space. In this respect the world 

is seen as one, though both eyes are stimulated. The maximum 

width of the monocular field is between 90 degrees and 115 degrees 

of . visual angle, depending on the size of proj e ction of the nose. 

The binocular field is flanked on both sLdes by a monocular 

field of about 30 to 35 degrees. 

When the eyes fixate a point in space there is a retinal element 

in one eye which is associated with a retinal e lement in the 

othe r eye so that, when stimulated, they b o th give rise to the 

same subjective visual direction. These ele ments are said to 

b e corresponding points . Thus, whe n the t wo re tina s a r e s t imu­

late d on corre sponding points (by any me ans whateve r), the ob­

ject is s een localized in space at the intersection of the line s 

of direction from the two e yes (Haber and Hershenson 1973). 
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Figure 8.3. Binocular field of vision projected onto 
a fronto-parallel plane. 

The idea of corresponding points thus involves the notion that 

stimulation of the eyes in a certain. way results in singleness 

of perception. 

ACCOrding to Haber and Hershenson (1973), 

There is a strong neuroanatomical basis for the single­
ness produced by stimulation of corresponding points of 
the two retinas. The receptive fields of most ganglion 
cells in one eye are represented in the same column of 
area 17 cortical cells as the receptive field from the 
corresponding retinal area of the other eye. In 
addition, most of the cells recorded from area 18 are 
binocularly driven, that is, respond to stimulation 
from either eye. In such cases, they are responsive 
only to stimulation falling on corresponding points of 
the two eyes. this forms part of the basis of 
stereopsis depth as well. (p. 312) 

In Figure 8.5 the eyes are shown to fixate on the object F. 

Objects like A, which lie on the horopter -- the curved plane 

through F whose points are roughly equidistant from the per­

ceiver --, will project onto corresponding points on each retina. 

But objects like Band C which are not on the horopter will pro­

ject on disparate points of the retinas. This binocular dis-
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Figure 8.4. Angular dimensions of visual field. 
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parity is the. source of information for stereopsis, and indeed, 

it is the only source of information necessary for stereoptic 

depth, according t~ Haber and Hershenson (1973) . Thus: 

In this sense, stereoscopic depth appears to be an 
independent aspect of depth available to us, available 
because we have two eyes with partially overlapping pro­
jections. It adds some resolution to our perception of 
depth, but it clearly is not the most important part. 
We have quite adequate perception of space with only 
one eye. This can be verified by covering one eye to 
see how easy it is to locomote and to perceive 
correctly the spatial arrangements in the visual world. 
Stereopsis does increase the v ividness of depth - - near 
objects are seen more vividly in front of far ones when 
seen . with two eyes than with one. But even with one, 
the visual world rarely deceives us. Stereopsis also 
permits very close judgements of depth for stationary 
perceivers. This may be important to a creature that 
works with his hands. Thus, in terms of the evolution 
of the human brain, disparity may have played an im­
portant role. (p. 315) 

Ball 

------ Horopter 

Figure 8.5. Relationships for corresponding points 
and for disparity. 

Suppose now that the observer is the receiv ing tennis player 

and tha.t the object of fixation is the tennis ball frozen in 

position in its trajectory. The point A in Figure 8.5 would 
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then represent segments of the playing surface, net, or side 

screens lying in the horopter for that fixation point, and 

points Band C would represent segments lying in front of, or 

behind, the horopter . 

In the next moment, sayan increment of time L:> t later, the 

ball will have moved another increment of distance .6 s. 

Assuming 

the line 

that the component of this vector change normal to 

of vision of the 

simultaneously rotated to 

player is not zero, if the eye is 

keep the ball in the center of the 

fovea, there will be a displacement of the proximal image of 

the rest of the objects in the view. The angular displacement 

will correspond in magnitude to the angle of rotation of the 

eye and be opposite in sign. 

In the same interval of time, however, the player will have 

moved a distance Lld. If the fixation point were to remain 

stationary and there was a lateral component of the player's 

motion, there would then be a parallax effect in which the ob­

jects on the far side of the fixation point shift in the visual 

field in the direction of motion and those on the n e ar side 

shift against the direction of motion, as shown in Figure 8.6. 

Fixation 
Point Displacement of 

:~~~ __ ~::~==::~~~:::= ________ ~~~Far Object Motion Of ..6 d 
Observer 

Displacement Of Near Object 

Figure 8.6. Parallax effect due to motion of observer. 

Instantaneously, therefore, there is a superposition of two 

visual effects, the one t ending to rotate the whole visual f ield 

as a unit and the other tending to shift the far objects of the 

field in one direction and the near objects in the other dir­

ection. If the eyes were able to remain fixated on the ball the 
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whole time, this phenomenon would occur continuously over the 

full span of the trajectory. Of course, the actual perceptual 

results depend on the extent of each of these visual effects 

and others, such as those due to corrective saccadic and random 

micro-saccadic movements, accommodation, . vergence movements, 

blinking, shift in attention, reaction times, degree of concen­

tration, temporal resolution, etc.; but considered in isolation 

the two effects appear at least to be additive. 

In any case, the ball is sampled visually some number of .times 

during the course of:. its trajectory. This sampling is represented 

schematically in Figure 8.7. The receiving tennis player is seen 

fixating on the approaching ball at points Fl through F4 from 

positions Pl through P4 , respectively, while moving to intercept 

it. In the aggregate, then, the . visual f:ield is seen to shift 

slightly to the left, while near surf:aces glide more swif:tly 

left due princ~pally to motion parallax. 

In general, 

the pattern 

this shif:ting f:rom one position to another causes 

on the retinas to change from 

to another, and more continuous movements 

one stationary array 

through space create 

corresponding retinal images that are "better described as 

f:lowing according to certain systematic rules," according to 

Haber and Hershenson. Indeed, for an observer moving forward, 

the transformations of the visual field appear as 
projected on a spherical surface surrounding the head. 
The horizon, stars, and field of . view ·upward do not 
move. However, the ground below him and the world flow 
past him in a continuous stream. This flow is a 
con.tinuous transformation of the surface of the earth, 
and no matter which way the observer looks, the flow 
decreases upward in the visual field and vanishes at 
the horizon. In this sense there is a perspective in 
the flow. The rate at which an element flows, holding 
the locomotion constant, is inversely proportional to 
its physical distance from the observer so that the 
flow decreases the farther away are the stimulus ob­
jects. The geometry of this decrease is the same as 
that for stationary objects. In this sense the flow 
produces a gradient or change in parallax. 
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Figure 8.7. Representative fixation points on moving 
tennis ball. 
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The gradients of continuous transformation of angular 
separation of points in the field, which is a consequence 
of the movement of the perceiver, is called motion 
perspective. It is a transformation of pattern rather 
than a simple comparison of velocities as is motion 
parallax. Parallax arises when the perceiver moves his 
head from side to side in order to obtain depth infor­
mation. The relative velocities of the displacement 
of two objects associated with such movements is con­
ceived of as a cue. Motion perspective arises when a 
perceiver is locomoting in space and the retinal 
gradients of velocities are associated with the movement 
across the ground surface. Thus motion perspective 
is the more general source of information. 

The direction and speed of motion within this perspective 
flow. vary independently. The direction of the flow as 
a visual impression depends on the physical direction 
of movement of the spot in question and the direction 
of regard. When looking ahead, the flow is downward, 
when. looking to the right the flow is to the right, 
when looking to the left the flow is to the left, and 
when looking behind the flow is upward. Thus the . visual 
field appears to expand outward from a focus, the focus 
being that point toward which the observer is moving. 
If he changes direction, the focus also shifts. In 
this sense the visual perceptual system always provides 
a 'point of aim' for a perceiver who is moving in. space. 
Thus the direction of movement is always present in the 
stimulation reaching the eye, even if it is sensed 
directly as change in body position rather than change 
in perceptual qualities. (Haber and Herschenson 1974, p.320-1) 

This treatment of motion perspective derives from the work · of 

J. J. Gibson (1959 and 1966) and expresses the psychophysical 

theory of visual space perception. (While a Cyclopean. view 

was assumed in the discussion of his . views of visual trans­

formations due to motion, it is clear that binocular effects 

would yield additional information stemming from the disparity 

between patterns on the two retinas.) The argument by Gibson 

is that there is enough information in . visual perception to 

generate the perception of space, that :lOthing else is needed. 

As Haber and Hershenson (1974) put it, 

(for) Gibson, this tremendously informative (although 
complex) stimulation produces a scale for the . visual 
world. The changes in this scale over the pattern and 
across time over changing patterns could arise only if 
the scale of the visual Vlorld were constant -- the space 
between objects in the distance is specified in the same 
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units as that between near objects. It is the recog­
nition of this scaling as a consequence of the spatial 
and temporal patterning of the information at the 
retina that has led Gibson to argue that perception of 
space is given directly. The 'superstimulus' contains 
all the information necessary for direct perception of 
space and our movement within it. (p. 324) 

The difficulty with this theory is that it remains speculative. 

For space to be given "directly", the mechanism must be dis­

covered whereby the "superstimulus" is detected, and so far such 

a neural network has not been found. A very large logico­

neural gap has therefore to be filled if a program is to be 

designed to stimulate the process. It remains to be seen if 

this mechanism can be formulated adequately. 

DISTANCE TO THE BALL 

An outflowing signal from the brain to the muscles of the eyes 

to converge the lines of sight on an object might be a correlate 

of the distance to the object. If such a signal actually exists, 

could th.e brain monitor and use it to compute distance to a 

moving tennis ball? What might the correlation be? 

The physical distance to the ball at any moment can be expressed 

as a trigonometric function of the distance between the eyes 

and the convergence angle when the lines of sight intersect 

at the ball. This gives the angle of image disparity, or 

parallax. This form of parallax is called ab solute disparity 

or absolute parallax, because it admits of only two points of 

perspective, viz.; the two eyes, which are a fixed distance 

apart. One need only imagine that it results from opening and 

closing the eyes alternately to relate it to motion parallax. 

Perspective is thus seen to change from that of the location 

of one open eye at one moment to that of the location of the 

other eye opened at the next moment. The angle of convergence 

required to get the images of Lhe ball centered on the two foveas 

is the so-called absolute parallax, or absolute disparity. 

This is shown in Figure 8.8 as the angle 0<:.. 
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. : ~ Figure 8.8. Absolute Parallax. 

If the ball is positioned such that the perpendicular bisector 

ofc< divides the interoccular distance, s, into equal parts, 

<>< is given by 

tan (0</2) = s/(2d). 

For small angles, 0<:, or large distance, d, tan (0</2) =0</2, so 

. 0(= sid, 

and d = s/oC 

Geometrically speaking, therfore, a knowledge of the convergence 

angle is pufficient in this case for the bra~n to estimate a 
,," 

distance to the ball, since the interoccular distance is a 

constant baseline reference. 
; 

Special cases occur when the ball is on the normal from the 

baseline to one or the other eye, as follows: 
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d 

s 

The convergence angle is then simply 

tan C>C = s/d, 

and d = s/tanOC. 

If the perpendicular projection of the ball is a point interior 

to the interoccular line, given the signals for convergence 

angles 0<1 and 0(2' a solution can be obtained from the acute 

angle triangular relationship as follows: 

tanoCr = d/s l , or .. sl = d/tan 0<'1 

So (s - d/tan 0.::: 1) tanOC 2 = d, 

tanCX"2 
stan 0(2 - d 

tan 0(1 
:::: d, 

and 

So d = stan 0( 2/ (1 + tan ex: 2/ tan 0( 1) • 

By making use of the law of sines, a general solution for the 

distance from one eye (rather than the perpendicular) is 

readily obtained given two angles. 
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sin 0.(1 sin 0<: = 
d' s 

0<., 
d' 

sin 0('1 
or = 

sin ex:: 
s 

The distance from an eye seems less complicated than the more 

subtle distance from a baseline which requires as well some 

indication of perpendicularity. But the question still remains 

how much of this kind of information is actually used by the 

nervous system in the context of a game. The speed with which 

the tennis ball moves makes it appear unlikely that a measure 

of absolute distance is useful. By the time a computation has 

been completed, it seems already too late to use the information, 

for the position of the ball might well have changed considerably. 

Suppose, for instance, that a fairly routine shot were made. 

A flat shot or a serve, for example, might easily travel more 

than half the distance of the court in a second, say. This 

could be an average velocity about 40 feet per second. So the 

ball would travel about .040 feet in a millisecond, and in the 

minimum time required for the eyes to converge (about 160 msec.) 

it would already have moved away more than 6 feet. This alone 

is a sizeable error. It can only worsen if the computation 

time for distance is factored in. In fact, unless some kind 

of anticipatory behavior or feedforward mechanism were invoked, 

the ball would always appear to be a step or two ahead of the 

vergence function and therefore convergence at any specific 

point in its trajectory would be impossible. 

TRACKING MOVEMENTS 

Use of scale-of-space detectors, either alone or with other 

mechanisms, is an intriguing possibility 

velocity information, in other words for 
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if the detectors were expected to be used to follow a hi<;!h 

speed ball, the neural logic would have to compensate some~ 

how for the long latency periods that are involved, from the 

receptor to the decision level. 

Although at the receptor level the latency time is . very small, 

providing very fine temporal resolution, beyond that stage the 

resolution decreases dramatically. Between receptor stimula­

tion and area 17 excitation, 50 to 150 ms elapse, and for 

resolution of temporally separate impulses of light the pulses 

have to be spaced between 10 and 100 ms apart, depending on 

the state of light adaptation. Indirect measures indicate 

that for reactions which involve a single choice, 200 ms might 

be required for cortical handling of the decision processes 

(Haber 1969, p . . 120). 

When the amount of light is high, as would be the case under 

normal lighting conditions, temporal precision amounts to 10 ms, 

or less. In this time period, a ball speeding along at the 

rate of 140 miles/hour (the current upper limit for tennis) 

will travel a distance of 2 feet or so. Visual acuity along 

the line of motion must therefore have a best value of two 

feet, which means the ball could be anywhere along that segment 

of path at that (10 ms) moment. This temporal summation 

apparently goes on in the retina, though; not at the receptor 

level. 

If the eyes happen to be fixated at this "moment", the ball 

should most certainly project as a streak on the retina and 

might thus stimulate a movement detector cell. However, since 

these phenomena are properly indistinguishable as to time, 

a displacement might not be noticed until the next moment, or 

possibly even the one after that. Eventually, though, a 

saccadic movement must be initiated to keep the ball centered 

on the fovea. But this movement has a latency, according to 

Haber and Hershenson, about 180 to 250 milliseconds (1973). 

(However) if the perceiver has prior knowledge of the 
time and direction of the shift, he can start his move-
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ment somewhat faster. The estimate of one -fifth of a 
second is probably more representative of real life. 
Once initiated, the movement itself is very fast. For 
example, only about one-tenth of a second is needed 
for a forty-degree movement (400 degrees per second). 
Velocities are faster for larger movements, approach­
ing 1000 degrees per second for a 90-de gree shift. 
The movement time for a return sweep after reading a 
line of print is about 50 milliseconds, and is relatively 
independent of ~he length of the line. 

Saccadic eye movements are ballistic movements -- like 
those of bullets or rockets -- in that their path and 
distance are completely determined prior to the actual 
motion. Just as the path of a bullet is specified by 
the direction in which the gun is pointing and the 
initial force of the propelling charge, the path of a 
saccadic movement is determined by a program which 
issues efferent commands to the muscles to move the 
eyes to a new fixation. Thus, once programmed, a 
saccadic eye movement will proceed to its destination 
unchanged, even if new visual information is added 
after the programming but before the movement. starts. 
·(Habei: 1969, p. 207) 

Saccadic movements are to be distinguished from conjugate 

pursuit movements, the latter being smoother but also slower, 

and becoming difficult at target speeds approaching 120 degrees 

per second. Also, as we saw above, the pursuit (or conjugate) 

movement has a reaction time about 125 ms, so very likely a 

different control system is used. Occasionally, pursuit move­

ments are combined with saccades, as when an error occurs and 

a rapid correction is needed. 

Experiments invoking pursuit movements normally involve ob­

jects moving across a screen, so convergence plays no part. 

In ball tracking, however, both radial and tangential components 

of motion are to be followed, and this may in fact utilize both 

vergence and conjugate circuits. This is a logical possibility 

since it appears the two mechanisms are independent of each 

other. 

In ball tracking, the angular rate limitation of pursuit mo ve­

ment can be expressed as a limitation on the lateral component 

of velocity of the ball relative to the receiver, who may him­

self be in motion. Since in rotational motion the rim speed 
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increases with radial length, for a given angular rate of 

rotation, it is clear that the limiting condition is more 

severe when the ball is closer to the receiver. If for in­

stance the ball moves as shown in Figure 8.7,the lateral 

component of velocity changes from an initial relatively small 

value as it leaves the opponent's racquet to a relatively large 

value as the receiver hits it. In fact it approaches the 

horizontal velocity of .the ball, because the ball passes on 

the player's right and he turns to . view it as he hits it. 

We have seen that, due to a normally significant radial component 

of velocity, accommodation and convergence movements could be 

involved in ball tracking, though the mechanisms that might be 

employed would have to be able to overcome severe latency 

problems in order to be able to perform at all, let alone track 

with high accuracy. 

For pursuit movements the latency problem is not nearly as 

severe, particularly because saccades can be used to make 

corrections. High lateral components of velocity can of course 

occur. For example, when the receiver makes a forehand or back­

hand return shot, the lateral component almost equals the 

horizontal velocity of the ball. The reason is that the 

player's line of sight turns with the ball motion and is 

practically at right angles to its path at that time. By then, 

however, tracking is useless anyway; because of the refractory 

period the player is already committed to action based on 

earlier data. So the hign lateral motioll fails to be significant 

Bizzi (1973) says that compensatory movement can be programmed 

in head-eye interaction, using vestibular information from our 

biological inertial guidance system -- the ear. Such a mech­

anism might be available for tracking as well, though for this 

purpose it would have to be even more elaborate. The target 

and head are now no longer stationary; both the ball and 

player are moving in complex ways. Fixating on the ball is 

therefore more difficult, and translational as well as rotational 

body data have to be maintained. Just how this is accomplished 

is not known. 
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Even the use of the presumably more direct motion detectio" 

cells would not be without its problems ~n tracking. For one 

thing, the eyes must first focus on the moving ball in order 

for the detector mechanism to be engaged, and this brings the 

aforementioned eye movements into play, with their attendant 

problems. Besides that, however, the relationship between the 

moving distal stimulus and the moving proximal stimulus is 

very complex. The relationship is by no means one-one, either. 

It is in fact many-many. The same proximal image can be laid 

down by many different ball trajectories, and by virtue of the 

fact that the eye-head-body system is in motion, a given ball 

trajectory can lay down many different proximal images. The 

motion data may thus be only one of many different pieces of 

information to be incorporated into the tracking capability, 

and at one time or another anyone or all of .the various visual 

mechanisms may be at work. 

READINESS TO RESPOND 

The possibility that different combinations or all of the eye 

movements may be active at any time naturally complicates 

matters. But it also suggests that anticipation occurs as a 

general condition of movement. In order to track a ball that 

has vertical and horizontal tangential as well as radial 

components of motion and that changes direction and velocity, 

it would seem that some degree of anticipation, or readiness to 

respond, is essential. 

Even the simplest tracking task requires such readiness, 

according to J. G. Taylor, because the readinesses are inherent 

in the nature of perception. Interpreting this theory, 

Kaufman (1974) has the following to say: 

(Any) perception is merely the complex set of simultan­
eous readinesses to r e spond behaviorally to obj e cts 
affecting the sense organs. Thus, perception is not a 
picture formed on the inner screen by the sense organs. 
The sensory events produce readinesses to respond -­
tendencies toward effe rences -- which themselves 
comprise the perception. That is to say, even though 
the sensory input were cut off, if the same efferent 
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tendencies were present, the observer. would report 
that he is perceiving. 

As Taylor holds, readinesses to respond to features of 
the environment are parts of conditioned responses. 
Thus, if the eye is confronted by a straight line, eye 
movement along a straight path may be needed to keep 
the segment of the line in the fovea while scanning it, 
and consequently the perceived straightness of the line 
may be attributed to the tendency or readiness to 
respond to such a stimulus by a class of eye movements. 
Even if the eyes do not move in viewing the line (as in 
a brief exposure), the line appears to be straight 
because of the aroused readiness to respond to it with 
a particular kind of eye movement. (p. 424) 

The tennis player must therefore be prepared to respond to the 

many different trajectories that might be encountered on the 

courts. He has to set his perceptual biases for the "battle 

zone" conditions. Off-court readinesses have to be transformed 

into those needed to track the ball and this may require some 

time. The eyes must be tuned to the trajectories. Adjustments 

have to be made for the environment -- for the position of 

the sun, direction of the wind, texture of the court surface, etc. 

The effectiveness with which the player establishes his 

readinesses will determine what is called the "pace" of the ball -­

the subjective interpretation of the physical motion of the ball. 

For any given trajectory the pace may vary considerably, de­

pending on the environmental conditions and the state of the 

player. A medium speed ball may seem fast or it may seem slow. 

In a haze or an open, unmarked field, the pace could be very 

fast, whereas in a well lighte d, well marked court with good 

background, it can be slow. 

In terms of Taylor's theory, learning can modify the set of 

simultaneous readinesses to respond to the ball and thus improve 

his perception of it. The more he has studied the game, the 

more he has practiced, and the better his visual acuity, 

physical conditioning and health, the easier the tracking wil l 

be and the fewer mistakes he will make. Such a player can be 

said to be prepared to program the patterned efferents 
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effectively. But he may nonetheless still practice "getting 

himself ready for a match" by thinking about it or imagining 

the action. In Chapter 4 we saw that Billie Jean King pre­

pared as early as the night before by gazing at the ball for 

5 minutes. This is merely one technique professionals use 

to "get into the swing" of the game, or establishing their 

game readinesses. 
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CHAPTER 9 

VI SUO-MOTOR INTERACTION 

In the previous chapters we have seen that the vi suo-motor 

system is a fluid, modifiable, self-organizing and highly 

adaptable neurophysiological structure, which at once gives 

meaning to, and in some degree changes, its environment as it 

itself changes. In short, it is a learning system. It is 

capable of learning; but it can also forget, or unlearn. 

We have seen, too, that in the act of perceiving the environment, 

expectancy is an important component of the mental apparatus, 

leading the player to anticipate where the ball will be next, 

thereby directing his attention and behavior. For Pribram (1971), 

this expectancy plays a comparative function: 

Experimental evidence shows that, at any moment, current 
sensory excitation is screened by some r epresentative 
record of prior experience; this comparison -- the match 
or mismatch between current excitation and representative 
record -- guides attention and action. (p. 49) . 

As an act, however, perception also invokes the competence of 

the brain to organize its inputs. That is to say, perception 

is directed by the organism. Eyes are oriented to some object 

in the environment. Attention is purposefully focused. The 

system is "set" according to expectation. But prior experience 

also plays a part in determining the nature of the set. For 

instance, what the person has just perceived might lead him to 

anticipate some related event. In other words, there is an 

interaction between the sensory and the motor processes. 

Organisms do not respond to just any occurrences that 
happen simultaneously, contiguously. The ir behavior 
is guided by the previously established competence of the 
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brain to organize stimuli, including those consequent to 
behav10r. st1mul1 are thus neurally determined events, 
"sampled" on the basis of a central competence (a neural 
"set") which in turn is determined by pr ior exper ience 
and by other central events. An organism's behavior is 
not only stimulus produced, but, by virtue of the self­
adapting properties of the screening process, on 
occasion also stimulus inducing (i.e., productive of 
orienting). This happens whenever the outcome of behavior 
partially matches the central competence that initiated 
the behavior. In such circumstances, reinforcement takes 
place and behavior becomes its own guide. (Pribram 
1971, p. 264) 

The screen -- the . junctional microstructure or junctional filter -­

constitutes a self-adapting system which contains a coded 

representation of prior signals generated by the organism­

environment interactions and embodies a set of expectancies of 

environmental occurrences. It initiates departure patterns of 

nerve impulses and is itself subject to alterations by mismatch 

of expectancies with actual occurrences. But it is also in­

strumental in the formation of Images -- the conscious repre-

sentations of experience and Images-of-Achievement -- the 

learned anticipations of the forces and changes of force required 

to perform tasks. The Images and Images-of-Achievement , it 

should be noted, are the now familiar cognitive maps,schemata, 

motor plans, etc., which have been ascribed in the previous 

chapters to the mental space of the perceiver. 

The problem of perception is now inextricably bound to the 

problem of b e havior. without the cognitive aspect -- in effect, 

the identification factor in recognition -- signs cannot be 

produced and experience becomes meaningless. But signs are 

achieved through action. When we look out upon the world, we 

actively select one or another fragment of it. This active 

selection is clearly motor in part, at the very least energizing 

the eye muscles. It is a discriminative choice. 

Making the discriminitive choice utilizes the neural 
apparatus necessary to action. The f act that the path­
ways from the inferior temporal cortex which affect visual 
atte ntion l ead through motor structures provides the 
structural basis for the interaction of motor and sensory 
proce sses, the influence of those screens giving rise to 
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Images-of-Achievement on the screens from which perceptua~ 
Images are constructed. Signs are therefore achieved 
through action. It is this quite active aspect of 
signing that generates meaning: perceptual learning 
through reinforcement. The meaningfulness of signs turns 
out to depend on a mechanism that calls attention to, 
reinforces, alternatives. . Monkeys deprived of in-
ferior temporal cortex select from a restricted range of 
alternatives (display less uncertainty) when making 
visual choices, whether the alternatives are clearly 
separated in the form of dime store junk objects, 
or are the features that distinguish patterns from each 
other. . A slowing of recovery of the input systems 
occurs when the organism is generally attentive or when 
the inferior temporal cortex is electrically stimulated 
Such slowing of recovery reduces the redundancy of the 
input channels; at any moment in time fewer channels 
are carrying identical signals . (Pribram 1971, p. 327) 

It must be pointed out that, according to Pribram, the inferior 

temporal cortex influences visual processes not so much because 

it receives . visual information from the primary cortex, but 

rather because it operates through corticofugal connections on 

visual processes occurring in subcortical structures. 

The behavioral aspect of perception is also noted by Granit, . who 

says that movement itself is the interpreter, either of a 

sensory input or of something stored that emerges as a . voluntary 

or automatic analyzable act. This means that purposiveness, and 

therefore prediction, is prominant in the motor field, so much 

so that nonpurposive behavior tends to be regarded as outright 

pathological. 

Relating perception even more intimately with behavior, Taylor 

(1962) argues that it is the very program of efferent signals 

that comprises the perception. Any modification of perception 

therefore comes about through reprogramming of motor behavior. 

Such directions are not unlike Pribram's momentary Images-of­

Achievement, which contain all the input and output information 

necessary to the "next step" of an achievement, like typing this 

line of words, or hitting a tennis ball, or even tracking the 

ball. Appropriate signals would have to be given to move the 

eyes in their sockets, and to adjust the head, arms, legs, etc., 
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in order to see, track, and move to converge on the ba~~. But 

the signals are not like the notes on a sheet of music indicating 

which portion of the keyboard to strike next; they do not, in 

Pribram's view, direct individual muscles to do this or that, 

pull this way or that, in this amount or that amount. Rather, 

what are represented in the direction center -- the motor cortex 

are forces exciting muscle receptors. So the motor cortex takes 

on the appearance of a sensory cortex. 

The conception that the motor cortex anticipates para­
meters of force is critical. Because reflexes are 
constituted of servomechanisms, their central represen­
tations are constructed not of records of muscle length 
or tension, but of the parameters of adjustment and 
compensation to the changing external forces involved in 
the activity. The convergent properties of these trans­
formations allow this representation to form an Image 
not just of the prior and current changes of enviromental 
forces acting on the system but, by virtue of the cere­
bellar fast-time computation, of the changes that will 
be engendered by the continuation of the activity. 

The motor cortex is thus conceived as a sensory cortex 
for action. It participates in the spatial modulation 
of states of readiness via its connections with the 
basal ganglia and in the fast-time computation of states­
of-achievement. via its participation in the cerebellar 
circuits. (Pribram 1971, p. 246-8) 

Reflexes and integrated movement, i.e., complex movements made 

up of reflexes, whether initiated by an environmental or by a 

central event, cannot be effected by sending signals directly 

and exclusively to the muscles without disrupting the servo­

process. The signals must be sent to the muscle receptors, 

either exclusively or in concert with those reaching muscle 

fibers directly; the movement is largely managed by biasing the 

muscle spindle receptors of the servo loop, the receptors 

that gauge muscle contraction. Again, Fribram (1971) says: 

(The) neural loop control of behavior is achieved large ly 
through an effect on receptor functions. At the reflex 
level, receptor sensitivity to the imposition of load 
initiates and guides an adaptive counter-process in the 
servomechanism. The sum of such adaptations constitutes 
the background tonic state against which new adjustments 
occur. Large-scale adjustments such as changes in 
posture are controlled by the basal ganglia-anterior 
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cerebellar (extra pyramidal) system of the brain, While 
more discrete movements such as typing or playing the 
piano are regulated by a fast-time extrapolatory compu­
tation carried on by the neocerebellar system. The 
precise mechanism of these central controls has yet to 
be worked out, but we know enough to ascertain that 
patterning of the peripheral servomechanism is involved, 
and that the patterning is achieved by changing the 
mechanism's bias. Finally, the conception of the 
functions of the cerebral motor cortex of the precentral 
gyrus has radically changed. This part of the brain 
cortex has been shown to be the sensory cortex for action. 
A momentary Image-of-Achievement is constructed and 
continuously updated through a neural holographic process 
such as in the perceptual Image. The Image-of-Achievement 
is, however, composed of learned anticipations of the 
force and changes in force required to perform a task. 
These fields of force exerted on muscle receptors be-
come the parameters of the servomechanism and are directly 
(via the thalamus) and indirectly .(via the basal ganglia 
and cerebellum) relayed to the motor cortex, where they 
are correlated with a fast-time cerebellar computation to 
predict the outcomes of the next steps of the action. When 
the course of action becomes reasonably predictable from 
the trends of prior successful predictions, a terminal 
Image-of-Achievement can be constituted to serve as a 
guide for the final phases of the activity. (p. 249~50) 

A CONTROL MODEL 

Viewing perception as a :f;eedback control process, a mismatch 

can be seen to provide corrective feedback on a . visual function 

guided by the competence -- the plan of action -- of the self-

adapting system. In tracking and interception, the blur circles, 

retinal disparity and relative displacement of the retinal image 

(in this case of the tennis ball) constitute sources for error 

detection and correction; and prior experience and knowledge 

(of the ballistic action of the ball) establish the grounds for 

guiding the perceptual process -- the complex behavior involving 

eye, head, and body movements in the track and intercept task. 

The competences which guide behavior are 

hierarchically organized mechanisms (logic modules) of 
servoprocesses, programs, or Plans set to achieve an 
environmental effect, an Act. . An anatomical sub-
strate of point-to-point correspondences between muscles 
and brain cortex becomes organized into a representation 
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that controls whatever movements are demanded by the 
environmental "terrain" or "field of forces" so as to 
achieve the effect. The achievement has become encoded 
in the representation, a state, the junctional slow 
potential microstructure, by computing a fast-time 
extrapolation of modulations of recurrent regularities 
that appear in the series of such field forces encountered 
to date. (Pribram 1971, p. 300) 

The fast-time feedforward computations are made by the cere­

bellar hemispheres to obtain the predicted next step if the be­

havior were to continue on its current course. Environmental 

contingencies rather than patterns of muscle contraction are re­

corded. The Image-of-Achievement regulates behavior much as do 

the settings on a thermostat: the pattern of the turning on and 

off of the furnace is not encoded on the dial, only the temp­

erature to be attained. 

Tracking and interception thus involves continuous testing. 

Purposive in nature, the behavior utilizes feedback technique 

to determine what has resulted from previous action and feed­

forward computations to estimate what is likely to happen as a 

result of current action. Adjustments in behavior are made 

accordingly. 

The feedforward and feedback processes relate to tests on the 

perceived position of the tennis ball relative to the current 

state of the eye-body movements that the player makes to follow 

and intercept the ball. Feedback gives him information about the 

present condition of that relationship, -"hich has resulted from 

the movements he has made to this point; and the fast-time 

computations predict the future position of the ball in terms of 

the movements he must now make to reach it and effect a return 

shot. 

With this model Pribram reinterprets the stimulus-response 

representation, allowing that the brain intervenes to determine 

the process. 

Stimulus -Response __ Reinforcement, is, to be sure, 
the order which an observer sees occurring. As soon as 
it is realized, however, that the brain of the organism 
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makes this order happen, the apparent chaining is seen 
to be the result of a considerably more complex interac­
tion. 

Take for instance the fact that reflex organization is 
not an S-R arc, but a servomechanism. This fact has an 
important consequence on the definitions of stimulus and 
response. The usual Newtonian and Sherringtonian chaining 
of agent and reaction becomes complicated by the intro­
duction of feedback and feedforward operations. Two 
courses are open: to ignore the internal complexities 
of the system, or to account for them and deal effectively 
with the necessary alterations. For the most part, be­
haviorists have ignored the new complexity. But they 
can't avoid the problem that stimulus can be defined 
only by the conditions that provoke it. In other words, 
the behaviorist's stimulus and response mutually im-
ply one another. This dilemma can be resolved only when 
the reciprocity between Sand R is recognized. S~ R is 
not just so neurologically but logically as well. A 
mathematical set and its partitions provides a sophisti­
cated statement of this reciprocity. . The elements of 
the set are conceived to be stimuli; the partitions on 
these elements correspond to responses. • Or in more 
familiar terms, the objects classified are stimuli; the 
process of classifying constitutes response. This 
resolution of the S-R dilemma demands, however, the 
exercise of strict discipline in how one talks about 
one's data. Much of the confusion of tongue in current 
psychology comes from the failure to fully recognize 
this reciprocal relationship between stimuli and 
response -- in physiological psychology, especially, 
major controversies rage between those who describe their 
data in stimulus language and those more comfortable 
with the response mode. And, of course, confusion is 
frequently perpetrated by mixing languages. 

. . 
Perhaps most interesting to analysis performed in be­
haviroal terms is the objectivity attained in the 
definition of reinforcement when the stimulus-response 
or reflex arc concept is replaced by servotheory. The 
agent in the servomechanism is the test -- a match or 
mismatch between spatial representations, the ongoing 
."state" of the servo and the energy configurations 
impinging on that state. Thus what psychophysicists 
have called the "proximal" stimulus is dependent on the 
states of the system exposed to the input: the cognitive 
psychologist's "sets" and "expectancies." Parallel 
considerations make the reinforcing properties of events 
depend critically on a match between the state which 
produces the behavior and that which is produced by it. 
(1971, p. 253) 
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The stimulus-response relationship becomes more complicated 

if the inputs themselves are subject to control by efferents. 

As we saw in Chapter 6, anatomical data now show that small 

diameter output filters, the t filters, regulate the organism's 

receptors and therefore sensory functions, and they also regulate 

its movements. Thus both input and output, stimulus and 

response, functions are regulated by the ~ efferents (i.e., 

efferents which are not motor). In general, this is accomplished 

by changing the bias on the receptors, much as the setting of a 

thermostat is changed to raise or lower temperature in a room, 

and as we have already seen, both feedback and feedforward 

biasing is involved, the latter process making use of the fast 

computation nature of the cer~ebellum. This applies to any 

stimuli whether they be external or internal; 

or motor. 

sensory, drive, 

Pribram's generalized, diagram of ,the modified reflex is shown 

in Figure 9.l. 

he says: 

Giving a sununary description of ,the process, 

The, state or bias part of ,the mechanism has built into 
it contrast enhancement achieved through surround 
inhibition. Testing (comparing input against existing 
state) involves among other factors, a process of spatial 
superposition of the excitatory and inhibitory inter­
actions among neighboring neural elements. The operator 
part of the mechanism involve s, among other mechanisms, 
a decrementing process, a damping of the changes 
initiated by input in each neuron or neuronal pool. 
Spatial superposition enhances contrast and thus 
facilitates coding; decrementing serves as one of a 
number of forms of memory storage. 

Because of the spontaneous activity of neuronal aggregates, 
whether cyclic or programme d, changes in state are 
initiated not only from the environment, but by the brain 
as well. This fact, in addition to the Ubiquitous 
presence of central control ove r receptor function, 
makes almost useless the reflex-arc stimulus-response 
conception of neurobehavioral organization, let alone 
of psychological function. (1971,. p. 95) 
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I 
---~ L_>- Bias 

Figure 9.1. Test-Operate-Test-Exit (TOTE) servo­
mechanism modified to include feedforward. 
Parallel processing is a special feature 
of .the logic. (From Pribram 1971) 

A LEARNING MODEL 

Taking a . stand. against Gibsonian empiricism, Taylor has a 

different approach to the stimulus-response phenomenon. 

Though Gibson argues that the existence of gradients of texture 

proves that the visual stimulus contains sufficient data to 

generate a perception, Taylor does not aqree. From his point 

of view, this is a learning process. A child confronted with 

a gradient of texture 

has no means of converting this"informationUinto 
perceptIon of the spatial ordering of .the environment 
unless he has additional "information" representing his 
distance from the surface and the uniform size of the 
units of the texture. Neither of these is directly 
incorporated in the visual stimulus. The "information 
contained in the light" appears to Gibson to be sufficient 
to account for visual perception only because he has 
failed to recognize that c e rtain items of i nformation 
that appear in our experience to b e carried by light 
are in fact not caused by light. His error is of the 
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same order as that which was corrected by Berkeley 
when he pointed out that a ray of light reaching the 
retina carries with it no information concerning the 
distance it has traveled. (Taylor 1962, p. 113) 

According to Taylor, the additional information gets incorporated 

by virtue of the fact that the floor on which the child walks 

or crawls offers a gradient expressible in terms of the distance 

from his head to the floor. The specific . values of the gradient 

of .the floor become associated because even neural stimuli 

regularly associated in time with stimuli for unconditioned or 

conditioned responses themselves become conditioned stimuli. 

Taylor says that the result of numerous learnings of this kind 

is the incorporation into the system of the initially missing 

information that the diminishing angles subtended by successive 

units of the texture are derived from a succession of equal 

distances measured along a plane surface. 

This position is a consequence of the general thesis of Taylor's 

work, which is that all conscious experience is a function of 

learned behavior. Visual perception, as one form of conscious 

experience; is therefore a function of learned behavior, and 

not mere stimulation. Sense-data are not raw material for 

perception, but are themselves knowledge. A sense-datum 

specifies a piece of matter occupying a position in 
space and reflecting light into the eyes; it specifies 
further that the light from this object generates 
afferent impulses which, in conjunction with pro­
prioceptive afferents determined by the orientation 
of the eyes and head, activate an engram mediating a 
response directed to the object, whether the response be 
actually evoked or not. Now this engram is not something 
that was there from the beginning but has been built up 
by a process of conditioning, and it is important to 
observe that the reinforcement of the conditioned 
response was not random but was determined by some 
property of the object, such as its position relative 
to the subject. The engram, so to speak, represents a 
portion of the history of the organism's commerce 
with the environment, written in the form of temporary 
connections built into the brain. (Emphasis added) 
(Taylor 1962, p. 340) 

For Taylor, knowledge implies 

relative to the thing known. 

the ability to take some action 

This is true for scientific 
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knowledge (Le., community knowledge) and for sensory knowledge 

(personal knowledge), although the latter form has the appearance 

of immediacy while the former is clearly mediated. However, 

sensory knowledge takes on the appearance of immediacy only 

because the mediating processes are not conscious events but 

events that occur at a purely physiological level. 

Activation of an engram puts the organism into a state of 

readiness for the appropriate response. This state of readiness 

is the knowledge that the object of perception has such-and-

such a property. Knowledge is itself a subject-object relation 

that can be defined with precision, and sense-data are simply 

the form that knowledge takes at its lowest level, according 

to Taylor. They are mediated events reflecting the history of 

the subject's interaction with his environment. By virtue of 

this fact, sense-data can be erroneous, though they need not be 

erroneous in every respect. For example, while shapes may be 

distorted when viewed through a prism, the spatial ordering of 

the perceived environment can remain intact. Indeed, the limited 

truthfulness of the erroneous sense-data plays a vital part in 

the correction of errors. 

Considering the movements of the tennis player, should he happen 

to make an ineffective swing, the direction -- if not the extent 

of his error might easily be known,this by virtue of the limited 

truthfulness of his sense-data. For example, say that a ball 

approaching on his right is perceived to be nearer to him than 

it is, so that the racquet falls short of the true position. But 

say the ball can be seen passing beyond the racquet head. This 

relation represents the truthful component of the fallacious 

sense-data. It defines the spatial order of his perceptual 

experience. The number of inches by which the racquet missed 

the ball may not be known, but that the ball passed to that 

particular side of the racquet is fact. 

In Taylor's view, even a blur implies some order, however lacking 

in precision it may be. At the very least the blur has position 

if not absolute, then at least relative to some other blur. The 

continuing presence of the blur also implies a temporal order. 
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Space and time are thus necessary conditions for knowledge of 

even a blur, which is to say the perception of a blur, or any 

experience at all. 

Insofar as knowledge implies the ability to take some action 

relative to the thing known, it also implies the existence of 

an orderly world and a subject and a mechanism by which the 

perceived structure can be related to the world. Kant contributed 

the orderliness to the natural conditions of the human mind, as 

we saw in Chapter 4. But for Taylor the mechanism for order is 

the conditioning of responses adapted to the world. Since the 

efferent structure is multidimensional from the beginning, since 

perception of the position of an object in space depends on 

retinal stimuli and also on proprioceptive stimuli from the muscles 

of the neck and eyes, and learning cannot yet have occurred, there 

can be no "primitive consciousness already possessing rudi-

ments of order." Thus, the infant's world, as presented through 

his receptors, is totally devoid of order. 

The receptor organs are so constructed that they can 
respond to various energies in the environment, such as 
light waves, sound waves, pressures, including pressures 
within the organism as determined by gravity, and others 
determined by acceleration, particles given off by 
volatile substances, temperature, and the like. stimula­
tion of the receptors generates afferent impulses that 
travel to the spinal cord or brain stem and thence are 
relayed to the cortex. On their way to the cortex they 
stimulate the brain stem reticular activating system 
(BSRAS) which raises the general level of cortical 
activity, so that although the afferent impulses reach 
determinate parts of the cortex, they can be relayed 
to . virtually any other part, and it is largely a matter 
of chance what behavior will result from any given 
impulse. That is, at the beginning of life the impulses 
from the several receptors are differentiated with 
respect to their cortical termini but not with respect 
to their ultimate destinations. 

The function of the cortex, as Pavlov has shown, is the 
formation of temporary connections, and we must assume 
that it starts its characteristic mode of act ivity as 
soon as birth exposes the organism to variable stimula­
tion. That is, the cortex first of all produces an 
apparently random succession of movements involving the 
whole motor system -- the so-called mass activity of 
infancy. This includes movements of the limbs and the 
head, of the eyes and eyelids, of the mouth and vocal 
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apparatus. Most of the compo~ents of the mass response 
leave the general condition of the organism unchanged, 
but when a critical state arises certain specific 
components are effective as a means of terminating this 
state. If it can be shown that certain forms of stimu­
lation invariably precede the action that serves to 
terminate a given type of critical state, we can assume 
that the stimuli in question become conditioned to the 
successful response. Then, if there are two or more 
types of critical state, if the successful responses are 
different in kind, and if the conditioned stimuli operate 
on different receptor organs, it follows that the per­
ceptual experiences generated by activiation of engrams 
mediating the conditioned responses must be qualita­
tively different. (Taylor 1962, p. 276) 

Clearly, the key to the perception of position, and thus of 

motion, and experience generally, is the conditioning, or rein­

forcement, of the stimuli that lead to the successful responses. 

But what precisely is reinforcement, and hmy does it occur? 

THE NATURE O~ REINFORCEMENT 

For Taylor, the \llechanis\ll that meets the requirement is condi­

tioning with the Hullian principle of unlearned behavior: 

According to Hull, ... a drive stimulus, SD' in 
conjun.ction with a stimulus, . s, determined by some 
feature of the environment, gives rise to a succession 
of unlearned responses that goes . on until one response 
results . in diminution of the drive. The reduction of 
the drive has the effect of establishing a relatively 
permanent neural connection such that when the same s 
and SD occur again, the response that led to the re­
duction of Sp is more · likely to be evoked than any other 
response. (196'2, p. 6) 

The fortuitous response, following a succession of possibly 

random or haphazard responses, that has the effect of satisfying 

or partially satisfying the individual's nee ds thus establishes 

a neural connection that becomes functional the next time around. 

This n eural link, or engram, isn't just a single chain of neuron s 

connecting a single projection area of the brain to a specific 

portion of the motor cortex. Rather, it is a complex network 

involving several projection areas and very likely one of the 

"silent" or association areas. 
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Furthermore, says Taylor, 

if we define an action by its terminus alone and not, as 
we have done, by both its initial and terminal points, 
there is not just a single engram mediating this response 
but thousands of them. It follows that extirpation of a 
comparatively small area of the cortex is likely to destroy 
some of those engrams but to leave a substantial portion 
of them intact. Thus destruction of a portion of the 
striate area receiving afferent impulses from a specific 
part of the retina will make it impossible to perform a 
response. . if the light from the goal object falls 
on the affected part. But a simple movement of the eyes 
results in the activation of an intact engram mediating 
another response having exactly the same terminus. (1962, ·p.38) 

For Pribram, however 

the neural logic that con.trols behavior, just as the logic 
that constructs percepts and feelings, is distributed in 
systems related to a broad class of functions. This 
distributed logic forms a competent tissue whose expressed 
function d epends on the experience of the organism with 
particular environmental contingencies. Expression de­
pends on a junctional mechanism akin to that which 
produces Images-of-Achievements. Mere contiguity of 
contingencies does not modify behavior; the contingencies 
must address the innate competences of the organism or 
their modifications by prior experience (the organism's 
expectancies). (1971, p. 270) 

As already noted, the neural logic is a self-adapting. screen 

through which and against which incoming signalS are matched. It 

is a coded representation of prior signals generated in the 

interaction of the organism with its environment and is gradually 

built up. Subject to alterations by signals of mismatch, or 

partial match, it leads to sets or expectancies of environmental 

occurrences by the organism. But the organism must be "ready" 

or "competent;" it must be in a proper state of responsiveness 

to allow the alterations learning, conditioning, modifications 

to occur, to allow induction or inforcement to become effective. 

At any moment in time, "the central state must be competent, 

ready to provide the context in which stimuli arise. Contiguity 

of stimuli is therefore to be seen not as some vague, haphazard, 

and probabilistic 'association', but as a biologically deter­

mined process that organizes a context-content relationship" 

IPribram 1971, p. 264). 
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As we have. just seen, the reduction of drive is the reinforcing 

principle for Taylor. But what precisely is the need-state that 

gives rise to the drive? What is the drive stimulus? As 

Pribram points out, what constitutes the "stimulus" is not as 

simple as it might seem. According to him, 

A drive stimulus, . just as a sensory stimulus, results 
from the operation ofa biased servomechanism, a homeo­
stat. Homeostats are outfitted with receptors sensitive 
to excitation from the World-Within. Specialized areas 
sensitive to temperature, osmotic equilibrium, estrogen, 
glucose, and partial pressure of carbon dioxide are 
located around the midline ventricular system; these 
areas are connected to mechanism which control the intake 
and output of the agent to which they are sensitive. 

In addition to these central mechanism~ other more 
peripheral sensitivities also play on the homeostatic 
process. The homeostat is often supplied with secondary 
mechanisms which aid in the more-finely-calibrated 
regulations of the agents in question. Stomach con­
tractions in the hunger mechanism and mouth dryness in 
thirst are examples, as is the regulation of the cir­
culation of blood in. vessels of the finger tips to provide 
greater or lesser cooling. The blood-finger temperature 
differentially biases and is biased by the main hypo­
thalmic thermostat. (l97l, p. 272) 

The mechanisms that produce interest, appetite and affect, modify 

behavior (reinforce the organism) by engaging the organism's 

memory mechanism. Enduring memory. structures are "induced" in 

the brain much as tissue structures are induced during embryo­

logical development. The superficial similarity between induction 

and reinforcement is as follows: 

(a) Inductors evoke and organize the genetic potential 
of the organism. Reinforcers evoke and organize the 
behavioral capacities of organisms. (b) Inductors are 
relativey specific in the character they evoke but are 
generally nonspecific relative to individuals and tissue. 
Reinforcers are quite specific in the behaviors they 
condition but are generally nonspecific relative to 
individuals and tasks. (c) Inductors determine the 
broad outlines of the induced character; details are 
specified by the action of the substrate. Reinforcers 
determine the solution of the problem set; details of 
the behavioral repertoire used to achieve the solution 
are idiosyncratic to the organism. (d) Inductors do 
not just trigger development; they are more than just 
evanescent stimuli. Reinforcers do not just trigger 
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behavior; they are a special class of stimuli. (e) 
Inductors must be in contact with the substrate to be 
effective. Contiguity is a d emonstrate d requirement for 
reinforcement to take place. (f) Mere contact, though 
necessary, is insuf fici e nt to produce an inductive 
effect; the induced tissue must be ready, must be 
competent to react. Mere contiguity, though necessary, 
is insufficient to produce r e inforcement; shaping, 
deprivation, r e adiness, context, expectation, attention, 
hypothesis -- these are only some of the terms used to 
describe the factors which comprise the compete nce of 
the organism without which r e inforc e ment cannot become 
effective. (g) Induction usually proceeds by a two­
way interaction -- by way of a chemical conversation. 
Reinforcement is most effective in the operant situation 
where the consequences of the organism's own actions are 
immediately utilize d as the guides to its subsequent 
behavior. (Pribram 1971, p. 273) 

As reinforcers, the consequences of actions can provide infor­

mation, which is to say they can reduce uncertainty for the 

subj ect, or they can place a . value on action, i.e., bias it. 

Actions are guided by the values placed on them. "A change 

induced in the values of the . variables that guide behavior is, 

in the ordinary sense of the word, of course, p roviding infor­

mation. In the more restricted usage of information theory, 

however, the process is akin to biasing the servomechanism 

setting around which the process stabilizes." :(1971., p. 293) 

Suppose, for instance, that our tennis player attempts two 

different shots, A and B, in a given. situation and learns that 

B succeeds in making a point while A does not; he has thus 

gained some information about the shots ·and has attached separate 

values to them. Should the situation be repeated successfully 

with the use of B, the gain in informa tion about B will be less 

than what it was on the first occasion though the value of B may 

well be enhanced considerably; behavior B generates consequences 

that are consonant with the bias, or c ommitment, of the player. 

This constitutes a fee dforward process. 

The r e is a pa ralle l between action and p erce ption. When the in­

put to the sensory channels addresses the compe tenc e s of the 

system, that input becomes perceived information. "The amount of 

information can thus be defined as the amount of match between 
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input and competence. The definition· derives from information 

measurement theory; the amount of perceived information 

corresponds to the amount of information transmitted by a 

channel whose capacity corresponds to the neural competence." 

(l971i p. 298) 

But the amount of match determines the degree of similarity. 

And similarity and reinforcement, according to Pribram, are one 

and the same. -- looked at from the vantage point of stimulus 

language in one case (similarity) and from response language in 

the other (reinforcement). Sensory processing, because it is 

reinforcing, generates meaning. The process of reinforcement 

progressively increases discriminability and decreases similarity. 

Trajectories of the tennis ball might be differentiated into 

more refined classes, for example. So what could initially have 

been similar shots (trajectories) now become different, calling 

for different treatment. 

For input to become guiding, Le., meaningful, to the individual, 

he must process it in successions of information generating 

steps in terms of his competence and commitments. Thus meaning 

is formed by the hierarchical nature of the information 

processing mechanism. 

In the motor mechanism what corresponds to .the engenderment of 

meaning is the occurrence of a hierarchical process. similar to 

that which characterizes the sensory system. 

The Image-of-Achievement is not informed by "objects" 
or "interests" but by the play of forces produced by the 
behaving organism. From these forces must come the 
commitments which bias the motor competence toward 
achievement. Furthe rmore, because of the c e rebellar 
fast-time circuit, the Image-of-Achievement is predictive. 
Given (1) that the neural mechanism "because of its 
selective control over its own modification, allows a 
change in representation to occur over successions of 
trials," and (2) that whenever "complete match between 
representation and input is not achieved the representation 
is modified to include this information and trials 
continue. . until corrective change of the represen-
tation no longer occurs," then any succession of predictive 
representation in essence constitutes a program or Plan. 
(Pribram 1971, p. 299) 
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commitment is n .ecessary because the neural substrate of humans 

does not contain localized mechanisms that lead to the achieve-

ment of an Act. I~stead, mechanisms that invoke part-activities 

are distributed over a range of tissue, and these part­

activities must be organized for achievement. Performances 

achieve results because of the hierarchical nature of .the re­

inforcing (or in stimulus language, the discriminitive) process. 

Meanings are derived when information is hierarchically 

processed in sensory systems, and Plans, or programs, are the 

product of hierarchical processing in the predictive motor 

system. 

In summary, then, Pribram considers the sensory. system to be a 

hierarchical information processing system productive of meaning, 

while Taylor holds that perceptions are functions of learned be­

havior, or acts of knowledge of the real world. 

Hierarchical sensory processing generates meaning because it 

is productive. So far as sign learning, awareness and recognition 

are concerned, however, attentive choice (selection) is involved; 

signs are constructed when actions operate on perceptual images. 

The meaning of a sign is in the response; a sign is an Act 

representing a perceptual Image. Imaging already involv es 

active aspects in addition to the relatively passive neural 

mechanism thrown into operation by input; for one thing, feed­

forward is needed to render the Image stable and constant. 

Discriminitive learning, pattern recognition a nd s e l e ctive 

attention all involve neural choice mechanisms, choices that 

beget actions, which in turn modify what is Imaged . 

A STATISTICAL HODEL 

An alternative to the views of Taylor and Pribram is offered by 

Ittelson, who holds that the primary function of perception is 

prediction of the future. 

Perceiving -- provides us with predictions of the 
significances we will probably encoun t e r in the 
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external world . We discover the significances of 
the external situation only by experiencing the con­
sequences of our actions. (1960, p . . 35) 

Every action can be thought of as an experimental test of an 

hypothesis which is appropriately modified or confirmed as the 

result of the test through action. Probabilities are unconsciously 

assigned to the particular assumptions on which the actions are 

based, and one result of the action is to change those prob­

abilities. A probability is changed in proportion to the 

weight given to the particular experience, which results in new 

assumptions, predictions and externalized significance. 

Successful actions can only confirm what we know. Hitches 
provide the occasions for increasing the scol?e and a.dequacy 
of our assumptions. (p .' 36) 

For instance, if I catch rnytoe on a. corner of a protruding 

carpet ,-- that's a hitch. Or if I think I am going to hit the 

tennis ball but, instead, miss it altogether, that, too, is a 

hitch. The hitch arises if we experience a significance we did 

not expect to experience, or do not experience a significance 

which we did e xpect to experience. 

Every hitch is either the result of a failure to achieve 
a particular goal, i;e., of inadequate "·how-to-do" 
predictions, or else the result ofa failure to ex­
perience a hoped-for satisfaction resulting from an in­
correct "what-for" prediction. (p . . 37) 

The everyday world is indeterminate for all practical purposes; 

invariably there is some aspect in the immediate situation that 

has never been encountered in the past. This is to say there is 

always some 

of living. 

lack of correspondence in every concre te transaction 

Change is the rule of nature. Every concrete sit-

uation potentially involves an element of chance as a product of 

its de gree of novelty. Thus every participant in a concrete 

occasion of living is faced with a choice among unc erta inties. 

The choice, or evaluation, has to be made in the face of further 

uncertainty that the novelty of the situation we are about to 

face is never revealed to us before the action taken. Even 
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the degree of uncertainty itself is uncertain. Every perception 

is an act of creation; every action is an act of faith. "At 

any given moment, these functional absolutes are treated as if 

they were certain but, concurrently, are held open for 

modification." (p. 38) 

COMPARISON OF THE VIEWS 

Taken at first glance, these three views seem to be quite differ­

ent; but closer examination reveals similarities of concept 

within linguistic variations. Taylor's view in intent is 

deterministic; nature, for him, is regular (in the sense in 

which the term is used by Ashby (1952». Should uncertainties, 

or instabilities, arise, it is conceivable that they can be 

removed by the incorporation and evaluation of new variables into 

the system definition. For instance, a mother may be added to 

a baby system to resolve the feeding uncertainties or in­

stabilities of the baby system. But for all practical purposes 

there are always new variables to be added to systems, in order 

to resolve one uncertainty or another. The mother may have to 

go to work, for instance, or may become ill. It might then be 

necessary to add a husband, or a doctor, to the mother-baby 

system. And this can go on indefinitely. So a degree of un­

certainty really characterizes every concrete situation. 

The engrams of Taylor correspond very closely to the competences 

of Pribram, and to the predictions of significances of .Ittelson. 

They are all menta l sets. All are products of experience and 

subject to change as a result of a mismatch between what is 

anticipated in perception and what actually is perceived. 

Ittelson states that every perception is an act of creation. 

\Vhile Taylor doesn't use this kind of language -- and granting 

that translation from one mental representation to another can 

be hazardous --, he does say that perception is mediated ex­

perience, which means that it is a product rather than raw 

material; the perceiver plays an essential role in its pro­

duction. But this is no more than to say it is created; it is 
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an act of knowledge, an act of creatiop. 

Similarly for Pribram. While he accepts the nativism of the 

Gestaltists that there are inherited built-in neural mechanisms 

that give rise to Imaging -- the sense data of experience. --, 

he says that the patterns become to some extent independent of 

cells as units and become instead the designs imposed by the 

junctional anatomy, the synaptic and dendritic microstructure of 

the brain. These designs serve, in the proper circumstances, 

as the neurological equivalents of percepts. The direct 

immediacy of the sensory inputs can only be art apparent immediacy, 

therefore. Holding a "Biologist's view" of the mind-body problem, 

he says that Images have structure; they are made by a complex 

brain process; they are not the givens of existential awareness. 

Because the Biologist' s . view is constructional, it. shares the 

rational approach to epistemology and therefore has a neo­

Kantian flavor. The Images are products of the patterns of 

stimuli coupled with the action ofa participating mind. Thus, 

for Pribram, too, perception is an act of creation. 

A hitch is really a perceptual error. -- a diff:erence between 

what was expected, anticipated, or predicted and what was actually 

perceived. It reflects either a lack of information, insufficient 

knowledge, a degree of incompetence of performance, or an in­

adequate perceptual hypothesis as to the potential state of 

affairs. Now the formation (production, construction, creation) 

of a perception certainly takes time. As Haber has pointed 

out: 

(What) is clear from a large mass of: research, is that 
it takes time -- a lot of time -- . for the train of 
pulses, and changes in resting levels, to travel from 
the receptor surface to the . visual cortex and beyond. 
Further, the properties of those trains of impulses 
may be changed radically from level to level. 
(1969, p. 5) 

It is reason.able to expect that during this time the world is 

changing incrementally. This in itself introduc e s an element 

of uncertainty. In situations where the conditions may change 

rapidly, such as occurs with the position of a tennis ball 
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moving at high spee ds, the d e gree of uncertainty can be 

significant. Normal expectation under these circumstances 

is an increase in the error rate, which in fact occurs, unless 

compensatory action can be taken. 

To reduce uncertainty and thus avoid the increase in error, 

new levels of sensory awareness and skills are required; the 

perceptual-motor problems have to be solved in more effective 

ways. This necessarily draws on the creative potential of the 

athlete. Motivation has to be heightened and action redirected 

to new and "higher" goals. Old practices have to be examined 

and modified where necessary. Experimentation is needed and 

new methods tried. The process may be difficult, painful, 

costly, and even unprofitable, leading to greater rather than 

less uncertainty; but in the face of possibly intolerable 

error, there seems to be no reasonable alternative. 

SUMMARY 

Tracking and intercepting a tennis ball is a complex process 

involving a high degree of. interaction of . vision and movement 

and continuing interplay between the athlete and his behavioral 

environment. The player must perceive the moving ball, 

estimate its state variables, determine an inte rcept point, 

and exercise control over his muscles to race to that intercept 

point. This involves plans which interpret the motion of the 

ball and lead to a judgement of the distance-to-go and time-to­

go to intercept. A faulty judgement in this regard is reflected 

in. a difference b e twe en what he expected to happen and what he 

perceives as happening. The feedback alters his running and 

tracking tactics so that he applies different muscular forces 

in the process. Me antime, as he runs, he must continue to watch 

the ball and move his body and racquet so as to be in a striking 

position for a return shot. This r e quires a high d e gree of con­

c entration and an effe ctive. system of mental r e presentations in 

this his specialize d tennis e nvironment. 

We turn now to a simulation of the processes. 
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PART III 

SIMULATION OF THE VISUO - MOTOR PROCESSES 



CHAPTER 10 

FORMULATION OF THE SIMULATOR 

The previous chapters have characterized our tennis player 

variously as a conscious, highly adaptive, self-organizing 

system, capable of pattern recognition and selective attention. 

He uses a, very possibly, multi-dimensional space of mental 

representations to interpret or give meaning to the internal and 

external stimuli bombarding his many sensory elements and to 

organize and guide his behavioral responses. He directs his 

eyes to follow the ball and otherwise generally orients his 

sensory apparatus. At times he must track on the run, as when 

he races to effect an intercept. By virtue of the information 

garnered in perception, what he sees reflects what is happening 

in his environment, and the action that he takes reflects an 

intention or motor plan within him. 

incorporating the motor cortex' in an 

His sensory proc,esses, 

essential way, are highly 

interactive with his movements. Pattern recognition and selective 

attention invoke neural choice mechanisms, choices which beget 

actions. And the actions in turn modify what is seen. As he 

tracks the moving ball there is the inevitable movement of his 

eyes, or head or body; and as he runs there is the inevitable 

change in his perception. He is a skillful but emotional creature 

who frequently makes decisions based on personal rather than 

tactical requirements. In short, he is a complicated, multi­

faceted, intelligent organism . 

Considering the functions he performs as an active information­

processing system, this creature collects stimuli from the out­

side world, interprets it as information, stores and retrieves 

the information as required or as he is able, orients himself, 

maintains his posture , detects and identifies objects in his 

environment, tracks or keeps track of the most interesting of 

these objects, intercepts one of them and attacks it, if possible. 
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And in the course of these events, some of which take place 

concurrently with others, he makes many decisions. 

The neuro - physiological structure by means of which this infor­

mation-processing occurs, has its own leve l s of complexity. At 

the anatomical level, for instance , there are hundreds of muscles 

and bones which constitute components for many bodily movements. 

Eye movements alone are marvelously intricate. But these are 

combined with movements of ~he head , arms, legs and torso, 

producing many more varieties. 

Complexities orders-of-magnitude higher are found at the cellular 

level. They include a large number and variety of cells and 

receptive fields (in the retina, geniculate body, and cortex), 

each with its distinctive logic. Each cell typically connects 

with thousands of other cells and has thousands of cells 

connected to it. Fibers conduct at different rates; some slow, 

some fast. Fibers influence in different ways the various 

stations of the . v i suo- motor system. There are millions of re­

ceptors in each eye and billions of cells in the brain , and 

messages (innervations) from each eye are carried separately 

beyond the geniculate body to be fused eventually in the cortex, 

while other messages, formed by complex innervations from the 

many parts of the brain , are carried through the motor cortex to 

the many muscles and muscle sensors of the body. 

To simulate this creature, it is apparent that our representation 

of him must be simplified considerably. Some steps in this direc­

tion have already been taken. For instance, at the outset it 

was decided that, for a trial or prototype program, only tracking 

and interception are to be mechanized; the other functions are 

merely assumed to occur, as needed. Further, it was taken for 

granted that only the visual, as the most important, mode of per­

ception wi l l be incorporated. 

It is necessary now to cut away as well the detail found at the 

cellular and anatomical levels of the organism. There are simply 

too many neurons, muscles and bones to deal with on an individua l 

bas i s. Indeed , much of the neuronal structure is unknown. The 
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neural pathways and interactions are still relatively un­

determined, and the innervation patterns are even less well de­

fined. In effect, this cuts away the structure of the organism 

and leaves only the functions. 

Even with this additional slicing, however, the simulator remains 

essentially unspecified. We know only that the player is to ex­

hibit visual tracking and interception and that he will have a 

personal as well as an objective environment. How this is to be 

rendered is undefined. The kind of program to be written is 

unspecified. And as yet it has only been tacitly assumed that 

the context for the player's action would be the tennis court . 

No description of the events to take place in that environment has 

been presented, though we know that some of them are to be per­

formed concurrently with others. Indeed, we know that both 

tracking and interception, as ongoing operations, occur together. 

The player runs to intercept the ball even as he is following it 

in its trajectory, and each operation has its effect on the other. 

The problem remains, however, to state how this interaction is 

to be programmed. 

The fact that the player is presumed to have a subjective as well 

as an objective space, implies that there are two distinct 

representations in the simulation, and that, therefore, there 

must be two distinct sets of computations, one for each space. 

For instance, the ball is known to move in physical space, and 

it is also a component of his phenomenological space. To develop 

these implications further, we will now observe the actions of 

the player in his natural setting -- the tennis court , 

considering both subjective and objective aspects. 

THE PLAYER'S PHYSICAL ENVIRONMENT 

The playing volume for the game of tennis normally includes the 

air space over the court surface and the surrounding area out to 

about 12 feet on each side and 21 feet at each end of the court, 

as shown in Figure 10.1. 
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Figure 10 . 1. Plan of the pla ying v o lume for tennis. 
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According to Rule 1 of the Official Code of the International 

Lawn Tennis Federation, the court for the Singl es game has to 

be a rectangle, 78 feet long and 27 feet wide. It has to be 

divided across the middle by a net suspended from a cable, the 

ends of which are attached to posts 3 feet 6 inches high and 

three feet outside the court on each side. The height of the net 

has to be three feet at the center and held down by a strap. 

Service-lines on either side of the net and parallel to it are 

21 feet away. The space on each side of the net between the 

service-line and the side-lines has to be divided into two equal 

parts by a 2 inch wide center service-line parallel to the side­

lines. Each base-line has to be bisected by a center mark 4 

inches long and 2 inches wide. All other lines have to be be­

tween 1 and 2 inches wide except for the base-line which may be 

4 inches wide. All measurements have to be to the outside of 

the lines. 

According to Rule 32 of the Code, the court for the Doubles 

game has to 

the Singles 

be 36 feet wide, or 4~ feet wider on each side than 

court. In other respects, the court is the same as 

that for the Singles court. 

By Rule 3 of the Code, the ball has to have a uniform outer 

surface. It has to be between 2~ and 2 5/8 inches in diameter 

and weigh between 2 and 2 1/16 ounces in weight. For a drop 

from 100 inches above a concrete base, the bound has to be be-

tween 53 inches and 58 inches. 

Assume now that our player is playing Singles on a regulation 

court. (Doubles is richer in some respects and perhaps more 

interesting to analyze, but it considerably increases the 

complexity of the simulator without adding materially to the 

principles being developed in this report). Figure 10.2 describes 

graphically the physical space representation of happenings for a 

given segment of play. It shows the opponent on the far side of 

the court, at point 01 , and the receiver on the near side, 

initially at point Rl . The ball is shown moving from the 

opponent along a trajectory to the receiver's right . The receiver 
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is moving to intercept it. Dashed and solid lines emanating 

from points along the receiver's path identify, respectively, his 

line-of-sight and the actual line from him to the ball. Initially, 

the receiver is looking directly at the ball, but then his line­

of-sight is shown to lag behind the ball. 

The portion of the simulator that deals with this representation 

would have to compute 1) the position of the opponent, 2) the 

characteristics of the path of the ball, 3) the characteristics 

of the path of the receiver, 4) the characteristics of the line­

of-sight of the receiver, and 5) the characteristics of the line 

from the receiver to the ball. All of these computations would 

have t o be in physical space. A rectangular coordinate system 

seems the most reasonable for the first two computations, whereas 

a polar coordinate system would seem to be best for the others. 

THE PLAYER'S PERCEIVED ENVIRONMENT 

In this representation, the program takes the receiver's point 

of view and presents his perception, decisions, attitudes and 

movements related to the happenings of Figure 10.2 as he might 

experience them. The rece iving player is seen as a decision­

maker competing within the context of the tennis court and con­

strained by the "rules of the game." Within that framework he 

is also bound by limitations due to the physical environment, 

his biological endowment, his level of development and his level 

of competence of the various aspects of the game. 

For the indicated segment of play, the opponent has hit the ball 

and imparted to it a specific trajectory. Our receiver now re­

sponds to the ball by attempting to follow it with his eye s at 

the same time that he is running to intercept it . That response 

will be determined by the physical conditions of the court, his 

biological development, his skill levels in the game and his 

psychological makeup. These factors have to be identified. 

-
As indicated above, adequate detection and identification are 

presumed to occur and are not explicitly mechanized. This pre-
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supposes that the physical environment has been illuminated 

properly and that the incident radiant energy has been ln~ 

terpreted by the receiver's input system. But it also means that 

the structure of the visual system doesn't have to be mechanized. 

It is only necessary to represent the direction, rotation rate 

and the angular acceleration of the line-of-sight, as estimated 

by the receiver. The perceived values, it is to be noted, might 

be different from the publicly observed, or objective values. 

A further implication is that neither the ball nor the opponent 

have to be represented as havin$ spatial extension, though they 

are still to be represented as in space. The ball and players 

can thus be given merely as points, an implication which greatly 

simplifies the programming task. 

In normal use the eyes are hardly ever still. This is due to 

the occurrence of perhaps several saccades a second, each lasting 

usually less than a twentieth of a second. The saccades, them­

selves, are more or less mixed with almost continuous minor 

tremors the micro-saccades. As Neisser states, "the retinal 

images are at the mercy of every irrelevant change of position; 

their size, shape and location are hardly constant for a moment" 

(1964, p. 140). Yet the perceptual field is quite stable. Ob­

jects don't jump around like the proximal images; they are 

appropriately placed in the perceptual space. Order is created 

out of chaos. The visual system filters out the noise and 

smooths-over the many variations. 

The extent to which these saccades and micro-saccades affect 

tracking is not clear, but such extraneous movements of the eye 

might not always be smoothed out. It is quite possible they 

could reduce the effectiveness of tracking and even cause the 

player to lose sight of the ball momentarily. A more detailed 

analysis and ultimate mechanism of the tremors could be useful. 

For the prototype model, however, it will be assumed that the 

smoothing function is part of the input system function and that 

it is adequately performed. Our receiver will thus have a 

smoothed perceptual field. 
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INTERACTION OF THE TWO REPRSENTATIONS 

It is assumed here that there is an objective world of things 

and events anu that the particular organization of that world 

at a given moment in part determines what is perceived. But 

the perception in turn can lead to some action which may alter 

the objective arrangement and lead to a different perception. 

Thus there is an interaction. 

In our simulator, one representation describes the objective 

world of the tennis court and locates in it the ball and players. 

Another representation takes the point of view of the receiving 

player and interprets in his terms what is happening on the court. 

Tracking and interception are thus effected in a manner determined 

by his own estimates, judgements, decisions, attitudes and skills. 

His decisions and movements are intuitive rather than formal, 

more qualitative than quantitative, and his reference is Ego­

centered. What he believes to be the case may not coincide with 

things as they are. The objective representation is used to 

establish the differences. 

Different formulations are therefore required for the internal and 

external points of view, and the two segments must be operated 

concurrently. Since there is a differential interaction between 

perception and movement, each one affecting the other on an 

incremental basis at each moment of time, it is necessary for 

the simulator to keep a running account of the processes on a 

moment-by-moment or time-slice ledger. At each time-slice, both 

psychological and physical occurrences and the mutual affects 

of one upon the other are to be recorded and made available for 

the next time-slice, where the changes are felt. 

Any given event, then, is to be treated on a moment-by-moment 

schedule. Consider, for example, the event depicted in Figure 

10.2. The total time for this event to happen may be 1.5 seconds, 

but the program could operate on a 10 millisecond schedule, there­

by performing 150 sets of computations. Each computation set 

would include both physical and psychological computations, as 

appropriate. 
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For the prototype model of our simulator, it will now be assumed 

that the ball, as pictured in Figure 10.2, will move in a piece­

wise ballistic trajectory. Specifically, a (right) forehand, 

cross-court shot will be assumed to be hit from the opponent's 

right base-line corner. It will be presumed to move in physical 

space in accordance with standard laws of dynamics. Every 10 ms 

the position, velocity and acceleration of the trajectory will 

be computed. 

The two players are also part of the objective world, so their 

behavior will also be tracked. In the prototype model it will be 

assumed that the opponent remains fixed in position during the 

event, but the receiver will move to intercept the ball. His 

position, velocity and acceleration in physical space will there­

fore be computed on a regular basis also -- every 10ms. 

The player's movements will of course have to satisfy standard 

laws of motion; there can be no discontinuities in position, 

velocity or acceleration. But psychological influences will be 

felt. The player is presumed capable of altering his behavior 

and choosing his courses of action. The estimates, strateg·ies 

and decisions within his competence which affect his movements 

are dealt with in the concurrent program segment representing 

the player's SUbjective space. In this segment, the ball is 

represented as perceived from the perspective of the player. 

Every 10ms the state of the ball from this point of view will be 

computed in accordance with the presumed bio-physical endowment 

of the player, his perceptual and running strategies, and his 

skills. Polar coordinates will be used as the reference frame. 

If the player's estimates are unrealistic, i.e., if his expec­

tations don't coincide with actual happenings as determined in 

the physical space representation, errors will arise. The 

differences are to be incorporated as feedback to new estimates 

and expectations, which incorporate the so-called fast-time or 

feedforward computations . The comparison and predictive operations 

will make use of the player's presumed refractory period and 

reaction times. 
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REVIEW OF SPECIFICATIONS 

The structure of the problem is now quite specific. Its context 

is considered to be the tennis court, the attacking player is 

presumed to make contact with the ball to initiate a trajectory, 

and the receiving player is considered to respond to the 

trajectory by racing to intercept it. Specifically, a cross­

court shot is hit to the receiver ' s right. The moving ball is 

viewed as an object in physical space and as a phenomenal object 

from the perspective of the receiver. The receiver tracks and 

runs to intercept in a manner commensurate with strategies and 

motor plans determined by presumed skill levels. The simulation 

ends at the time expected for interception. 

A number of simplifying conditions are to be noted for the proto­

type model. For one thing , the ball is the only object of per­

ception and it is represented as a point. Each player is also 

symbolized as a point. The point also identifies the origin of 

the receiver's line-of - sight. At each time-slice the properties 

relevant to the ball, the receiver and his eyes are computed, 

for each space. 

Starting conditions are incorporated into the first time- slice. 

The data includes starting values for the state properties of 

the ball and players. It also includes information presumed to be 

obtained by the receiver as his opponent swings at the ball, 

namely, an expectation regarding the direction and speed of the 

ball. Thus, the ball is considered to be "in motion" as the 

simulation begins; that is, it has an impact velocity. And the 

receiver has some idea which way to run. The anticipatory schema 

is given in the form of a starting acceleration,or force on a 

point mass. 

The schema is a measure of the player's competence in antic i pa-

tion. Some players are better than others in anticipating where 

the ball will go when his opponent hits it; they have more skill , 

are more competent; in this regard, they anticipate with better 

results. The simulator will reflect this with a starting 

acceleration and a reaction time. 
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INTERCEPT STANDARDS, STRATEGIES AND COMPETENCES 

The player's perceptual history depends on the path he takes 

to intercept the ball and it depends on the changes in direction 

of his gaze as he traverses the path. But the choice of path, 

itself, is a function of his "reading" of the trajectory of the 

ball, i.e., on his ability to discriminate classes of trajectories. 

In turn, his ability to discriminate trajectories, and thus the 

character of his perception, is determined by his knowledge of 

the game and by his perceptual skills. It rests on his ability to 

recognize standards o f play. The greater his knowledge and skills, 

the higher his standards. 

Each situation has its potential discriminations and its potential 

standards of response. For a given individual, at a given stage 

of development, with specific knowledge and skills, certain levels 

of discrimination and specific standards of play will be actualized 

for each of the possible situations that could occur. In our 

simulator a particular situation has been devised in the form of 

a cross-court trajectory with designated direction and pace. The 

player is presumed to be at some specific stage of development 

with designated knowledge and skills. He must therefore respond 

in accordance with some standard characteristic of his attainments. 

We must now decide on the standard. 

Selection of this standard, or standards, should be possible if 

the tactical structure of the situation is elaborated on. This 

can be accomplished somewhat as follows. We first examine the 

possible starting positions for the receiver and select from them 

those typical or commonly accepted defensive positions of ad­

vantage. Baseline center is one such position. Net center is 

another possibility. From these positions, then, standard moves 

are prescribed for indicated shots by the opponent. Some of 

these paths are schematized in Figure 10.3. 
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Figure 10.3. 
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Representative standard moves for de­
signated starting positions and indicated 
shots. 

For our cross-court shot it is convenient to select a path of 

the type shown in this figure. But a more refined description is 

needed to provide for different competence levels. For this 

purpose we refer to Figure 10.4. In this diagram, three 

approaches from baseline center to the path of the ball are shown, 

each corresponding to a different guiding policy. One policy 

says to glide backwards with the ball to meet it waist high. The 

appropriate move for this policy is given in (a). Another 

principle says to stand your ground and take the best shot; this 

is shown by path (b). The third idea, represented by (c), is 

to race forward to cut off the trajectory. These alternatives are 

usually selected, respectively, by beginners, intermediates and 

advanced player. 

path /' 

A.. 

" /' 

./ /A 
//' \ 

./ path ~ 
of 

player 

(a) (b) (c) 

Figure 10.4. Schematic of standard path intercepts move­
ments for a) beginner, b) intermediate, 
and c) advanced player. 
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For the prototype model it is assumed that the player is inter­

mediate in caliber in this intercept function. His strategy is 

to "hold his ground." He is to move neither forward nor back­

ward, but laterally, as necessary. Given the appropriate 

trajectory, he will begin the movement by accelerating in a 

direction parallel to the net toward the path of the ball. As 

he approaches the ball he will dec e lerate as needed to be stable 

enough to take his shot. 

In this case, the decision to run to the right is made as soon as 

our player reads the trajectory -- the type of shot it is, its 

speed, and its heading. According to his ability to read the 

shot, he will either be late, in time, or slow to respond. Skill 

will dictate whether he accelerates too much, about right , or 

too little . It will also determine whether his average speed is 

reasonable or not, and whether he fails to slow himself down and 

thus oVer- runs the ball, dece l erates just right, or decelerates 

too much and has to stretch to reach the ball. 

Our player is presumed to recognize the situation relatively late. 

He then over-reacts by accelerating too long and ends by having 

to decelerate at the maximum rate in his try to meet the bal l 

properly. Whether he overruns the ball or hits it reasonably 

well depends on certain random factors, due primarily to his 

lack of precision reading the trajectory. This is accomplished 

in part by using delays. In the state-to-state format, a profile 

of average velocities is taken as the standard of movement. The 

profile is optimum for a certain class of curves. But the player 

attains too high a speed and can't decelerate adequately to reach 

the ball, reflecting his inexperience. 

This interception procedure might be characterized as a velocity­

following technique, in the sense that the player attempts to 

adjust to a best velocity while following an intercept line to 

the ball; but he does this by applying or producing acceleration 

(force) . Ideally, a best profile would be computed at each time-

slice for the remaining segment of the path, using the acceleration­

deceleration model as the guide. The need to change the velocity 

schedule arises because of failure to reach expected states, the 
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failure being due to errors in judgement. This shifts the 

velocity-time structure and results in the formation of a new 

starting point for computation and the construction of a new 

profile to apply over the remaining segment of the intercept 

path. For practical reasons, construction of this new profile 

in the prototype model is carried out in accordance with certain 

simplified guidelines. In other words, the space of possible 

profile segments is very restricted. 

In effect, the player follows a standard of action more or less 

accurately and smoothly, as he is able. If he is a strong player 

his movements will be precise, his transitions regular; he will 

anticipate changes well and make his adjustments smoothly . If 

he is a weak player, however, his movements will be inaccurate 

and erratic; changes will generally be abrupt. The player's 

movement schemata, or schemata systems, dictate his responses. 

They reflect his interpretation of the standard -- the way he sees 

the standard. And they determine his skill level within that 

category of capability. 

Thus the skill of a player relative to a particular task is re­

flected not only in the standard he adopts but also in the meaning 

that standard has for him. In the simulator our player is presumed 

to be "intermediate" relative to the intercept path he adopts. 

Even relative to that standard, however, he still is not the best 

player. He overestimates the desired xelocity, so his actions 

fall short of the ideal. 

The procedure adopted to simulate this function might be criticized 

on the grounds of artificiality, that neither the path nor the 

velocity profile constitutes a reasonable component of accepted 

strategy. This is justified in part. In actual play, adherence 

to a line parallel to the net is in no way important, as such. 

Seldom does this type of movement occur without at least some 

forward or backward adjustment. But the path is used here to 

represent a half-way point, a simplified approach useful for 

purposes of simulation. Weaker players do, in fact, tend to move 

back with the ball, to have an easier shot; and better players 

do tend to move in on it, to gain a step advantage on the opponent. 
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Consequently, the intermediate player might reasonably be 

characterized as taking the mid-line path. 

So far as the velocity profile is concerned, we have seen that 

photographs indicate the existence of sub-movements. The sub­

movements appear to be ballistic in nature and they carryon 

almost as if they were launched by a sling shot. Nevertheless 

there is a continuum of movement and there is a starting 

acceleration and a closing deceleration, however small. The 

velocity profile used by the simulator tends to be like this 

movement continuum. 

Even if considered acceptable, however, such a procedure still 

does not completely define the player's intercept capability. 

One must account as well for delays in response to the infor­

mation content in the visual field -- the display. It is also 

necessary to account for the refractory nature of the organism 

in his race to intercept the ball. 

So far as the delay in response to information in concerned, it 

is clear that a greater delay would, in general, be more detrimental 

to effective play than would a lesser one. Hence a weaker player 

in this respect would be said to be slower; a stronger player, 

faster. The absolute standard or ideal would, of course, be zero 

reaction time; it would not be possible to do better than this. 

For the simulation, then, an instantaneous response sets the ideal, 

and our player is seen to fall short of this ideal by some number 

of units -- time-slices. He might be a five time-slice delay 

player, say, or a ten time-slice delay player. Since we are not 

here concerned with analyzing the game of a person with any 

particular neural network, the numerical choice is quite arbitrary. 

The principle nevertheless remains intact. 

A similar mechanism may be employed to characterize his refrac­

toriness in running. To represent the fact that the player 

detects the need for a change in response due, say, to an 

awareness of a change in conditions, such as the occurrence of 

an error. -- it is necessary only to specify the discrimination 

and decision processing times, then keep track of the elapsed 
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time and initiate the new response at the appropriate moment. 

The number of time-slices used to represent this reaction time 

is quite arbitrary, too, up to a point, again in the sense that 

no specific individual is under study. However, the time isn't 

arbitrary insofar as experimental evidence is concerned. 

Theoretically, In both cases, the best condition obviously would 

be zero reaction time, but this would require infinitely fast 

circuits. A more realistic construction would set a minimum for 

all players, thereby taking into account the indicated biological 

constraints. The stronger players in this regard would then have 

reaction times closer to this limit than poorer players. 

The standard for direction of motion in the intercept function is 

defined to be the straight line parallel to the net. To represent 

the player's ability (or lack of ability) to move laterally, 

minor drifts off the line can be used. Thus the player might be 

programmed to drift two or three times in off-parallel straight 

lines, for instance. Other more complex movements could be 

incorporated. Statistical techniques might be used as well. 

However, the use of such a drift mechanism does not add materially 

to the utility of a prototype model, so the mechanism is left for 

a later version of the simulator. 

TRACKING STANDARDS, STRATEGIES AND COMPETENCES 

Having described briefly the mechanism used to deal with our 

player's body motion to intercept the ball, it is now required 

to introduce analogous procedures to characterize his eye move­

ments used to track the ball. Both the movement of the body and 

the movement of the eyes contribute to the perceptual perspective, 

or point of view, and thus influence tracking. Normally, the 

. body contributes both translational and rotational components of 

motion. For the prototype model, however, the two sources are 

uncoupled and it is assumed that the eyes alone provide the angular 

components. It is sufficient, therefore, to consider only the 

angular position and angular velocity of the line of sight as 

projected from the position of the center of gravity. 
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To begin with, it is clear that the ideal follow movement for 

the eye is to keep the ball in the center of the fovea at all 

times. This is the standard against which any special movement 

is to be measured. Whether anyone is able to attain the ideal 

is another matter, however. As we saw above, the practice of 

keeping one's eye on the ball is certainly favored, and some 

considerable concentration is usually needed to perform the task 

properly. 

But just how close anyone can come to the ideal is a matter of 

some considerable doubt. There may be a large gap between what 

is supposed to be seen and what is actually seen. How the eye 

actually picks up the ball and follows it to the racquet has not 

been fully explained, if at all. The exhortation to keep one's 

eye on the ball may be meaningful only to the extent of minimizing 

distractions. It may mean simply: Don't look to see what your 

friends at the sideline are doing! It could go so far as to mean 

one must not even look at one's opponent, as Don Budge believed. 

But it need not imply that the player must have the ball foveated 

at all times. Indeed, it could not mean this if the task was 

impossible. As will be developed below, there is good reason to 

believe that the moving ball cannot be usefully perceived for 

roughly the last quarter second of its trajectory, so the matter 

of foveating it in this interval is irrelevant . 

Fortunately, however, the possibility that nobody can attain the 

ideal in no way diminishes its value as a standard. It is still 

meaningful to say that the best anyone can do is to keep the 

ball in the center of view at all times, or at least for as long 

as he needs to be able to intercept it. One must either do 

this or fall short of doing it. We can therefore use the construc­

tion as a basis for the follow strategy and as a reference to 

compare players in the skill. 

If keeping one's eye on the ball at all times is the reference, 

what might the recovery strategy be when one falls short of the 

ideal? What, for instance, does the player do when his line of 

sight is slightly behind the ball? What procedure might the 

simulator adopt? 
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In principle, the processes involved in the movement of the eyes 

are no different than those involved in the movement of the body. 

It seems reasonable, therefore, to adopt similar techniques in 

the simulator. Hence, should the line of sight lag behind the 

ball, the natural response would be to close the gap; this could 

be done by speeding up the angular rotation of the eyes. If, 

on the other hand, the eye should lead the ball, it is only 

natural to decrease the angular rotation. 

The task isn't just that simple, however. More properly, the 

rate of change of the angle betw~en the line of sight and the 

line to the ball has to be considered. If the line of sight lags 

the ball but the angle is closing, a different strategy may be 

called for. One has first to test what the rate of closing is. 

This rate may be low, intermediate or high, according to which 

it would be necessary, say, to speed up, or continue at the same 

pace, or slow down. If the angle is getting wider, the proper 

response would seem to be to increase the angular rotation of the 

line of sight, presuming that the direction of motion isn't 

negative (i.e., opposite to the direction of motion of the ball). 

Similarly, if the line of sight leads the ball, the action would 

seem to depend again on the rate of change of the lead angle. 

If the angle is decreasing, it would be necessary to see whether 

the rate was low, intermediate or high, as before. The appropriate 

decisions might then be to decrease the line of sight rotation 

rate considerably or a little bit or not at all, respectively. 

Whereas, if the angle is increasing, the appropriate response 

would appear to be to decrease the rotation rate. 

The tracking or "follow" decision thus depends on whether the eye 

lags or leads the ball, whether the separating angle is small or 

large, and whether the angular rate of change is small, inter­

mediate or large. But what magnitUdes constitute small, inter­

media.te and :Large values on these properties? 

For the simulator, a small lag or lead is defined as the condition 

such that the image of the ball is still on the fovea. A large 

lead or lag would put the image near the perimeter of the retina. 

And an intermediate lead or lag would put it somewhere in between. 
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Small, intermediate and large velocities can be defined in a 

similar way. A low velocity is a just no tic eable speed, meaning 

that the eye rotates at a very low rate; whereas a high velo­

city pushes the upper limit of the eye's ability to rotate. An 

intermediate velocity is then somewhere in between. Similarly, 

just noticeable differences in the rate of separation or closing 

of the angles are considered small. Angular changes that reach 

the upper limits of the eye's rotation ability are large. And 

those in between are intermediate. 

The Follow logic can now be defined in terms of the visual limits 

of the eye. But how is the player's skill to be mechanized? 

Though the process is not altogether one that is c onscious , there 

is no doubt that some players are better able than others to per­

form the required eye movements to follow the ball in its flight. 

This could be simply because some people are better able to 

monitor their movement circuits and more skillfully reset biases 

to effect changes as needed. Not all neurological nets have the 

same reaction time; some are naturally slower than others, so 

they take l onger to correct. But the difference in ability could 

also be due to the fact that some players have inefficient follow 

habits, that they haven't learned to use their eyes to the best 

advantage. In either case, however, whether it is built-in or 

learned, there is a time delay in the application of the rotation 

needed to adjust the direction of the line of sight. 

In the simulator, this delay can be dealt with as before. It is 

needed only to add a delay in the start time for a designated 

correction. Thus if the eyes lag the ball and it is detected 

that the angle of lag is increasing, for instance, a correction 

for the line of sight is noted but is not put into effect immed-

iately; 

of time 

applied. 

the correction is to be held up for a designated period 

a specified number of time-slices -- before it is 

Another component of this skill is the ability to make the appropri­

ate adjustment when the need is recognized. No matter how quickly 

corrective action is taken, wrong action is unproductive. It may 

in fact be counter-productive. For example, if the player's eyes 
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lag the ball and he over-accelerates in an attempt to close the 

gap, his eyes might suddenly be leading. This could result in an 

oscillation about the line of the ball. On the othe r hand, if he 

is too conservative with his correction, the gap could increase 

rather than decrease. A particular player's skill l e vel in this 

regard is determined by his actual acceleration profile. In the 

simulator, the player subscribes to the above indicated decision 

logic but tends to over-accelerate and to over-decelerate in his 

reactions, in a manner similar to that of his body movements . 

Before our player can react, however, he must first recognlze 

that some action is necessary. He must be able to read the existing 

situation. He can only do this to the extent of his ability, of 

course. He has to be able to see what is happening, and this 

requires a certain amount of skill. The more skill he has, the 

more subtle are the distinctions that he can make. The smoother, 

too, are his follow movements,therefore. It depends on the 

precision of his coding, to use Welford's terminology. 

The ability to discriminate rests on the ability that enables 

Welford's musicians, dyers and furnaceman to identify their 

musical notes and colors. It characterizes the level of develop­

ment of the necessary schemata, to use Neisser's language. The 

player needs to be able to identify the appropriate local and 

global trajectory properties. The more refined or precise his 

signs (codings, schemata), the more subtle his discriminations. 

The more able he is to differentiate among trajectories and among 

states of any given trajectory, the more precise is his coding 

and the more specialized are his responses. 

This kind of precision should be incorporated into the simulator 

if the qualitative aspects of the track and intercept functions 

are to be represented properly. But how is the process to be 

mechanized? What standard can be used as a basis for the mechanism 

and how is skill level to be characterized? The questions ask, 

in effect, how information is to be coded in the simulator and 

how the coding can be used to define skill level. 
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The basis for the an.swer has already been suggested above. The 

key is the word 'precision', which refers to 

the degree of refinement on some propert y. 

the accuracy or to 

By using the notion 

of a range of value on s ome scale as a measure of the value of 

the property, that property value can be said to be more or less 

precise as the range is narrower or 

freguencies is used to define hue. 

wider. For example, 

The more p recisely a 

range of 

color 

is to be specified, the narrower must its range of frequencies 

be. Using such a device in the simulator, the quality of the 

player's perception of speed, say, would be given by a range of 

values of speed on a physical scale. Similarly, his perceived 

distanc e would be a range of physica l values, the range actually 

defining the quality. 

Differences among trajectories can be characterized in analogous 

ways. In effect, the set of all trajectories would be partitioned 

into numerous sub-classes. The trajectories within any given 

class would be indistinguishable one from the others, but 

trajectories drawn from different sub-classes would differ from 

one another in certain significant ways. The manner in which the 

trajectories are partitioned determines the type of path identifi­

cation skill. Specification of the skill level, however, is by 

no means simple and dire ct, for trajectories may be partitioned in 

many different ways, each depending on the properties considered 

to be significant. And significance, in part, is determined by 

the player's style, strategies, shots and objectives. Fortunately , 

it isn't necessary to define these levels for the prototype model, 

since only one very special and highly artificial traj e ctory is 

used. The player's skill is thus arbitrarily described. 

INTERPLAY OF TRACKING AND INTERCEPTI ON 

When a player tracks an oncoming ball, he does so not for the sake 

of tracking, as such, but rather because he wants to intercept the 

ball. He does this by directing his gaze along the trajectory and 

concurrently moving his body along a path designed to get to the 

ball before it passes him. In this process he collects information 

which influences his movements, which in turn alter the information 

he gets. 
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But information collection requires. schemata; the player must 

be predisposed to accept certain kinds of information and he 

must have some idea where to look for it. That is, he has to 

anticipate what he finds and he has to direct his attention to 

certain places to find it . An expectation set establishes the 

nature of the information, and a motor plan guides him in the 

search. 

To say that he tracks the ball, then, is to say he is prepared to 

see 1) general characteristics of the trajectory, such as the 

type of shot it is, its general shape and its direction across 

the court, and 2) special attributes, such as i ts position and 

speed at different times. This is a guidance function. The 

data serves to guide the player along an intercept path and it 

directs his gaze along the projected trajectory. The continuing 

movements are made as a consequence of information already 

received. A schema directs the gaze in anticipation of locating 

the ball again and accepts additional data made available by the 

look. Perception is directed by expectations, the schema 

determines what is picked up, and perception provides information 

which changes the schema. And the process continues. 

But tracking also has a control function. This operation yields 

information, too, but the data is useful only in maintaining 

track of the ball. It keeps the line of sight from drifting t oo 

far from the line of the ball. Expectation is built up by the 

track history of the ball; based on the history, the player 

anticipates the future. But he could be wrong. If he is, his 

line of sight won't match the line of the ball. A correction is 

then in order, the type depending on the nature of the mismatch, 

as noted above. 

When the guidance and control functions are combined, an infor­

mation loop .is completed. Based on history of the track, the 

future state of the ball is predicted. This prediction directs 

the eye forward. Perception now provides data as to the actual 

position of the ball, and any deviation of actual from expec ted 

values leads to a correction. with the adjustment made, the feed-
• 

back-feedforward loop is complete and the next cycle begins with 

a new prediction. 10-23 



There is an information loop in the intercept movement as well. 

The track history of the ball, as we have said, serves t o guide 

the player along his intercept path, but so also does the play er's 

own movement affect what he can do next. If fo r i n stance he is 

running at high speed, he can't sudden ly be standing still; he 

must decelerate, and this takes time . If he is following a 

velocity pattern along a straight-line path as indicated above, 

and if the expected velocity and position don't match actual 

values, a correction in profile is necessary for the intercept 

to occur as desired. The guidance-control cycle is completed 

as the correction is effected and a new cycle begins. 

It is to be noted that the history of the trajectory o f the ball 

in this matter is not independent of the history of the p layer. 

What is involved is the relative position and velocity of the ball. 

The player is running as he looks at the ball. The trajectory 

as it appears to him is therefore different from what it would be 

like if he were standing still. We are concerned here with the 

history of the ball as it relates to the player. The movement 

of the player is thus a determinant of the expectation of state 

of the ball and must be so used in the simulator. 

This analysis presumes a "central control system" level of display; 

i.e., the ball environment is presented as a finished product, 

characteristic of normal experience. Only this level of the 

complex processes is simulated in the prototype model. Perception 

is smoothed. The problems of spatial and temporal integration, 

like those of detection and identification, among others, are 

left for the future. They are beyond the scope of this first 

effort, which is to show that a program can be written with a 

significant degree of realism. The serious questions as to how 

stimuli at the peripheral sensors are ultimately formed as 

perceptions and whether and in what form peripheral displays (the 

analogues to radar displays) are formed, are left to a later time. 

These aspects of the overall problem are not part of the prototype 

program. 
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REPRESENTATION or THE TRAJECTORY 

In the simulator the mov ing ball is represented b o th in the 

objective mode and in the subjective mode. That is, it is given 

as a physical object moving through space, expressed both in 

ordinary Euclidean 3-space over the court and in polar coordinates 

from the perspective of the player; and it. is_ .gi ven as a perceptual 

object in the space of the player, expressed again through the 

use of polar coordinates. 

Consider first the physical trajectory. Because of the short dis-

tances involved in the action, we assume the surface of the court 

to be a Euclidean plane and the gravitational field to be every­

where perpendicular to the plane. It is assumed, further, that 

there is no spin on the ball and that the aerodynamic drag is 

zero. The entire path of the ball therefore lies in a plane normal 

to the surface, the horizontal component of its velocity is 

constant, and the vertical component is the same as that of a 

ball thrown into the air and allowed to fall to the ground. The 

motion is depicted in Figure 10.5. 

Figure 10.5. Planar motion of ball with no aerodynamic 
drag or spin moving in a uniform gravi­
tational field. 

The drive, as indicated, is presumed to be a (right handed) fore-

hand, cross-court shot, going corner to corner. 

zontal component of velocity, v H' be 60 ft/sec 

the vertical component, vV' be 14 ft/sec ~ 4.3 

of origin of the trajectory. Set the starting 

4 ft ~ 1. 2 m. 
10-25 
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The task for the simulator is to determine the position and 

velocity of the ball at every time-slice, t + n~t, where 

n = 0 , 1, 2, 3, ... and t is the starting time. Let the 3-

dimensiona l posit i on coordinates be (r,h), where r : r(x,y) is 

the distance along the path and h is the altitude. Since v H is 

constant, the increase in r at each time-slice is the constant, 

6r ~ 6tvH. The value of h is obtained from the equations 

s = vot ± ~gt2, 

where g is the gravitational acceleration , v is the starting o 
velocity, s is the height and t is time. The sign of the 

gravitational term is + or - according as the vertical component 

of motion is down or up, respectively. 

There are four trajectory segments of possible interest. In the 

first segment the vertical motion is up and the maximum height, 

hm' is reached at time, t m. Using the equation, v = Vo - gt , 

we can obtain the values for hm and t m. Since v = 0 at tm' we 

have 0 = 14 - 32tm, or tm = 7/16. Hence, for the segment from 

t = 0 to t = 7/16, the increment of height, ,e.h, is given by 

,1h = (i>h/Dt)~t - gtLlt 

= vVLlt - gttlt . 

For the segment from tm to the time when the ball hits the ground, 

t
g

, 

t1 h = vvt..t + gtllt. 

The value of t is obtained after first finding the height at 
g 

t m. That is, 

hm = vvtm - ~gt~ + 4 

= 14 (7/16) - 16 (7/16)2 + 4 
...., 

= 7.0625 ft = 2.15 ffi. 

Then, from s 2 = ~gt , we have 

t = (7.0625/l6)~ 
~ .664 sec, 

t = 7/16 + .664 g 
.V 

.437 + .664 

= 1.101 sec. 
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At tg the vertical component of velocity is Vg = 32(.664) ~ 

21.25 ft/sec ~ 6.48 m/sec. We set the coefficient of elasticity 

of the ball such that the starting vertical component for the up­

ward segment is 16 ft/sec ~ 4.88 m/sec. The time interval to the 

maximum height of this segment is obtained from the 

16 = 32t. That is, t = .5 sec, so tm2 = 1.601 sec. 

segment the increment of height is determined by the 

equivalence, 

For this 

equation 

Since the horizontal component of velocity of the ball is 60 ft/sec, 

it takes about 79.1/60 ~ 1 . 3 sec to traverse the trajectory, so 

the ball will either have been intercepted or gone by the receiver 

before this segment is completed. A fourth segment is thus not 

needed. 

The starting point of the trajectory is assumed to be at the 

opponent's right baseline corner, as shown in Figure 10.6. The 

path is assumed to project to the receiver's right baseline corner. 

Hence we have 

and 

where 

x = r cos a 
y = r sine, 

a = arc tan 27/78. 

27 ft.~------------------------------------------~~r-· 

y 

o 

ball 
at t = 0 

x 

receiver ~ 
at t = 0 

78 ft. 

Figure 10.6. Coordinate system of the court. 

The starting point of the trajectory is thus (r,h) = (0,4). The 

starting velocity is Vo = (vH' vv) = (60, 14). And the starting 

time is t = O. By using the above equation set, the values for 

x, y, r, h, v H' and Vv can be obtained for every time-slice there-
after. 10-27 



We must now examine the motion of the ball from the player's 

point of view. Let us suppose that his position on the court at 

time zero is center baseline and that his velocity is zero. 

Consider that he is looking directly at the ball, which is at the 

origin of the (x, y) coordinate system; as represented in that 

coordinate system, he is at (78, 13.5). 

The visual reference, as mentioned above, is from a point conven­

iently identified with the player's center of gravity. Using a 

point source has certain implications, the upshot of which is that 

we are dealing with a finished perceptual field. That is, it is 

presumed that radiant energy has already stimulated the retinas, 

that the neural responses have been processed, that binocular 

data has been synthesized, and that, basically, a perception is 

formed as if it were projected from a source between the eyes. 

The center of this field defines the direction of the line of 

sight. Motion of the ball in physical space is transformed into 

movements of this field and characterizes the subjective 

experience of the player. 

The simulator is simplified in another respect 

that the ball is the only object in the field. 

as well, namely, 

The player is 

presumed not to peek at the boundaries of the court or at his 

opponent, so there is no need to include the many surfaces of the 

playing volume in the model. No doubt .the player uses some kind 

of cognitive map to maneuver around the court. He probably uses 

the boundary line or net, for example, to assist him as he races 

to intercept the ball. In doing this, likely he relies on 

processes similar to those involved in establishing his position 

relative to the ball. In any case, the complexities in simulating 

the court can be obviated by incorporating the maneuver character­

istics into aspects of the ball. The player can then still "know" 

how to run laterally for an intercept even though there is no 

reference object in the field. 

If the ball is the only projected object, a question naturally 

arises as to the tactics to be used should the player "lose sight" 

of it. If the ball goes out of his field of vision, how is he to 

find it again? The answer is: there is no need. A "follow" 
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tactic that lags or leads the ball to that extent that it can no 

longer be seen, may simply be interpreted as a poor one. The 

player's competence level in this respect is considered low. 

Confining attention solely to the player's relationship to the 

ball, then, it is necessary to convert physical properties into 

perceptual properties and to generate the player's follow and 

intercept movements. The player, it must be remembered, experien­

ces only qualitative properties. Precise physical quantities 

have to be converted, therefore, into relatively less precise 

qualities. As discussed before, the conversion is effected by 

constructing a range or cluster of values around the indicated 

quantity. The more subtle the player's ability to discriminate, 

the narrower the range. 

The conversion is by no means straightforward, however, due to 

the nature of the retina, the link between the objective realm 

and the subjective realm. On the objective side, the physical 

object is presumed to move in a three-dimensional space. So too 

on the subjective side, the perceptual object moves in a three­

space. But there is involved in the transformation between the 

two spheres a contraction of data to a space of two dimensions; 

the r ·adiant energy reflected from the surfaces of our three­

dimensional objects, ·collapses to the two-dimensional space of 

the retina. It is probably only because of the translational and 

rotational movements of the eyes that the perceptual three-space 

can be constructed; but for this reason, too, this construction 

must therefore be symbolic. 

Needless to say, the retinal two-space is not the perceptual three­

space. The tennis ball that the player "follows" with his eyes 

is the 3-d symbolically projected response, not the 2-d stimulus. 

Yet the projection occurs as it does because the actual shape of 

the retinal image matches the shape that one has learned it is 

expected to have for that projection. It is reasonable, there­

fore, for the mathematical transformation to collapse 3-d external 

objects onto the 2-d retinal screen. 
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To understand the transformation, consider the three components 

of velocity of a ball at an arbitrary point in its trajectory. 

In Euclidean space, the velocity can be written as v = (v , v , v z ), x y 
the components configured in (x, y, z) coordinates as shown in 

Figure 10.7 (a). In the player's perceptual space, however, the 

v 

(a) "f 

v 
y 

I --\ 

(b) 

\ 
\ 

v 

Figure 10.7. Instantaneous velocity components of a 
moving ball in (a) Euclidean space, and 
(b) perceptual space. 

components would follow perspective lines and appear more 

like the configuration shown in Figure 10.7 (b). The problem is 

to construct the representation in (b) from that in (a), using the 

retinal two-space as the intermediary. 

Figure 10.8. Retinal projection of 3-d motion. 

If we were to imagine the velocity arrow of the ball being 

painted on the retina as it evolved, the direction in which the 

paint application progressed would represent the instantaneous 

relative motion of the ball. This retinal projection would 

appear roughly as shown 

"up" and "to the right" 

in Figure 10.8, where v and v label the u r 
velocity components, respectively. The 

image might form to the left, of course, or down. The direction 

is a function of the angular velocities of the line of sight of 

the eye and the line to the ball. It would appear to be moving 

10-30 



backwards, for example, if the line of sight were catching up 

with the ball. To effect the transformation, a retinal 

reference is needed for the up-down motion. But the difficulties 

can be minimized by assuming that the player maintains an erect 

posture. 

The problem now is to find the angular movements of the eye, 

using the available information as the basis for the transforma­

tion. This means using the position and velocity in physical 

space for both the ball and the eye. To do this, consider each 

appropriate component of velocity of the ball as the speed of 

the rim of a wheel of constantly changing diameter and center, 

the player being at the center of the wheel. Consider the 

starting condition of the simulation, to begin with. The ball is 

presumed to be hit with a horizontal component of velocity, v H' 

equal to 60 ft/sec, in a plane running cross-court, corner to 

corner, and with a vertical component in that plane, Vv = 14 ft/sec. 

The diameter of the wheel is the distance, d, from the player's 

position at center baseline to the opponent '·s right corner. 

That is, from Figure 10.9, 

d = «78)2 + (l3.S)2)" 

,..., tv = 79.1 ft = 24.1 m. 

So the vertical component of angular velocity of the line to the 

ball a<: V (d, vv) = vv/d, becomes 

~v(79.1, 14) ~ .1S rad/sec. 

To find the horizontal component of angular velocity of the line 

to the ball, ~H' we must obtain the component of v H normal to 

the line from the eye to the ball, as drawn in Figure 10.9. The 

ball is moving to the player's right at the rate 

vr = v
H 

sin (-6 - b) 

= v H sin(arc tan(27/7S) arc tan(13.S/7S)) 

~ 10 -v = 60(.17) = 10.2 ft/sec = 3.1 m/sec. 

So the horizontal component of angular velocity, O(H = vr/d, is 

0< H (79.1, 10.2) ;;: .13 rad/ sec. 
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The vertical and horizontal components of the angular velocities , , 
of the line of sight, (3 H andf1v' are computed by adopting the 

designated competence level of the player's "follow" strategy. 

For the starting condition of the simulator it h a s been assumed 

that his gaze is directed at the opponent's right baseline 

corner (i.e., at the ball) and that the angular velocity of the 

eye is zero. For the first time-slice, then, 

• . 
-,&'H =C(v = .1S rad/sec <Xv 

, , , 
-jJH =D( = . 13 rad/sec . o<v H 

The simulation thus begins with the line of the ball already 

moving away from the line of sight. Because of the built-in 

delay in the player's neural "circuits," an even greater lag will 

occur before compensat ory movements begin. 

v 
r 

ball 

player 
d 

¢ = arc tan(13.5/7S) 

Figure 10.9. Components of . v H about line from player to 
ball. 

The player's strategy, as indicated, is simply to "close the gap," 

which means that the eye must be rotated to put the ball in the . , 
center of the f!eld?f vision., Tha;: is'fV and~H must be driven 

to send both (o.:::V -f3v) and (oc. H -.P'H) to zero. 

Affecting the drive are the player's competences: He has to be 

able to detect an information difference (sensitivity to the 

properties of the ball-environment), his circuits have to be 

tuned to respond to the differences he perceives (delay), the 

future state of the trajectory has to be estimated (prediction), 
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an acceleration to overcome the difference has to be calculated 

(feedforward computation), and he has to execute the drive 

(reaction time) by the application of a corrective action. 

These characteristics are simulated, respectively, by: 

constructing an equivalence class of values for each quantitative 

value, imposing a time-slice delay on responses to perceived 

differences, applying linear dead-reckoning to trajectory using 

average velocity of trajectory, extending current line-of-sight 

rate to estimate angle and angle rate differences and from them 

obtaining decision from logic table, applying time-slice delay 

for reaction time, and driving the line-of-sight with a corrective 

acceleration. 

In order to effect this continuing loop of information processing, 

it is necessary to have a general relationship between the 

perceptual aspects of the situation and the physical aspects. It 

is necessary, first, to establish the distance, d, in general. 

The geometry is shown in Figure 10.10. The values for the 

position of the ball and the player are presumed to be known; 

they will have been computed in the previous time-slice. The 

ball will be at the distance (82.5 - r) ft from the player's 

baseline corner, and the player will be at a point (13.5 + s) ft 

from his left baseline corner. The distance, d, is therefore 

given by the expression 

d = «78 - r cos&)2 + (13.5 + s - r sinB)2)~. 

Figure 10.10. General relationship between ball 
and player. 
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In order to compute the horizontal component of the angular 

velocity of the line to the ball, the player's own movement has 

to be taken into account; his motion across the court modifies 

the apparent velocities. As can be seen in Figure 10.10, the 

player's velocity, v , is at an angle, V , relative to the 
p 

direction of v , the horizontal rim speed (using the wheel 
r 

analogy). The projected value of v onto the rim speed is 
p 

when 

vpcos ~, and the rim velocity, 

horizontal velocity is 

itself, expressed in terms of the 

So the actual horizontal component of angular velocity is 

~H = (v - v cos ~) /d r p 
= (vHsin(6 - ~) - vpcos~)/d 

(vHsin(arc tan (27/78) - arc tanW) 

- v cos (arc tanW))/d, 
p 

where w = [13.5 + s . - rsin(arc tan(27/78)))/(78 - rcos(arc tan 

(27/78))). 

To compute the . vertical component of the angular velocity, the 

simulator has to select the appropriate set for the given tra­

jectory segment equations. For the first segment, the position 

and velocity are given by 

s = 14t - 16t 2 + 4 

v - 14 - 32t. 

For the second segment, the equations are 

And for the third, 

s = h 16t2 
m 

v = 32t. 

s = 16t - 16t2 

v = 16 - 32t. 

Using the appropriate equation for vv' the vertical component of 

angular velocity is given by 
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Had the actual rather than the horizontal distance to the ball 

been used, the correct rim speed to apply would have been 

v d ' = vv/cosf'< 

and the correct distance would have been 

d' = d/cOSj<' 

so that 

d<:v = vd,/d' = (vv/coy'() / (d/co~{) = vV/ d , 

which is the same as before. ? is the angle of inclination of 

the line of the ball with the horizontal, as shown in Figure 10.11. 

player 

") 

trajectory 
of ball 

d 

Figure 10.11. Angular acceleration of line to the ball 
using actual or horizontal distance to 
the ball. 

It is necessary now to obtain the horizontal and vertical 

components of the angular position of the line to the ball. For 

reference, we take the "zero" position to be the horizontal line 

from the player drawn normal to the net. Deviations up and to the 

right from that position (from the player's point of view) are 

positive, while those down and to the left are negative. 

Referring to Figure 10.12, the horizontal angle is given as 

~H = arc tan(y - 13.5 - s) / (78 - x)). 
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;' zero angular position 

7 78-x -~ 
Player) 

......-- ~ 

~ 

(13.5+s y) --- ~ ~o< t 
H 

13,5+s + ~-......-- ~ 
y <' .- --- x I ball 

~~~~.,-~--------------~----------------~~ 

Figure 10.12. Horizontal component of angular position. 

Similarly, 

to be 

from Figure 10.13, the vertical component can be seen 

where 

0<: V = arc tan ((h - 5) / d) , 

d = ((78 - rcose)2 + (13.5 + s - rsine)2)~ 

= ((78 

ball 

h-5 

2 - rcos(arc tan(27/78))) 

+ (13.5 + s - rsin(arc tan(27/78)))2)~. 

+<>< 
V 

d 

player 

zero angular position 

Figure 10.13. Vertical component of angular position. 

TRACKING MOVEMENT 

To devise a detailed strategy of the player's eye movement in 

following the ball, we use the notationjl Wf1V'\X:H' andC(v 

5 H. 

to identify the horizontal and vertical angles for the line of 

sight and for the line to the ball, respectively. Suppose, first, 

that the line of sight lags the ball by the angle, Ow in the 

horizontal direction; that is, 

6' H = (CXH - f H) > O. 
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If the lag is small, it seems r easonable for the player simply 

to continue his present action. For an intermediate size lag he 

should perhaps accelerate slightly. Finally, if he has a lot of 

ground to make up, his acceleration should be quite large. 

On the other hand, if his eye leads the ball, i .e ., if 

he should make small changes if the angle is small, decelerate 

slightly more for a medium size angle, and decelerate even more 

for a large angle. 

This strategy would appear to be sound when A 
• • . H 

But 

suppose thatf3 H is much greater than ~ H meaning that the 

angular velocity of the line of sight is much greater than that 

of the line of the ball. Now if his eye 

leads, it seems the player should decelerate his line of sight 

even if the angle is small, for otherwise he will soon be ahead 

of the ball. And if his eye lags, he might still be better off 

to decelerate, to avoid a large overshoot. 

apply to other combinations of values. 

Similar considerations 

Had we not presumed a "central control system" display for the 

simulation, another factor would have to have been taken into 

account: Any single data input must suffer from unreliability; 

there are simply too many physiological mechanisms and too many 

perceptual-motor skills involved in the process to believe that 

adjustments on the raw stimuli for each and every movement that 

occurs can take place without error. A smoothing of these data, 

on the other hand, tends to reduce the errors. In the simulator 

this complex operation is 

considered to be smoothed 

obviated; the perceptual model is 

and unbiased . Use of such a model 

doesn't eliminate player errors, however. A smoothed picture is 

less chaotic, more orderly than an un smoothed representation of 

the facts and therefore more amenable to reasonable decision-

making. But the player's skills are still short of ideal develop-

ment. Errors are still possible. Tracking disruptions or 

intercept failures can still occur. 
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In the simulator the values for f ' 0(, f1 ' and 0<, as well as 

those for d, x, y, r, ~, ~ and others, are known precisely; 

these quantities reflect the objective facts of the playing 

situation; they identify exactly what the player does. His own 

judgement, however, is less precise; his decision-making is more 

intuitive -- he has no time-outs for computations. In the sim­

ulator, these subjective values are expressed as clusters of 

values on the objective quantities; they are equivalence classes 

on the quantities. 

For instance, if the precise distance to the ball at some time, 

as it is measured in physical space, is 19 . 1 ft, the player might 

have an idea that the distance is "about 20 ft . " The line of 

sight, viewed on the 'objective side,' might lag by .07 radians; 

on the 'subjective side' it could be seen as "very small." 

Or, the required acceleration could be 8.3 ft/sec/sec; the player 

might think he has to "speed up a bit." 

For the sake of simplicity, each cluster ~n the first program will 

be formed by bracketing a given quantity with a range of . values 

equal to plus or minus 5% of the quantity. Hence, the physical 

distance, 20 ft, will be "seen" by the player to be the quality 

"19 to 21 ft." (Unfortunately, there are few, if any, names for 

these qualities.) The angular difference, ex:: - tJ , likewise, , 
has the quality: (( <X ± 5% "'<:::) - (fJ ± 5% t> )) = 
± 5 % ( cx.. + f )). And (~- f ) goes in to (( c:\-: - ,6 

((O(-ts ) 
, . 

) ± 5% (0.:; + I'> )). 

To tie angular values to properties of the eye, a small lag (lead) 

can be defined as a condition such that the image of the ball is 

still on the fovea. A large lag (lead) would put it near the 

perimeter of the retina. And an intermediate lag (lead) would 

put it somewhere in between. Small, intermediate and large velo­

cities can be defined in a similar way. A low velocity would be 

a just noticeable speed, meaning that the eye rotates at a low 

rate. A large velocity pushes the upper limit of the eye's 

ability to rotate . And an intermediate velocity is somewhere in 

between. 
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To determine the player's eye movement, a desired value at which 

the eye should accelerate has to be computed. Given estimates of 

the impending change in the angular position and velocity of the 

line to the ball, which can be obtained by proj ecting forward the 

latest values on these qualities, the expected changes in lag or 

lead can be obtained and added to the current lag or lead. Based 

on these adjusted requirements, the desired increase or decrease 

In the angular velocity of the player's line of sight can be 

computed. The extent of the adjustment depends on whether 0 (the 

lag or lead) is small, medium or large and whether ~ - 8 is small, 
f 

medium or large. Both the horizontal and the vertical components 

of these qualities have to be considered. 

For the prototype model, the maximum values for the horizontal 

components of the . velocity of the line of sight and the angular 

difference between the line of sight and the line to the ball are 

assumed to be: 

a - 1.1 rad Hmax -
• t Hmax 

= 2 rad/sec. 

The qualities: small, medium and large on these properties are 

then defined as in Table 10.1. 

Small Medium 

0 0 to 
H 

• 
~ H 0 to 

Table 10.1. 

.18 rad .18 to . 9 rad 

. 3 rad rad -- .3 to 1.6 --
sec sec 

Meaning of qualities: 
large on velocity and 
of LOS. 

Large 

. 9 to 1.1 rad 

rad 1.6 to 2 --
sec 

small, medium and 
angular difference 

Now let small, medium and large accelerations of ~ H be defined as 

5, 10 and 20 rad/sec/sec, respectively. For 10 ms time-slices 

this means that the horizontal component of angular velocity, 
• t9 H' can increase by 1 rad/sec in 20, 10 and 5 time-slices, 

respectively . 

To develop in detail the acceleration logic, note that 0.::: H - j3 H 

can be positive or negative, or small, medium or large, or zero. 
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Similarly, the relative velocity, C><:.H -1-3 H -A~H' whereA!H 

is corrective increment of velocity, may have these values. For 

example, if the line of sight lags by a small amount, then 

..::xH - f3 H is positive, small. If the angular velocity of the 

line of sight is much greater than that of the line of the ball, . . . 
then <X:H - j3 H - I1IH is negative, large. 

Suppose, now, that the weights: 0, 1, 2, and 3 are assigned to 

the qualities: no noticeable difference, small, medium and 

large, respectively. By so doing, it turns out that the sum of 

the weights for the respective pairs defines the acceleration 

to be applied when this combination occurs. 

For example, if the player's line of sight lags far behind the 

ball (+3) and his angular velocity is slightly larger than that 

of the line of the ball (-1), the sum is +2, which represents 

medium acceleration. For a medium lag (+2) and slightly smaller 

angular velocity (+1), his decision would be to accelerate to 

the maxium (+3). Again, if his eye leads by a medium amount 

(-2) and the angular velocity is relatively large (-3), he must 

decelerate to the maximum (i.e., -2 -3 ~ -3). In general, if 

the sum is positive, he has to accelerate; if it is negative, 

he decelerates. If the absolute magnitude of the sum is 1, the 

velocity drive is small. If the value is 2, the action is 

intermediate. If it is three or more he drives to the maximum. 

And if it is zero, he makes no changes. The sign of the sum 

identifies the direction in which the velocity drive is to be 

made. These logical conditions are summarized in Table 10.2. 

A similar strategy can be defined for driving the vertical 

component of the angular velocity. In the real world there are 

differences in capability between the vertical and horizontal 

movements, but for the prototype model it is assumed that the 

competences are the same. The acceleration rates for ~ V are 

thus 5, 10, and 20 rad/sec/sec, as they are for ~ H. The decision 

logic therefore has the same pattern. For both the horizontal 

and vertical movements, then, the logic table defines the 

procedural standard for the simulation, and the player's inter­

pretation of the properties (i.e., the way he "sees" the 
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quali ties; the range he allows for each of small, med.ium or 

large) defines his schemata for this action. Since the 

selection of a competence level is somewhat arbitrary for the 

simulator, it is assumed that the player operates at standard. 

His response to the properties is not assumed to be immediate, 

however. There is a time delay, reflecting his competence 

level in this specific regard. For purposes of simulation, a 

three time-slice response is assumed initially. That is, for 

a given condition in the ith time-slice, the response is not 

initiated until the (i+3)rd time-slice . For example, if a 

correction for angular lag is determined for the 45 th time-slice, 

the correction won't be allowed to occur until the 48 th time­

slice. At that time the appropriate values of acceleration 

from Table 2.2 will be applied. 
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Line of Sight 
(Lag , +; lead, - ) 

1 2 3 -1 

1 2 3 -1 

2 3 3 -0 

3 3 3 1 

3 3 3 2 

0 1 2 -2 

-1 0 1 -3 

- 2 -1 0 -3 

-2 -3 

-2 - 3 

-1 -2 

0 -1 

1 0 

- 3 - 3 

-3 -3 

-3 -3 

Table 10.2. Acceleration strategy for 
tracking correction. (Inputs 
relative to line of ball) 
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INTERCEPT MOVEMENT 

As already indicated, our prototype. simulator uses two standards 

to characterize the intercept movement. One standard defines 

the direction of motion and uses a straight-line path parallel 

to the net to guide the player. It is presumed that the player 

interpretes the standard flawlessly; his competence level is 

perfect and he follows the line without error. Later programs 

may incorporate practices which are less than ideal; the player 

may be allowed to drift, for example. But for this first version 

there is in~ufficient gain in principle to warrant the additional 

complication . 

The second standard gives an ideal velocity profile to be adhered 

to. In this instance, the player's behavior is less than perfect. 

While the standard frames his action around a best velocity 

structure for any given distance- and time-to-go before intercept, 

his motor plan falls short of ideal and he tends to over-react, 

resulting in speeds and rates of change that are higher than 

necessary. 

For the given trajectory, when the ball, is hit the player has 

13.5 feet minus the length of his arm-racquet system, or a net 

distance approximately 10.5 ft = 3.2 m to run, and he has 

((27)2 + (78)2)~ rt/60 ft/sec = 1.36 sec to do it in. At any 

clearly depend moment thereafter, the distance and time remaining 

on his average speed to that moment. The distance remaining 

for him to run is 

and the time-to-go is 

s = 10.5 - s 
g 

tg = 1.36 - t, 

where s is the distance along the straight-line path the player 

has to run and t is the time that has passed. For the remainder 

of the path to intercept, therefore, the average velocity of the 

standard profile must be 

va = (10.5 - s) / (1.36 - t), 

if the player is to reach the ball. 
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projected from the starting conditions, where t = s = 0, the 

average velocity has the value 10.5/1.36 ~ 7.7 ft/sec ~ 2.3 m/sec. 

If ~ sec is allowed for the time needed to accelerate to maximum 

velocity, v , and .36 sec for deceleration to a manageable 
m 

hitting speed (a running speed at which the ball can still be hit 

reasonably well), say vm/3, a profile for the 1.36 sec run can 

be constructed as in Figure 10.14. 

v 

o 0.5 

v 
m 

t 
1.0 1. 36 

s = 10.5 ft g 

v/3 
m 

Figure 10.14. Velocity profile for intercept run. 

Expressing the average velocity over the run in terms of the 

velocities of the profile, we can compute v. That is, m 

v . = a 

.5v /2 + .5v + .36 (v + v /3)/2 m m m m 

1. 36 

But va has already been computed to be 7.7 ft/sec, so 

N N 
vm = 7.7/.73 ft/sec = 10.5 ft/sec = 3.2 m/sec. 

The player's action, now, does not match this profile exactly; 

as already indicated, he tends to over-react. To simulate this 

over-reaction, the actual profile is projected for a run at a 

higher maxium velocity. The player is thus shown to accelerate 

more than necessary and then to decelerate more in order to 

compensate for the excess speed. We therefore set his competence 

level in this skill by assuming that he overaccelerates to a maxi­

mum velocity equal to 115% of the ideal maximum. His maximum for 

the first projection is thus (1.15) (10.5) = 12.08 ft/sec = 
3.7 m/sec, and in general, 
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v = kv , for some value k. pm ·m 

So long as the player's "motor plan" matches the profile 

exactly, he is moving at the "best" velocity for the given 

situation. That is, his velocity is as it should be for the re­

maining time- and distance-to-go. He will have run a distance 

s = vt/2 if t ~ .5, 

or s = . 5vm/2 + (t - .5)vm if .5<t!£1.0, 

or s = .5vm/2 + .5vm + (t - 1) (vm+ v)/2 if 1<'t~1.36, 

where v is the profile velocity at the specified time, t, for 

the distance, Sg. 

However, if he realizes that he has failed to match the profile 

and may miss the intercept should he continue as scheduled, he 

will have to alter his plan. In other words he must adopt a 

new standard, or profile segment, for the remainder of the path 

to intercept. In the prototype model this standard takes the 

form shown in Figure 10.15. But like the old plan it must still 

satisfy the condition that v = 12.08/3 ~ 4.03 ft/sec ~ p . 
1.23 m/sec at tg ; Sg = O. 

Clearly, the player has to move faster, on average, to reach an 

intercept point in a given time if he has farther to go, and 

slower on average if he has less far to go. When our player sees 

that he is too close to the ball for the plan in effect to 

succeed, he either stops accelerating if he is in the accel­

eration mode, or decelerates to the maximum possible value if he 

is in the constant velocity mode. Otherwise, he has no choice. 

On the other hand, if he happens to detect that he will not 

reach the ball in time continuing with the present plan, he can 

either accelerate to a higher maximum velocity than planned if he 

is in the acceleration mode, or decelerate at the smallest 

possible rate if he is in the constant velocity mode. These 

are his only options. 
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v time of 
error 

detection 

v 

t 

1.0 

v /3 = 4.02 ft/sec 
m 

1. 36 sec 

Figure 10.15. Optimum path segment for specified 
distance-to-go and time-to-go to 
intercept. 

The player's deceleration is constrained to lie either at the 

maximum, defined by 

or at the minimum, 

amax = 
v pm 

1.36 - 1.0 

12.075 
=----

.36 

tv AJ 
33.5 ft/sec/sec = 10.2 m/sec/sec, 

a. = mln 

= 

.. ,;. v /3 
vpm pm 

1. 36 - 1. 0 

12.075 - 4.025 

.36 

~ ~ 

22.4 ft/sec/sec 6.8 m/sec/sec. 

Failure to reach the ball properly within these constraints 

constitutes a missed intercept. 

To attain an intercept, the velocity must be such that the 

average over the remaining segment lies between the maximum, 

v = amax 

= 

v(1.0 - t ) + (v + 4.02) (1.36 - 1.0)/2 . e 

1. 36 - t e 

v(l.O - t ) + .18(v + 4.02) e 

1.36 - te 
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= 

and the minimum J 

v amin = 

= 

= 

v(1.1B - tel + .72 

1. 36 - t e 

v (1. 0 - t ) +v (1. 36 
e 

1. 36 - t 
e 

v (1. 0 - tel + .1Bv 

1. 36 - te 

v(1.1B - t ) e 

1. 36 - t e 

- 1.0)/2 

Since v a 
= (10 . 5 - s)/(1.36 - t), we e have either 

v amax 
= 

in which case 

so that 

or 
v . = amln 

in which case, 

v = 

v(l.lB - t ) + .72 
e = 10.5 - s 

1. 36 - t e 1. 36 - t e 

v(l.lB - t ) + .72 = 10.5 - s, 
e 

9.7B - s 

v = 
1.1B - t e 

v(1.1B - t ) e 

10.5 - s 

1.1B - t e 

= 

10.5 - s 

1. 36 - t 
e 

Therefore, if the player is to effect an intercept, his velocity 

during the constant velocity mode of the profile must lie in 

the range 

9.7B - s 

1.1B - t e 

Lv'" - -
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CHAPTER 11 

DESIGN OF THE PROGRAM 

The vi suo-motor processes in tennis are tightly interwoven.. The 

player perceives the moving ball and in anticipation of its 

future state rotates his eyes to pick up more information about 

it while at the same time moving his body to intercept it. These 

movements in physical space alter his perception even as the ball 

is changing state. The information changes and his perception 

changes, so the effect is to alter his anticipation schemata and 

the accompanying anticipatory behavior. That is, he perceives the 

moving ball and imagines where it will go next and how he should 

move his eyes and body to deal with it. The resulting movements 

alter his perspective in space so his perception changes; mean­

while, the ball has taken a different position and velocity. This 

alters his image of where the ball will go next and how he should 

react to it. 

This cyclic process is simulated in the program by using opera­

tional time-slices, like frames of a cine film. At each moment 

it loops through a sequence of instructions depicting the process, 

picking up data from the prior moment and updating it. Operations 

are performed to· represent the motion of the ball, the movement 

of the player along his intercept path and the movement of the 

player's eyes as they track the ball. 

The idea is to represent these activities from the standpoint of 

the player. But the program also simulates the public, or objective 

point of view. The position and velocity of the ball as well as 

the position and velocity of the player (in court coordinates) and 

the player's line of sight, the distance from him to the ball and 

the angle of the line to the ball (in polar coordinates), are 

aspects of this objectivity, expressed mathematically. 
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Subjective aspects of the movements are symbolized through the 

player's interpretation of the trajectory of the ball, by 

"qualitative" estimates of the distance, angular position and 

angular velocity of the ball, by estimates of the angular 

position and velocity of his line of sight, and by estimates of 

his own position and velocity along the intercept path as well as 

that of the time , and the distance- and time-to-go to intercept. 

The movements are effected via the use of plans which guide the 

player's actions and maintain control over their detailed 

functioning through the use of information feedback and feed-

forward loops. In the simulator they are represented objectively 

as formal standards and strategies interpreted at the competence 

level of the player. Measured on a "public"scale of such plans, 

our player's interpretation falls short of the best; his standards, 

in general, lack perfect clarity and his execution of the 

strategies suffers from imprecision. 

a perfect player. 

In other words he is not 

To begin the Program it is necessary to have starting data. The 

. ball is presumed to have just been released from the opponent's 

racquet from his right baseline corner with an initial velocity 

directed cross-court. The player is presumed to be standing at 

center baseline and directing his gaze at the ball in its corner 

position. Assuming further that he has observed the opponent 

swinging his racquet at the ball, we can say he has begun to build 

up anticipatory behavior, i.e., that he is preparing to move in 

a certain direction and that he is getting ready to move his eyes. 

The direction is specified as a starting condition expressed by 

means of a starting acceleration. 

velocity of both the player and his 

However, the position and 

line of sight are considered 

to be zero. Because of an inherent delay in his response and a 

less than perfect reading of the trajectory, he remains immobile 

for several time-slices before the acceleration takes effect. 

In the ith (or arbitrary) time-slice the program updates the 

position and velocity of the ball in physical space and transforms 

these values into angular position and velocity of the line to the 

ball. A precondition for this computation is an update of the 
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position and velocity of the player, since a change in per­

spective is involved. These values are updated using the inter­

cept strategy in effect at the previous time-slice. 

The player's current position and. velocity are used as well to 

determine the angular position and velocity of the line of sight, 

based on the tracking or "follow" strategy in effect at the 

previous time-slice. With this data he can decide where next to 

direct his gaze and at what angular rate, and how fast to run for 

the intercept point. These responses are carried out in accordance 

with the level of his skills, which encompass his ability I} to 

perceive appropriate attributes of the moving ball, such as its 

distance and angular. velocity, 2} to gauge his own position and 

velocity, or more specifically, his distance- and time-to- go to 

intercept and his current velocity, 3} to discriminate diff­

erences in angular position and angular velocity between his line 

of sight and the line of the ball, and 4} to estimate the linear 

and angular accelerations needed to change the state of his line 

bf sight and the state of his center of gravity. 

To determin.e his tracking response, the player must interpret the 

position and velocity differences between his line of sight and 

the line to the ball. However, because of reaction time and a 

certain degree of refractoriness in his movements, if the response 

is to be appropriate at the time it becomes effective, some 

measure of prediction is necessary. Thus he must anticipate the 

state of the trajectory in the future and adjust the position and 

velocity differences accordingly. Based on this adjusted difference 

and his "feeling" for the categories defining the character of the 

differences (i.e., whether they are small, medium or large), he 

applies decision logic which generates the desired acceleration or 

deceleration. His interpretation of the categories of acce l era-

tion (i.e., whether, again, they are small, medium or large) then 

determines the nature of the drive on his line of sight. From 

this "qualitative" response the simulator computes its quantitative 

correlate -- the "objective" counterpart of the motion of the line 

in physical space. 
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To define the player's "intercept" response, a cognitive map or 

motor plan is simulated. This plan has two components, as in­

dicated above: The first part identifies the route to be taken 

by him -- a straight line path parallel to the net; the second 

identifies his velocity profile along the path. It is presumed 

-that the straight line path is followed perfectly but that his 

use of the profile is less than best. 

For a given distance- and time-to-go, the player projects a de­

sired velocity schedule for the remaining segment of the path 

to intercept. As he runs, he estimates his distance- and time-to­

go and compares his actual velocity with the desired velocity 

for that position-time circumstance. If the difference is small 

he continues with the plan in effect; otherwise, he adopts a 

new plan. The magnitude of acceptable error is taken to be a 

function of the distance- and time-to-go, though initially only 

as a constant function. 

It is evident that the player's selection of a velocity p~ofile 

is contingent on his reading of the trajectory of the ball, for 

otherwise the estimate of a distance- and time-to-go is without 

meaning. The ball is moving in a certain way and the player has 

to adjust to that motion. He predicts where the ball is going 

and then "adjusts" to the trajectory by matching his own move­

ments to it. Based on his projection of a match with the pre­

dicted trajectory, he estimates the distance- and time-to-go to 

intercept and anticipates a velocity profile capable of effec ting 

the intercept. The action that he takes generates a new relation­

ship to the ball and this leads to a new prediction of trajectory 

and a new projection of behavior. Thus the data at one moment are 

used to update the -data at the next moment. 

TIMING OF EVENTS IN THE LOOP 

Probably the most difficult and least well understood aspect of 

the visuo-motor processes is the mechanism of scheduling, or 

interleaving, its various components. This is the problem of 

timing, whereby the components are brought into play in proper 
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Set starting conditions 

Update physical time and position and. veloc ity of ball. Up­
date player's view of his position and velocity and obtain 
corresponding physical values. - -- -- -- -- -- -- -- -- --- --- --- -- -- -- -
Transform state of ball to player (polar) coordinates. -- --- --- -- -- --- --- -_.- -- -- -- -- --- --- -- --
Update player's view of angular position and velocity of eyes 
and obta in corresponding physical va lues. -- --- --- -- -- -- --- -- -- -- --- -- --- --- -- -
Update time(s) to next correction(s). 

Update remaining reaction times and set new times. 
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co~rections 
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Correction 
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condition 
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Project new velocity profile and prepare correction 

Figure 11.1 Schematic of program flow for ith time-slice. 
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order and at appropriate moments. It is the problem that was 

discussed in the previous section, namely, coordinating the track 

and intercept movements with information gathering and decision­

making under the constraint of multiple reaction times and the 

refractory nature of the system. Indeed, it is the problem which 

must be formulated precisely if a simulator is to be developed. 

By the same token, a simulator is an ideal vehicle for studying 

the effects of various combinations of reaction times, reflecting 

divergent skills in this regard. 

For the prototype model, the so-called single-channel hypothesis 

is assumed to be valid. Reference here is to the capacity of the 

translation ~echanism to deal with only one signal, or one group 

of signals, at a time. Applied to the tracking and interception 

problem, this view implies that signal processing is concurrent 

with the associated movements, because these movements appear to 

be continuous. But this means that the movements are ballistic 

(visually open loop) for the period of time that lapses before 

they can be "adjusted" in accordance with relevant feedback infor­

mation. That is, they are active during the time that data are 

collected and the new decision made. As to the length of the 

ballistic movements, this will be determined in the simulator 

by the (somewhat arbitrary) delay assignments made to the 

pertinent functions and by the degree of refinement of the 

awareness of errors ascribed to the player, factors individually 

reflecting particular skill levels. 

To represent the organization of events, the information flow 

diagram given in Figure 3.1 is transformed to that shown in 

Figure 11.1, which identifies the operations to be executed 

in the ith time-slice. The perceptual, translation and motor 

functions are specialized to deal with one particular situation, 

and the translation function is necessarily simplified. Since 

the path of intercept is pre-established and only one trajectory 

is used, decision-making is confined to choosing the appropriate 

eye movement and selecting a velocity profile. Nevertheless, 

due to the reaction times for the various functions and the 

predictive techniques used to compensate for them, the situation 

is still quite complex. 
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As the diagram indicates, the program updates the physical time 

by the amount of the time-·slice interval, or .010 sec for the 

prototype model. Using the equations of motion for a uniform 

gravitational field, the position and velocity of the ball 

expressed in court coordinates are then calculated. These 

values have to be transformed to the local, polar coordinate 

system of the player. But since his movement can affect his 

perception of the ball, the program must first obtain the current 

values of his position and velocity. 

This condition is determined by the plan of action being carried 

out from the previous time-slice, the subjec.ti ve events having 

their influencing counterparts in the objective sphere. An up­

date of the angular position and velocity of the line of sight is 

then computed, and here again the player's latest decision is the 

determining factor; he may choose to accelerate, decelerate, or 

continue with the same eye movements. His interpretation of the 

information, his image of the action and the manner in which he 

carries out the action are all dependent on his capability and 

are specified at definite skill levels, arbitrarily chosen. In 

effect, the player is virtually constructed by this process of 

selection of competences. 

Coincident with the moment-by-moment computations of the physical 

state of the ongoing events of the player are the computations 

characterizing the events, themselves, as units of action. The 

events are considered to have continuity over a succession of 

time-slices, the number of time-slices depending on the nature of 

the unit and the competence levels of the various associated 

skills by means of which they are carried out. In the prototype 

model there are only tracking units and interception units. These 

may be processed separately or jointly, depending on the time 

lapse between the correction signals that stimulate the actions. 

The critical time period is taken to be 100 ms. Should both the 

"follow" and the "intercept" tests to determine if their 

differences exceed their respective minimums begin within this 

100 ms limit, processing of both functions will occur before any 

corrections are applied. Otherwise, the second item in the queue 

will have to wait until the first has been processed. 
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Processing for both of these basic units requires predicting 

the trajectory of the ball. In the simulator it is presumed that 

the ability of the player to predict is at a level somewhere be­

tween that of the novice, who appears to base his prediction on 

the position of the ball, and the expert , who is attuned to higher 

order attributes such as acceleration or even rate of change of 

acceleration. Our player is considered to be able to extrapolate 

the path using the average value of velocity. Projecting forward 

the values of his line of sight, based on the current muscular 

drive, he computes the expected differences between the line of 

sight and the line to the ball. In a "table lookup" procedure he 

interprets the magnitudes of the argument and function values and 

thereby obtains the corrections to be applied to the movement of 

his line of sight. If no correction is called for, the current 

movements continue unchanged. 

Similarly for the intercept function. The player projects the 

distance- and time-to-go and compares the appropriate estimated 

desired velocity with the estimated actual velocity for that 

future point. Interpreting the difference, he computes the 

corrective drive to be applied to his own movement. "If the 

difference exceeds a designated minimum, he projects a new velo­

city profile, which he then attempts to match. Otherwise, his 

current movements continue uncorrected. 

As indicated, the predictive technique is used because it takes 

time to put an operation into effect. By the time an action is 

taken, the condition that called for it will have changed. The 

player thus needs to take into account where he and the ball will 

be at the time that the elected response is to be applied, which 

is some time after the computational process begins. The response 

must therefore be selected to meet the predicted condition. Now 

for optimum results the player must incorporate into his compu­

tations the exact value of the projected elapsed time. This means 

he must know in advance how long the feedforward process will take. 

For repetitive tasks this might be a reasonable expectation, 

although it is hardly likely in general, particularly if batch 

processing is involved. 
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Otherwise, the player must use an estimated (less than optimum) 

value of the time. He would thus make a best-guess computation 

and his accuracy would depend on his level of competence per­

forming the task. The ideal estimate would of course be the 

optimum defined above, and the player's ability could be 

specified as some functional variation on the optimum. 

Legge and Barber (1976, p. 134) suggest another possibility. 

They feel that if the player implemented responses at fixed 

times, the time for the next response would then be predictable 

and corrective action would be planned to occur at those times, 

resulting in intermittent corrections in an otherwise continuous 

process. This procedure would call for corrections to be made 

at intervals taken to be multiples of 250 ms, the approximate 

length of the observed ballistic units (p. 50-1). 

Unfortunately, each of these approaches requires some knowledge 

of the processing time. Even 

maximum time would have to be 

for the Legge-Barber procedure, a 

designated for the set of possible 

computations if a conflict is not to occur, because the corrections 

can only be applied after the computation has been completed. One 

would think, too, that some strategy must be employed to avoid 

excessive delays after computation and hence to minimize the 

errors in prediction. Overall, it might in fact be best to apply 

the correction too early occasionally and miss that occasional 

correction than to be ultra-conservative and never miss but have 

larger than necessary errors. This would requlre a skill of some 

considerable complexity yet would account for the variations in 

extent of the ballistic unit of movement. 

A deeper study of the timing problem is needed before a full­

fledged mechanism for the computational processes can be simulated 

fruitfully. This includes finding answers to such questions as 

to the degree of similarity or compatibility of the computations 

expected of the tennis player or the effect of practice on those 

processes. The matter of the possible number and kinds of 

processing channels say, for instance, whether some are "wired-

in" (innate) or are capable of being modified through experience 

(learning) -- has to be examined as well. This would most likely 
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depend on the results of experimental investigations as well as 

logico-mathematicalanalysis. 

For the prototype model a simplified version has to be employed. 

So it is presumed that the player is able to estimate time to the 

precision of physical time and that therefore he is capable of 

using a 250 ms time advance for all of his feedforward compu­

tations. The time will be measured from the moment that he 

finally reacts to his perceptual information and begins the 

predictions. Corrections revealed by the computations will be 

applied after the 250 ms interval, the time lapse depending on 

the assigned value of a delay time. The corrections will be in 

error to an extent determined by the errors in position and velo­

city estimation, the quality of the predictive technique employed 

and the amount of the correction delay interval. 

STARTING CONDITIONS 

As already stated, initial values of the pertinent. variables must 

be specified as starting conditions for the program. We therefore 

set the values as follows: 

l. 

2 • 

Time from start: t = 0 

position and velocity of the ball in court coord­
inates (re. Figures 10.5 and 10.6): 

x = y = r = 0 

h = 4 ft 

v = 60 ft/sec 
H 

v = 14 ft / sec 
· V 

3. Distance and angular position and velocity of the ball 

in player's (polar) coordinates (re. Figure 10.9): 

d = 79.1 ft 

'=<v = arc tan ( (4 - 5)/((78)2 + (13.5)2)~ 

D< = - arc tan (13.5/78) 
H 

• 
c::><C V = .18 rad/sec 

• 
0<: = .13 rad/sec 

H 
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4. Associated variables: 

e = arc tan(27/78) 

~ = arc tan(13.5/78) 

v = 10.2 ft/sec 
r 

5. Angular position, velocity, a~d acceleration 
of player's line of sight: 

~V = arc tan ( (4 - 5)/((78)2 + (13.5)2)~) 

!1H = - arc tan (13 . 5/78 ) 
, 

iJ. V = 0 

.4H = 0 

" 20 rad/ sec / sec "&v = 
., 

~H = 20 rad/ sec / sec 

6. position and velocity of player (center of gravity) 
·in court coordinates: 

x = 78 ft p 

yp = 13.5 ft 

v = 0 p 

v = 24 ft/sec/sec p 

COMPUTATIONS IN THE ith TIME-SLICE 

Since there is no aerodynamic drag on the ball, its horizontal 

component of velocity is constant at v H = 60 ft/sec. The distance, 

r, in the ith time-slice is therefore precisely determined by 

for 0 <" t ~ 1. 36 sec. 

The height of the ball in its trajectory, h, and the vertical 

component of velocity, vv' are determined by the equation set 

appropriate to the segment of the trajectory currently defining 

the ball. In accordance with Figure 10.5, if 0 < t ~ .44 sec, 

h = (14t - l6t2 + 4) ft 

and Vv = (14 - 32) ft/sec. 
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For .44 < t ~ 1.10 sec, it is convenient to use the equation set: 

h = (7.06 - 16 (t - .44)2) ft 

and Vv = 32(t - .44) ft/sec. 

For 1.10 <. t ~1.36 sec, 

h = 16(t - 1.10) - 16(t - 1.10)2 

= 16(t - 1.10) (2.10 - t) ft 

and (16 - 32(t - 1.10)) ft/sec. 

Knowing the horizontal and vertical components of velocity of the 

ball and the distance from the player to the ball (i.e., v H' Vv 
and d), the horizontal and vertical components of angular velo­

city of the line to the ball are, again: 

V· sin (B- - ~) - v cos~ 
H P • c:<'H = ---------

d 

vHsin(arc tan(27/78) - arc tanw) - vpcos(arc tanw) 

=--------------------~------------------------~~ 

«78 - rcos(arc tan(27/78)))2 + (13.5 + s - rsin(arc tan(27/78)))2), 

where 

w = (13.5 + s - rsin(arc tan(27/78)))/(78 - rcos(arc tan(27/78))); 

and 
• o(v =--

d 

«78 - rcos(arc tan(27/78)))2 + (13.5 + s - rsin(arc tan(27/78)))2), 

The horizontal and vertical angular position, again, are: 

O<H = arc tan «y - 13. 5 - s) / (78 - x)) 

and 

cX.
v 

= arc tan( (h - 5) /d) 

h - 5 
arc tan ------------------------~----------------------------~~--

«78-rcos(arc tan(27/78)))2 + (13 . 5+s-rsin(arc tan( 27/78)))2), 
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In the computation of the angular position and velocity of the line 

of sight of the player, it is assumed that positive action by the 

eye muscles is required to rotate the eyes; i.e., the player's 

movement along the intercept path doesn't affect the angle of the 

line of sight. The current update on ang~lar position and velo-

city can therefore be derived from the values in the 

slice using 

time-slice. 

the acceleration strategy in effect from 

previous time­

the previous 

The new horizontal and vertical components of angular 

velocity are then , 
, 

fiH (i-l) + -----~t 
dt 

• 
and , 

4 v (i} = .Pv(i-l} + 

d f3 V (i-l) 

-----At. 
dt 

And the new horizontal and vertical components of angular position 

are 
d;S H (i-l) d

2f3 H (i-l) 

I'H(i) = ;6H(i-l) + Lh + (LJ t) 2 
dt dt2 

and d"g V (i-l) d 2 ,6' (i-l) • V 
(Lit)2 I\(i) 

, 
= ,6 (i-l) + ..6t+ V . 

dt dt 2 

Similarily, the new position and velocity of the player in his 

intercept path are given by 

x (i) = 78 ft, for all i, p 

ds(i-l) d 2s (i-l) 
(.D.t) 2 y (i) = 13.5 + s(i-l) + At + 

P dt dt 2 

dv (i-l) 
and p 

v p (i) = v (i-l) + ,6.t. p dt 
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TRACKING LOGIC IN THE ith TIME-SLICE 

Before the program enters its tracking or "follow" logic section, 

tests are made to determine whether the logic is "active" or not or 

whether a correction or correction countdown is in order or not. 

If a countdown is in progress, the follow logic is by-passed; no 

follow action is taken and the program procedes to test the inter­

cept logic. If an angle or velocity difference greater than the 

acceptable minimum has been detected by the player, a correction is 

readied and the countdown to application is set in motion; then the 

intercept logic is examined. 

As indicated above, the test for a correction is effected at a 

point 250 ms into the future. Thus our player projects the traj­

ectory forward and compares the results at that time of the move­

ments that are currently active. Because of the non-linearity of 

the trajectory, the future states of the ball cannot be predicted 

accurately, in general, without using some kind of quadratic pro­

jection technique. However, our player is presumed not to be an 

expert in this skill cate gory: He extrapolates only an average 

velocity. (As it happens, the constant horizontal velocity traj­

ectory used in the prototype model is compatible with the average 

velocity tactic and makes it more effective than would normally be 

the case. But this is merely coincidental. In any event, large 

errors should occur in the vertical component, which isn't 

constant. ) 

In order to extrapolate average velocities, the player must be 

able to detect or somehow estimate "instantaneous" velocities from 

which the averages are computed. In either case, whether there 

are velocity detecting cells in the retinal system or whether the 

player uses differences in position over time to integrate velo­

city, some small period of time is necessary to get the results. 

The implication is that velocity is determined more' than once in the 

course of the 250 ms information processing interval. In the proto­

type model this number is set at five, and each of the five velo­

cities is obtained as an average of values from five time-slices. 
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It is to be remembered that these velocit i es are presumed to be 

perceived by the player, which is to say that they are qualitat i ve 

values detected up to his ability to discriminate differences. 

For our prototype player, the level of discrimination has been de­

fined by the range of values from 5% less to 5 % more of the ob­

jective quantity, so that, for example , the qualitative estimate 

of velocity of a ball moving at the physical rate, 60 ft/sec, would 

be (57 to 63) ft/sec. The objective value would then have to 

change by more than 5% if a qualitative difference was to be per­

ceived . 

In the prototype model , it is presumed that the player is able to 

detect i nstantaneous velocity and that he is able to synthesize 

velocities over any five consecutive time-slices. Provision is 

made for the incorporation of the qualitative feature in the velo­

city estimation but does not actually include it. The reason is 

simply that the reSUlting change in average velocity is so small 

relative to the gross estimation errors as to be insignificant. 

Later versions of the program will, of course, have to deal with 

the matter. But for the current model we assume that the player's 

veloc ity estimation skill is ideal. 

Given the position and ve l ocity of the ball (i.e., the angular 

position and velocity of the line to the ball), by extending the 

angular position of the line of sight using the last value of velo­

city, direct comparisons of angles and velocities can be made to 

establish the need for a correction on the movement of the line of 

sight. The player reads the projected differences, interprets them 

as to their quality: small, medium or large, and judges the 

magnitude of the indicated drive (acceleration) on the line of 

sight. Table 10.2 provides the framework for the player's decision 

logic in this regard. The input and output interpretations are as 

given on page 10-42. 

Inasmuch as the "follow" procedure is extended over a number of 

time-slices, care must be taken to keep track of the detailed 

operations. One way to deal with the problem is to use a variety 

of counters, one for each kind of operation. This means that, at any 

moment, one or another 

dated, or closed out. 

of the counters must either be initiated, up-
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In the tirst place, it is necessary to know whether the procedure 

is already active or not. This designation is specified by a 

status indicator which is set to unity when the function is first 

activated. The indicator is zero while the process is tentative 

and is set to -1 when the 100 ms counter renders the logic 

inactive. 

An indicator is also needed to keep track of the elapsed time to 

the point of correction, which occurs 250 ms later than the start 

time of the process, With each active time-slic e , the counter 

must be updated by adding 10 ms to it. At 250 ms· it signals that 

a correction is to be initiated if it is necessary. 

Since five velocities, one from each of five successive t.i.me-slices, 

are to be averaged, a counter is needed to record the number of 

times data is put into the hopper. Since a second-tier average 

velocity may be qualitatively different from a first-tier value, a 

different counter is needed to keep track of the number of average 

velocities, since five values are used in the projection of the 

trajectory. 

INTERCEPT LOGIC IN THE ith TIME-SLICE 

It is assumed that our player tends to accelerate beyond the optimal 

running speed and therefore has to decelerate more severly than 

would otherwise be necessary to intercept the ball. For the sake 

of simplicity it is further assumed that the over-reaction is due 

principally to the fact that he over-estimates the distance-to-go 

to intercept, particularly in the early segment of the trajectory 

when information is minimal. Assuming that he already knows his 

position and time along the intercept path, the implication is that 

he must re-evaluate his actual velocity regularly by comparing it 

against the desired velocity of the estimated distance-to-go for 

the given time-to-go. The comparison is not made at the current 

moment, however, but as projected to a point 250 ms into the future, 

as in the "follow" logic. 
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For the first segment of the trajectory, then, the player is 

assumed to read the distance-to-go to be 15% higher than its actual 

value. The excess drops to 10% in the second segment, and to 5% 

in the last segment. These quantities constitute a bias on the 

distance-to-go. In addition to the bias, there is also the ~5 % to 

+5 % bracketing that converts the objective value into a subj ective 

estimate, following the usual practice for the prototype model. 

Time-to-go has its subjective counterpart, too, but in the interests 

of simplicity as well as to maintain visibility on the effects of 

the bias on distance-to-go, it is assumed to be free both of bias 

and bracketed interpretation. This means, in effect, that time­

to-go is known precisely. 

In the forward extrapolation, then, the sta.te of the player is pro­

jected to a point 250 ms ahead, for which point the distance-to-go 

is estimated and, based on this, the difference between the actual 

and desired velocity is determined. By virtue of the player's bias, 

the desired velocity is seen to be greater than it would otherwise 

be; the player believes he has farther to run than in fact he has 

and therefore believes he has to run faster than necessary to get 

there in the given time. By virtue of the lack of precision in 

his estimates (the ±5% bracketing), a difference of more than 5% 

has to occur before a change in the property value can be perceived. 

The player's estimated actual velocity projected to the (t+250) ms 

mark is then 

,.. ,... 
v (t+250) ~ v (i+25) ~ v (i) +25(~v), p p p p 

where t is the time at the ith time-slice when the interception test 

begins, and~v is the constant increase in velocity each time-slice. 
p 

His estimated position, similarly, is 

23 

~(i+25) ~s(i) + 25(&..s) +2: 

j~O 

(24-j) (Llv ), 
. p 

where f).. s is the constant increment of position and Ll v is the 
p 

constant increment of velocity each time-slice. 
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Estimated distance-to-go from the point reached at the 250 ms 

mark to the point of interception is therefore 

".. 
1.15(10.5 s) if t ~. 5 s = -

g 

or = 1.10(10.5 s) if .5 <t ~ 1.0 

or = 1. 05 (10.5 - s) if 1.0< t ~ 1. 36, 

with each quantity being bracketed by -5 % to +5 % of its value. 

Using this estimated distance-to-go, the desired velocity is read 

from the velocity profile currently in effect. This profile is 

either the original one , interprete d with 's = 1.15(10.5) · ~ 12.1, 
g 

or the latest one to be incorporated . The estimated actual velo-

city and the estimated desired velocity are then compared. If the 

difference is less than or equal to 5 % of the desired value, no 

correction is needed (the player can't differentiate between them), 

and the current profile remains in effect. 

A technical problem arises from the fact that the new profile is 

constructed from an error point which is a distance, s <: 10.5 ft, 
e · 

from the intercept point; 

value. TO eliminate this 

whereas s 
g 

difficul ty , 

be the same as the velocity at se' 

(estimate d) can exceed this 

let the velocity at s > s 
g e 

If now the estimated actual velocity is smaller than the estimated 

desired velocity by more than 5 %, then consider the player's . velo-

city mode to d e termine the course of action. If he is in the 

acceleration mode, he continues accelerating. If he is in the 

constant velocity mode, he chooses the minimum rate of deceleration. 

If he is already in the deceleration mode, he continues as he is. 

Otherwise, if the estimated actual v elocity is larger than the 

estimated desired velocity by more than 5 %, again consider the 

player's mode. If he is in the acceleration mode, he enters the 

constant velocity mode immediately. But if he is already in the 

constant velocity mode, he chooses the maximum r a te of deceleration. 

Otherwise, h e continues as is. 

In a manner analogous to that of the "follow" procedure, a status 

indicator is used to show whether the intercept logic is active or 
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not. The indicator is at zero so long as the prqcess is tentative, 

but it is changed to unity as soon as the logic is begun. If the 

100 ms counter counts out before the intercept process starts, then 

the indicator is set to -1. 

Again, as with the "follow" logic, an indicator is needed to keep 

track of the elapsed time to the point of correction, which occurs 

250 ms after the logic is begun. In the prototype model the two 

processes are tied together, so one counter for both is adequate. 

INTERACTION OF THE TRACKING AND INTERCEPT LOGICS 

The tracking and intercept procedures mayor may not begin at the 

same time. But if they do so begin, the processing for both occurs 

"simultaneously" (the logic for each is activated in the same time­

slice) and any necessary corrections are computed for the same 

moment in the future, although the correction delays may not be the 

same for the two cases. 

If the procedures are not initiated together, the second to occur -- . 
must wait for the first to be completely processed and any necessary 

correction applied before it, too, can begin. However, as in­

dicated above, if processing for the second is to begin at a time 

less than 100 ms after the first has started, it is incorporated 

immediately into the program loop. 

To reconcile this matter of joint processing, the program is 

constructed always to be ready to handle both. Hence, whenever 

either of the two is begun, both procedures are activated and the 

logic continues on both for the full 100 ms period. If by that 

time the second has not yet started, processing for it is dis­

continued, the extrapolation now being considered too old to be 

useful. This practice corresponds to the player always being alert 

to the need to check his follow and intercept tactics. 
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INPUT-OUTPUT REQUIREMENTS 

In effect, the simulator performs a sequence of transformations on 

data, beginning with the first time-slice. Starting data are there­

fore required. These data have been summarized above. 

Data are also needed as part of the machinery of the transformations. 

These data establish the conditions or limits on the transfor­

mations but are not themselves transformed. So, for instance, 

decision tables are used in the follow logic to change the values 

of the angular position and velocity of the player's line of si~ht. 

Other tables used in the process give interpretation to the meaning 

of the subjective estimates: small, medium and large angles, 

angular velocities, and acceleration. These data, too, are 

summarized above. 

As part of the intercept logic, whenever velocity errors are detected, 

it is necessary to construct velocity profiles to serve as new 

standards. For the most part, these constructions use data gener­

ated by the program, itself. But they also require other informa­

tion, such as the velocity restrictions on the terminus of the 

profile at the intercept point, as indicated above. This and other 

incidental data form the input package for the program and are 

appropriately stored before the program is executed. 

As the simulator transforms. its inputs it generates outputs, some 

of which are issued as printed read-outs. In a prototype model it 

is particularly important to be able to evaluate the mechanisms 

which effect the transformations and this can best be accomplished 

by making visible as much of the processed data as possible. For 

this reason, the printout list is quite extensive. It includes: 

1) program constants, 2) values on the physical properties 

characterizing the ball, the player and the player's line of sight 

on a time-slice basis, and 3) the player's subjective inter­

pretations, discriminations, decisions and corrections, as they 

occur. 

Later versions of the simulator may incorporate techniques to 

represent learning. This might be accomplished in part by formulating 
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changes in the transformation parameters so as to occur from one 

run of the program to the next. An additional category of print­

outs would then be needed. 

The following format for the data is adopted: 

Names of Parameters 
(in array) 

Initial Values of Parameters 
(in corresponding positions) 

Values at 1st time-slice 
(in corresponding positions) 

1 2nd, l ' Va ues at -- t~me-s ~ce 

(in corresponding positions) 

Values at last time-slice 
(in corresponding positions) 

[ 

The program prints out the parameter names in the first array, prints 

out their starting values, and then with each successive pass prints 

out the resulting values. The array is as follows: 
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I TIME BHEIGHT ALPHAV ALPHAH PDIST 

IFOLLOW INTERCEPT BDIST ALPHAV25 ALPHAH25 
I 

PDIST250 

NDELYIN NDELPIN BDIST250 VALPHAV VALPHAH PVEL 

NDELYCOR NDELPCOR BVELV VALPHAV2 VALPHAH2 PVEL250 

N5CTR N25CTR R BETAV BETAH PACCEL 

N100CTR IFLAG PHI VBETAV VBETAH PACCSTD 

DTGO TTGO BETAV250 ABETAV ABETAH VBETAV25 

DTG250 TTG250 BETAH250 ABETAV25 ABETAH25 VBETAH25 

Table 11 . 1 identifies the parameter names. Items with numerical 

suffixes (i.e., 2, 25 and 250) designate estimated values of the 

root parameters for the 250 ms feedforward computation . . For ex­

ample, BDIST250 represents the estimated ball distance (BDIST) 

for that future point. Status indicators include: FLAG, IFOLLOW 

and INTERCEPT. The indicators IFOLLOW and INTERCEPT specify the 

status of the follow and intercept logics, respectively. If 

either is set to -1, the logic is inactive and must wait until a 

correction by the other is effected or shown not to be needed. If 

either is 0, the logic is a candidate for action. The logic is 

already active if the indicator shows 1. 

FLAG is used to signal that the deceleration from TIME = 1.0 has 

been estimated. The counters N5CTR and N25CTR are used in the 

computation to find the average vertical and horizontal components 

of velocity of the trajectory for projection to the 250 ms point 

in the feedforward loop. The counter N100CTR tracks the time since 

initiation of one or the other (not both) of the follow or inter­

cept logics. 
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i I s PDIST v BVELR 
r 

t TIME s DTGO v PVEL g P , 
t TTGO d BDIST O<v VALPHAV g 

cX' • x X V ALPHAV O<'H VALPHAH 

· 
Y Y eX ALPHAH f'>v BVETAV H 

· r R f5v BETAV IH VBETAH 

" THETA f3H BETAH OV VANVDIFF 

~ PHI tv VANGDIFF °H HANVDIFF . 
d"H x PX HANGDIFF if PACCEL 

P P • 
yp PY Vv BVELV Upstd PACCSTD ., 
h BHEIGHT 'lTH BVELH ~V ABETAV 

" h PHEIGHT 
P f3H ABETAH 

Table 11.1. Glossary of parameter names. 

ORGANIZATION OF THE PROGRAM 

The prototype simulator, written in Fortran, is organized into 

program segments, in accordance with standard Fortran practice. 

(See Appendix A for the complete program list.) There are three 

segments, namely, a main or control segment and two slave segments. 

The main segment, called MASTER TENNIS, contains the overall logic 

of the simulator. It controls input and output, regulates time­

slice computations, processes the intercept logic as needed, and 

performs feedback and feedforward computations as required. When 

necessary, it brings into play one or the other of the "slave" 

segments, namely, SUBROUTINE COMPUTE, which computes state data 

for the ball, and SUBROUTINE FOLLOW, which processes the tracking 

logic. (Since the track and intercept functions are equally 

important in this program, it may seem strange that a formal sub­

routine wasn't used for the intercept logic. Indeed it might have 
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been neater to do so. But in the course of coding, the need 

for such formality never seemed pressing.) 

Heading the master segment code list is the block of names identi­

fying the variables used in the program, use of such a block 

being a formal Fortran requirement . (The words COMMON/BALL 

identify and name the block, and the symbol R is the first vari­

able name.) Just after the variable name block are listed the 

starting conditions for the track and intercept functions, the 

status indicators used as logical tags, delay counters to emulate 

latency times, and incremental constants or time increments used 

for regular and feedforward computations. (Lines beginning with 

the letter C, it should be noted, are not operational instructions 

or data words; they are merely aids to the reader . ) 

Output instructions are next on the list. The blocks of output 

words involving WRITE and FORMAT are instructions to the tele­

printer to type out a title page first, and then to print a second 

page containing an array of variables for which data is required on 

a time-slice basis, followed by a corresponding array of starting 

values for the variables. 

As a printout example, the first command in this cluster is 

WRITE(6, 6000). It orders printer #6 to type out "TENNIS" according 

to the format spelled out in word numbered 6000. The format says 

to print the title just above center of a new page. 

Just preceding word #100 there is a bit of logic inVOlving the 

counter K. This logic is used to be able to make a one-time 

printout request using only part of a block of WRITE commands 

normally performed on a recurring basis. This is the group be­

ginning at word #102. 

The program has now been initialized and can begin the repetitive 

operations, each pass performing computations corresponding to 

each time-slice. The first pass originates with instruction #105, 

which increments counter I by one, taking it from 0 to 1, thereby 

identifying time-slice #1. TIME is then incremented (by . 01 

seconds), and TTGO (time-to-go) and DTGO (distance-to-go) are 
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calculated. A logic check intervenes to determine player de­

celeration requirements, but then the COMPUTE subroutine is called 

into action to calculate the current state of the ball. After 

that, all counters are updated. 

The program next performs status checks preparatory to using the 

track and intercept logics; the checks are performed using 

instructions in the sequence from word #200 to word #820. The 

first check determines whether delays are in effect or not. If 

both delays are still active, no action on tracking or interception 

is taken and the program returns to instruction #100, which now 

becomes the starting point for the second pass processing and all 

subsequent processing. Otherwise, if either the track delay or 

the intercept delay is not active, then either the track logic or 

the intercept logic, whichever is appropriate, is tested for 

active status . If neither is active, then both are activated. 

But if only one is active, a further test is made to determine 

if l e ss than 100 ms has passed from the moment the other was acti­

vated, in which case the inactive one is made active; otherwise 

it is not. Processing then continues for the active logic for 

this time-slice . 

Beginning with instruction #820, counters and variables are 

readied for player's estimates of appropriate current and feed­

forward data, including ball velocity and distance player has run. 

These results are then used to process the tracking and/or the 

intercept logic, as required. For the tracking logic, SUBROUTINE 

FOLLOW is called in, whereas the master segment handles the inter­

cept logic, as mentioned. 

The intercept logic is processed whenever instruction #920 shows 

it to be active. Estimated projections of distance-to-go (DTG250) 

and of time-to-go (TTG250) are then computed using estimated 

projections of p layer distanc e (PDIST250). The projection extends 

250 ms into the future, hence the suffix 250 in the variable name 

tag. In a similar manner, projected comparisons between anticipated 

actual player velocity and anticipated desired player velocity 

are made. On this basis the player's current acceleration (PACCEL) 

is determined. 
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The .250 second projections are also used to determine current 

horizontal and vertical components of angular acceleration of the 

eyes required to maintain track . These components are called by 

the names ABETAH25 and ABETAV25. The values for these accelera­

tion components are obtained by anticipating angular position and 

velocity of the line of sight and of the line to the ball, forming 

differences, and comparing the differences against the player's 

standards of magnitude of such differences. The logic then performs 

the equivalent of a table lookup to obtain the driving accelerations. 

RESULTS OF THE PROGRAM 

The output of the program in any given run depends on the va lues 

assigned to the parameters of the program. Certain key items, 

as we have seen, reflect the capability of the player. For in­

stance, NDELYIN and NDELPIN characterize the player's reaction 

time to stimuli or to the information content in the display. 

ABETAH and ABETAV indicate the nature of the visual response to 

the trajectory and PACCEL defines the character of the body move­

ment to intercept the ball. In the first trial, the values: 7, 

11, 20.0, 20.0, and 24.0 were selected, respectively, for these 

properties. Some of the results are shown in Figure 11.2. 

It is clear from these curves that our player expected his relative 

angle to the ball to be large and positive, whereas it was actually 

small and,in fact, negative. This means that our player's speed 

kept him ahead of the ball as measured in the lateral direction. 

By the time he effected his first correction -- at time-slice 34 

his eyes were already rotating at the rate of 5.4 rad/sec. The 

correction was only large enough to eliminate the acceleration, 

so he continued at a constant rate of rotation for another 28 

time-slices, when he finally applied the second correction. 

His response in the vertical component was similar to that in the 

horizontal component. He exaggerated the relative position of 

the ball so that his eyes flew up to three radians above the ball, 

and it took two corrections to get the eyes rotating back to the 

line of the ball. At time-slice 87 a third correction was 
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necessary to begin to slow the rate of approach of the line of 

sight to the line of the ball. For the horizontal component the 

third correction wasn't made. 

As Figure 11.2 shows, the player's starting acceleration was de­

layed and was slightly higher than the profile acceleration. He 

over-reacted to the velocity requirement and was late to correct 

his movement (time-slice 92). He then had to apply the maximum 

possible deceleration in his power, but he failed to meet 

either the distance or the velocity requirement for a successful 

intercept. The computer listing for the program and for this 

particular output is given in Appendix A. 

Figures 11.3, 11.4 and 11.5 give some of the results for different 

values of the indicated parame ters. As one might expect, the 

curves for BETAV and BETAH are similar under the condition that 

ABETAV and ABETAH are the same (compare Figures 11.3 and 11.4), 

while some differences are to be noted because of the different 

reaction times. In particular, BETAH shows a higher terminal 

value when there is no starting delay, and there is a late 

correction for BETAV when there is no delay ~n response to 

initial data. It is clear, too, that there is a better approxi­

mation of actual velocities to the standard profile when the delays 

are reduced. These phenomena are doubtless due to the peculiar 

nature of the mechanism which simulates the player's responses, 

but they are significant in that appropriate responses in the 

simulator can reflect on the validity of the simulation and the 

quality of the mec hanisms used to do the job. 
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Functional relationships between a) ALPHAH and 
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standard velocity profile, for INDELYIN, 
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CHAPTER 12 

THREE EXTENSIONS OF THE MODEL 

The prototype simulator in its present form, we have seen, is 

very restricted in its capability. For one thing it can only 

handle designated cross-court trajectories. But it also per­

forms no more than just a few of the many possible perceptual­

motor functions. For example, detection and identification 

were not mechanized. As a consequence, it was pointless to 

simulate the stimulus inputs that are required for detection 

or identification -- namely the patterns of incident energy. 

without this input, furthermore, there was no need to configure 

the eyes or the visual neural network. Hence, receptive fields 

were superfluous also. 

Player orientation and stability, also, were not part of the 

prototype model. Indeed, most of the bio-mechanical details 

of movement were left unstructured, as were the psychological 

factors such as intentional fields, attitudes and interests, 

not to mention the extremely complex physiological aspects of 

the motor function. 

In this respect, then, our player cannot be said to play inter­

esting tennis. However, I believe the fact that he can do any­

thing at all is in itself a significant step, and the model 

does suggest a wide range of possible extensions. Some of 

these extensions can be obtained merely by relaxing the proto­

type constraints. One might then generalize the program so 

that, for example, the receiving player may be allowed more than 

a center-baseline starting position from which to launch his 

interception. This and other similar changes can be made with­

out yielding the simplification gained by treating the ball and 

the players as mere points. Three such extensions are developed 

below. 
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FIRST EXTENSION 

In the first extension of the prototype model, the input 

mechanism is generalized to accolllIl'Odate starting data for any 

forehand c r oss-court trajectory. It can 

starting position data for any intercept 

also accept receiver 

to the right. The 

assigned values for these paramete rs determine the time and 

distance to the point of interception, inasmuch as the ball is 

moving with a well defined horizontal velocity and known 

direction and the direction of the player's path is specified 

by his intercept strategy. 

y 

Path of ball 

Receiver 
starting 
position 

Figure 12.1. Intercept geometry. 

... 
a 

x 

Figure 12.1 shows the geometry for this more generalized 

intercept. The ball is hit from an arbitrary starting point 

from the opponent's court with some angle, e. The receiver, 

too, can be 

stricted to 

in any position in 

intercepts to his 

his own court, but he is re-

right. for 

time-to-go and distance-to-go are as 

The computations 

follows: 

and 

d o - a 

= (x - x )tana - (y -y +3), po 0 po 0 

= (x - x )/(vb cose) , po 0 0 
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where d and tare distance-to-go and time-to-go at the start, 
o 0 

x and yare the initial coordinates of the receiving player, po po 
x and yare the initial coordinates of the ball (or opponent) , o 0 
e is the angle at which the ball is hit, and the number 3 

accounts for the receiver's racquet extension. 

In the prototype model, these quantities were hand computed and 

specified as the inputs, TTGO and DTGO, initial time- and 

distance-to-go. In the first extension they are identified by 

the Fortran expressions: 

DTGO = (PX - XO)*tan(THETA) - PY + YO - 3 

and 

TTGOO = (PX - XO)/(BVELHO*cosTHETA). 

Similarly, both the time-slice control counter and the shape of 

the velocity profile were pre-set in the prototype verson. 

However, it is more convenient to let the computer do this work, 

and in fact, the first extension does compute its own running 

time and the specific shape of the velocity profile. It also 

computes the trajectory properties that are needed to choose 

the appropriate equation set to be used to determine the 

position and velocity of the ball. 

For program running time, a conditional logic test is used. 

Since there are 10 0 time slices per second, and TTGOO is 

measured in seconds, the control counter is compared with the 

quantity TTGOO* lO O. If the counter equals or exceeds this 

number, the program terminates; otherwise it continues. The 

Fortran expression for this conditional is 

IF(I .LT. TTGOO*lOO) GO TO 101. 

If not, STOP 

For shaping the velocity profile, another conditional logic 

test is used. The velocity profile is presumed to be shaped 

by the player. In the prototype model the player ends his 

acceleration phase as soon as he has estimated that he has 
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reached the .5 second mark of his running time, a point that 

defines a "standard" turning point for an interception path of 

this type, arbitrarily stated. 

The conditional logic test is also used in the first extension, 

but in this case the test quantity is more generally, but still 

somewhat arbitrarily, stated as a third of the initial estimate 

of time-to-go. As expressed in Fortran, the test quantity is 

TTGOO/3. o. 

Similarly, to select the appropriate form of the equation t o 

compute the position and velocity (vertical) of the ball, still 

another conditional logic test is used. The test determines 

the time relative to the time at which the ball reaches its 

maximum height and to the time at which it reaches the ground 

for the first bounce. In the prototype model the time 

quantities are hand computed and set into the program. In 

the first extension, however, the computations are made in­

ternally as a function of the starting values of the trajectory 

selected for simulator operations. These computations 

initiate the subroutine COMPUTE. For details see the program 

listing in Appendix B. 

Figure 12.2 gives a summary of the follow (tracking) and inter­

cept movements for the indicated parameters for the first 

extension of the prototype. For low starting accelerations for 

both vertical and horizontal components of the movements of the 

line-of-sight, the eye follows the line of the ball reasonably 

well, lagging only slightly. The actual velocity profile 

doesn't match the profile standard too badly and the terminal 

velocity is within the specified limits. However, the player 

ends slightly short of the ball position. 

Figure 12.3 shows what happens to the actual profile for velo­

city as the player's starting acceleration, PACCEL, is varied 

about the standard acceleration. The worst situation occurs 

with the value of PACCEL only slightly less than the standard 

acceleration, i.e., PACCEL = 30. This is due mostly to the 
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the structural properties of the velocity profile and the 

method of correction. The actual velocity is always slightly 

enough less than the desired velocity that no acceleration 

cutoff occurs at the start of the constant velocity phase. 

But the refractory nature of the player also contributes to 

the large error because another 250 ms must pass before another 

correction is possible. By this time the player has far ex­

ceeded the required velocity. 

SECOND EXTENSION 

The second extension of the simulator generalizes the trajectory 

selection procedure to include down-the-line shots. The ball 

may thus be hit to the left of the receiver or to his right, 

and the player has to determine both the direction and magnitude 

of his starting acceleration. At the same time the player 

estimates the vertical and horizontal accelerations for his eyes. 

The program performs these tasks by evaluating a sign for the 

direction of acceleration and uses multipliers to evaluate 

magnitudes of acceleration, as follows. 

On the first pass, for I = 1, the vertical and horizontal 

angular positions of the eyes are set. These positions change 

as the eye follows the ball, and on the tenth pass, for I = 10, 

the differences between the current positions and the "remembered" 

starting positions are computed. These are the values ALPHAVD 

and ALPHAHD. If ALPHAHD is less than 0.0, the sign, JSIGN, 

is set to -1; otherwise it is set to +1. On this same pass, 

the acceleration magnitudes are computed. That is, 

PACCEL = ABS(MULTI*ALPHAHD) 

ABETAV = ABS(MULT2*ALPHAVD) 

ABETAH = ABS(MULT3*ALPHAHD) 

As before, PACCEL is the body acceleration, and ABETAV and 

ABETAH are the vertical and horizontal accelerations, respectively, 

of the eyes. The details of this logic are shown in Appendix C. 
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If the ball is hit too far or too wide, the program detects 

it and outputs an "out of bounds" message . If the ball is 

hit too low, an "in the net" message is issued. It is assumed 

that the player is an expert in jUdging the ball in this respect, 

so he never interferes with a shot that is going out. In later 

models he will have to be made to "take" an occasional bad 

ball, but at this time the added complexity is unnecessary. 

In this program the track and intercept logics are inhibited 

for a longer time than was the case in the previous. versions. 

The reason is that the first refractory interval is designed 

to overlap the opponent's ball contact time. The time interval 

for the refractory period is taken to be the same as before, 

viz., 250 ms. But now a period of 150 ms is allocated to permit 

the player to "gain information" about the angle of the racquet 

face at the ball at the moment of contact. During the re­

maining 100 ms of the receiver's "immobility," he is gaining 

additional information from the change in the angular position 

of the ball as he views it. Based on this data he decides which 

way to run and how fast he must go. 

The sureness and precision of his response are determined by 

the competence level set for him in this regard. In this ex­

tension of the program the player's competence is established 

by the above-mentioned multipliers, viz., MULTI, MULT2, and 

MULT3. They reflect the information gained about the ball during 

the full 250 ms of the refractory period. This information is 

converted into the starting accelerations PACCEL, ABETAV, and 

ABETAH using the equations above. 

Considerably more analysis of the regulatory cues in the dis­

play during the time just prior to the release of the ball from 

the opponent's racquet is needed before a detailed simulation 

can be made of that information source. This is a particularly 

critical area for the player, so later programs will have to 

come to serious terms with the matter. 

Some of the results of this program are presented in Figure 12.4. 

The player has chosen starting accelerations according to the 
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and standard velocity profile, f o r (NDELYPIN, 
NDELPIN, ABETAH, ABETAV, PACCEL) 
(2, 3, 2.4, 8.5, 23.9). 
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magnitude of the change of the angle of the line to the ball 

and they lead to fairly good track and intercept results 

after additional corrections made during the course of the 

trajectory. The relationship between the actual velocity 

profile and the standard profile is very close and the player 

intercepts the ball easily. 

THIRD EXTENSION 

The third extension incorporates a mechanism that allows the 

opponent to use a strategy for ball placement. The player 

chooses either a cross-court or a down-the-line shot, depending 

on the relative magnitude of the space in the court to the left 

of the receiver and to his right. He directs his shot to the 

midpoint of the larger of these two areas, according to the 

principle that he should, first, hit to where the opponent isn't, 

and second, take the conservative shot. The program requires 

as a starting condition that the position of .each player on the 

court is specified. The height of each player must also be 

known, since this determines the player's perceptual perspec­

tive. The ball is presumed to be hit out of hand initially. 

The hitter must therefore choose the starting height as well 

as the speed and direction of the ball for the first trajectory. 

In the hitter's decision procedure, four geometric situations 

can be configured, as shown in Figure 12.5. In each of the 

four cases the hitter is at the apex of the projected angles. 

TAU, RHO, and SIG represent, respectively, the angles to the 

left court edge, the right court edge, and the receiver. LANG 

and RANG thus define the areas to the left and to the right of 

the receiver, from the hitter's point of view. From these four 

cases it can be seen that, in general, 

and 

LANG = TAU + SIG 

RANG = RHO + SIG. 

The angle of trajectory, THETA, is then either (TAU + SIG)/2 

if LANG is the larger, or (RHO + SIG)/2 if RANG is the larger. 
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(1 ) 

Hitter 

(2 ) 

(3 ) 

(4 ) 

TAU 

LANG = ATAN ((25-yo)/ (39-x ) - SI G 
o 

RANG = ATAN ((yo) / (39-xo) + SIG 

-
i TAU -- . ---

SIG 
RHO I 

" LANG = ATAN ((27-yo)/(39-xo)) + SIG 

RANG = ATAN ((yo)/(39-xo)) - SIG 

TAU SIG 

LANG = - ATAN ((yo-27)/(39-xo)) + SIG 

RANG = ATAN ((yo) / (39-xo)) - SIG 

SIG TAU 

------- RHO 
---_.--

Receiver 

-

----~_=-=====~ ____ ~L-____ ~ ____________ _ 

LANG = ATAN ((27+yo)/(39-xo)) - SIG 

RANG = -ATAN ((yo)/(39-xo)) + SIG 

Figure 12.5 Geometry for hitting area test; 
four cases. 
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To see that this is so, note the change in the sign of the 

angles. 

Later versions of the simulator will incorporate mechanisms 

to deal in depth with forehand and backhand shots. At that 

time the hitter's decision-making process will have to be 

examined in more depth. The strategy of hitting to the weaker 

side will have to be considered in conjunction with other 

strategies. The current version simplifies the decision problem 

while yet demonstrating that mechanisation of the more complex 

process is feasible. 

This extension proceeds with the tracking and intercept functions 

as in the previous version, but now the program lets the 

receiver, himself, be a hitter as well. Like the first hitter, 

he can choose either a cross-court or down-the-line shot, using 

the same principle of selection as his opponent. The height 

of the ball at contact is not under his control, of course; 

he must take what he gets. He can, however, select the speed 

and direction of the return shot. 

In this program the first hitter is 

must react to the ball hit to him. 

turned into a receiver, who 

This is handled by repeating 

the appropriate segments of the program with new parameter 

values to accomodate the characteristics of the new receiver. 

So his effective height is specified, as are the multipliers 

which determine his competences, or 

the track and intercept movements. 

accelerations initiating 

In effect, the court is 

"turned around" so that the origin is at the opposite corner. 

The status indicator, SWITCH, is used to determine the route 

through the program for the respective player. If the first 

receiver fails to intercept the ball, there is of course 

no follow-on shot. In this event the program issues a 'missed 

intercept' message. 

For any arbitrary shot, the value of the tag, ISIGN, is set in 

accordance with logic that tests the relative lateral position 

of the receiver to the hitter, the angle of the oncoming ball 

and whether it will pass to the right or to the left of the 
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recei ver. The boundary con,di tions of the trajectory are also 

determined using this data, and the appropriate message is 

issued if the shot is bad. The proper conditions for the 

receiver are thereby established as well. 

The program list and output are given in , Appendix D. Some 

results are shown in Figure 12.6, which depicts the movement of 

the first re'ceiver, and Figure 12.7, which gives the movement 

of the second receiver. The agreement between actual and 

desired, values is generally quite good. The only anomaly is 

with BETAH, in which a divergence occurred after a correc t ion 

point and continued during the whole of the refractory period, 

as shown in Figure 12.6 for the first receiver. By the time 

the next correction began to have an effect, the divergence 

had extended to more than three radians. A less severe diver­

gence began late in the second trajectory, but this was already 

into the last refractory int erval and could not have affected 

the player's action at the ball. The receiver would already 

have been committed to his shot and could not have altered his 

movement to adjust to the, visual divergence ,that WaS occuring. 
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SUMMARY AND PROSPECT 

This work aims at the development of a full-fledged computer pro­

gram to simulate the vi suo-motor processes of the tennis athlete 

in the context of his playing or behavioral environment. The plan 

is to provide a way to examine and test the effectiveness of be­

havioral skills without subjecting him to possibly long and 

harmful, or at least wasteful, training. Support for such an 

idea comes from the successful use of simulation in the Aerospace 

industry to test new aircraft, spacecraft, or missile designs 

prior to the production of hardware. Simulated flight facilitates 

design and avoids many costly errors. 

Simulation of the athlete is clearly a long-term effort fraught 

with difficulties. The athlete is an extremely complex system. 

Like him, the computer model has to "experience" its playing arena 

as well as move around in it; it has to be a self-starting, 

perceiving, self-directing, and self-regulating entity; it has 

to be able to act on its own, make its own decisions, and maneuver 

through the environment. This means that many physical, physio­

logical, and psychological factors have to be considered. On the 

side of automation, analysis and formulation requires the develop­

ment of many logical, mathematical, and programming mechanisms 

of simulation. 

The work here is only a first step, the tip of a large pyramid 

of construction. But it is a new development in simulation. It 

interprets the player's perceptual-motor skills in terms of 

standards of behavior, strategies to be employed when behavior 

falls short of those standards, and competence levels. It provides 

a procedure for dealing with the player's sUbjective experience 

while at the same time representing his physical side. And it 

offe rs a precise formulation for the interaction of the subjective 

with the objective realm and the perceptual with the motor skills. 
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The player's skills are thus given a dual represen.ta.tion" one 

from the player's point of view and the other as considered 

by the public. There is an interplay between the two realms in 

that what the player sees, interprets and decides to do affects 

the way he moves, and the path of his motion affects what he 

sees, interprets and decides. In the program this interaction 

is handled by an information loop in which objective counter­

parts of personal behavior are feedback components. 

The work deals basically with ball skills, or perceptual-

motor. skills related to the tracking and interception of a 

moving ball. It simulates these skills and thereby provides a 

vehicle for studying their dynamics for various combinations of 

competence levels on the skills. For example, one can run a 

series of trials for . various trajectories to determine the 

. velocity requirements for given intercept strategies and 

specific success rates. Or one can test the ability of players 

with specified movemen,t an,d/or reaction-time limits to inter­

cept certain. classes 0;1; trajectories. (The d,ata. lists in the 

Appendices give sO\1le measure of such results.) Further, 

decision stresses can be imposed on the simulated player to 

evaluate the intercept results for given information processing 

capabilities. The procedure could possibly test the validity 

of different channel hypotheses. 

As already noted, the prototype simulator. is very specialized 

in the nature 0;1; the trajectory with which it deals and is 

highly restricted, in the class of perceptual-motor function,s 

which can be performed. 

of the ultimate product 

For practical reasons, many aspects 

had to be set aside for inclusion in 

later models. These include: simulation of the incident 

radiant energy, structuring the binocular system, use of 

parallax, representing receptive fields, modeling detailed 

movements of the eyes and the body, and simulating such psycho­

sociological factors as intentional fields, attitudes and 

interests. The wide array of related subj ects simply generates 

too much design material to be incorporated into a prototype 

or first working model. 
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In this respect, our player cannot be said to play particularly 

interesting or instructive tennis. But the model does provide 

a basis for further development, three examples of which were 

given in the previous chapter. Those variations were obtained 

merely by relaxing constraints on the prototype model, so that, 

for instance, the player was allowed to receive more than a 

single pre-designed cross-court trajectory and could move to 

his left as well as to his right to effect an interception. 

Other similar changes might be made as well without relinquishing 

the simplification gained by treating the ball and the players 

as points. 

With expansion of ·.the program to include more classes oftrajec­

tories or different kinds of shots, as well as more player 

functions, the range of tests can be expanded also. Thus it 

would be possible in principle to query the effects of . various 

kinds of tactics on the success rate of play. The different 

tactics nee d to b e simulated only with sufficient realism to 

give a reasonable approximation to the results that would occur 

in a real game context. 

In the expansion of the program to include. such functions as 

striking the ball, the "smoothed" behavioral field employed 

in the prototype model could be retained, but it would be 

necessary to drop the "point" representation in orde r to 

simulate the player's arm and racquet. A "line" representation 

might be used instead. This line could then be rotated by the 

player and applied as a racquet according to the conditions 

of the trajectory. 

The problem is by no means trivial. The refractory nature of . 

the player creates the situation that the racquet has to be 

brought into coincidence with the ball on the strength of 

information that could b e at least .250 s e conds old. In these 

last mo ments the b a ll c ould be rising rap i dly and spinn ing a way . 

If good b a ll contact is to b e made , the cha nges in trajectory 

state must b e pre dicted with considerable precision. A dis­

placement of just a few inches one way or another could be 
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enough to turn a good hit into a bad one. The action calLs for 
considerable accuracy because the ball could easily travel 

thirty feet in the quarter-second refractory period. The 

velocity need only be 80 mph, which is 30 % to 40 % below the top 

speeds attained in the game. At higher ball speeds the 

difficulty in prediction increases dramatically, creating a 

great gulf between the novice an.d the player of championship 

caliber. 

Without adding new functions, an extension of the prototype 

model could be made merely by enhancing the capability of the 

players. For example, a quadratic rather than a linear dead­

reckoning procedure might be used to simulate the receiver's 

prediction of the state of the trajectory. The player might 

be allowed to adopt his choice of different intercept paths. 

Or his . velocity profile could be made more sophisticated. 

These changes would add to the flexibility of the program, 

but they a.lso add greatly to program complexity, because a 

variety of new tactics have to be inc·orporated and a decision 

procedure has to be established for the player's choice of 

action. 

Retaining the "smoothed" level of simulation, the program 

might still incorporate certain ancillary functions, such as 

keeping tabs on the position and velocity of the opponent or 

the relative location of the net or boundary lines. The 

player has to be able to navigate. While "keeping his eye on 

the ball," he must be able to orient himself and know where he 

is at all times . This calls for a complex set of organizing 

and decision-making principles. 

A major step in the development of a full-fledged. simulator 

is to give spatial extension to the receiving player's . visual 

field. This can be done without discarding either the point/ 

line representation for the receiver or the smoothed nature of 

his experience. Initially, however, only the simplest formu­

lation of the objects of his field would be feasible. For 

example, the ball and his opponent might still be shown as 
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poin ts. The net, cou;r:-t surface an.d surrounding. screef\S could 

be simplified to" be opaque rectangles, and the painted lin.es 

of the court boun~ary could be presented as dimensionless 

lines. The receiver would have to be one-eyed unde r these 

circumstances; principles of perspective could the n 

in physical space, the shapes of the proximal i mages 

surfaces as the player moved to intercept the ball. 

portray, 

of these 

The 

rudiments of detection and identification might then be incorp­

orated as components of .the processing by means of which he 

constructs his behavioral environment. But this could entail 

only a functional representation of the physiological processes; 

structural details, such as feature· detectors and receptive 

fields, would have to be omitted. 

Another major step would be to represent the receiver, himself, 

as a 3-dimensional figure. At first this. should involve no 

more than a simplified anatomical model for the 3-d represen­

tation, possibly using mechanical linkages to tie the bones 
. ·rd 

togethe r and 3--· class levers for the muscle system. Some 

relatively simple movements could then be simulated. Exten­

sions on this simulator could yield more d e tailed structures and 

increasingly complex movement groups, possibly allowing move­

ments of the head to controlline-of-sight positioning for 

purposes of tracking. 

Eventually, the eye, too, has to be simulated. As we have 

seen, the eye is a complex structure, involving a great deal 

of anatomical and neurophysiological details, so the modeling 

must begin simply, as with the structure of .the r e st of the 

body. For instance, it can be treate d as a sphere having 

three degrees of freedom and a uniform index of refraction. 

The retina may be presumed to consist only of cones, since rods 

are not used in daylight, when tennis is normally played. 

Binocular vision has also to be simulated. This clearly re­

quires two proximal images, one for each eye, and some kind of 

mechanism by means of which a single, unified patterned response 

is effected to represent the player's behavioral environment. 

S-5 



Cones, neural nets, or receptive ;fields mayor may .n.ot be 

designed as part of the process. The representation may be 

functional rather than structural, at least to begin with. 

If parallax is to be simulated, representation of the visual 

field for each eye has to be sufficiently detailed to reflect 

the subtle differences in perspective which produce the parallax. 

We have seen that the eyes are in constant motion, so that the 

proximal images are constantly shifting. To simulate this 

process, saccadic and microsaccadic movements have to be rep­

resented. This adds greatly to the complexity of the program 

because now a mechanism has to be used to smooth the action to 

generate the stable, relatively unchanging world of normal 

experience. 

These and other extensions of .the basic program are projected. 

It is evident that a great deal of work remains to be done. 

The prototype model is only a beginning. It is a first 

essential step in. a long process of refinement to characterize 

the action of the player with realism. If progress is to be 

made toward this goal, more detailed explorations are required 

in many directions. 

For example, if the movement of the ball is to be presented 

more realistically, account would have to be taken of spin, 

aerodynamic dra9 and wind factors. This could change the 

trajectorY characteristics drastically and thus alter both the 

equations of motion of the ball and the techniques used to 

mechanize its interception. 

Incorporation of a "strikin9" capability for the hitter requires 

a more detailed study of the movements involved in the swing. 

And guiding geometry has to be formulated. The servo loops 

controlling the processes have to be designed and the role of 

afferent and efferent signals in these control loops has to be 

clarified. Do the signals directly affect the muscles, and if 

so, how? And how are the biases on the control loops produced? 

These and other aspects of the problem have to be examined in 

depth. 

S-6 
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When the tra.nsition is rnao,e. in. the simulatio!,. to an iCO!,.ic 

representation of the physical and experiential fields, a wide 

range of topics has to be re-examined. This include s a study 

of the properties of surfaces and their boundaries and the 

jUanner in which light interacts with. them. The question of 

the nature of the information content of light has to be re­

opened. It is necessary to ask again how the proximal image is 

converted to a 3-d representation of the world. What cues 

o,oes the player use to identify the ball and other aspects of 

his environment? What regulatory cues does he use to direct 

his actions? Which regulatory cues. would be mo;r:e eff·icient? 

How can. he code his informa·tion to maximize his information 

p;r:ocessing rate? What coding techniques would minimize his 

reaction times? 

These and many other physical, psychological .and, physiological 

idea.s have to be considered in o,epth before they can be applied 

to construct a full-fledged. simulation of the tennis a.thlete. 

A start has n.ow been ma.de, and it is reasonable to believe 

that better and better approximations are possible. But a 

lot more work and a great o,eal of determination will be re~ 

quired to carryon with the job. 

I think it is fair to say that the need for simulation in sports 

is increasing. Athletes across the board are reaching new heights 

in physical ability and skills. A great deal of money is being 

spent: in player salaries, new and better equipment, bigger 

facilities, and improved sports medicine. In short, winning at 

sports has become very big business, and competition is getting 

very keen. To stay in the game it is becoming increasingly more 

important to find ways to e xamine and improv e athletic technique. 

Simulation is one of these ways. 
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Annendix A 

Prototyne Program List 



LlST 

JOB QFORTRAN,CSHP ,PAPPO 
MJ N I~IIJ'" CSHP 
FORTkA~CU~P FX~X 
VOLuI'IF 4U(JOO 
EXECUTE 
**** 

RUN BY GEORGE 2/MK9F 

FORTRAN COMPILATION BY "XFAT MK 6B 

DATE U6/U9/79 TIME 09/30/j2 

pRO(;RAM (T EWO 
OUTPUT 6=U'O ' 
CvMPRESS INTEGER AND LOGICAL 
COMPACT 
TRAC E 2 
HiD 

, 

: \ ' 

, . 

. ' 

.. : 

" ! 



hASTEk TEHilS 

CUMMO N/BALLI R, ~VELV' RvELlt, TI~E, "HEIGHT,BDIST. 
" POI S T, 1-, L P " A V, r, L HI A H, f' HI, V ALP H A V, V ALP H A H , 
* X, Y, " DEL YIN, I' F. 1 ;, V, Ii iJ E T '\ V, 0 F ,_ T /1 T 1 , 
-J: 8 ETA t : / ," ,- . ", / . ,_ : I )- ~. r F '.' t' L / ,.,~: c (~ l. , 
* 11 ~ tST, Chc.'£ ~ 0, G~clG!5r, 8VAvti~, ~~LTAT2 • 
• k2Sl), RST, D V ~VE2H, 2015T25U, THETA, PDIST~50, ALPHAV25, 
* ALPHAHZ5, V",LPHAV", VALPIIA, H~, PVELZ~[), ci ETAVZ:;O, BETAVST, 
* VB ETA V S T, A::l E T f, V, 1, bET A H 2 5 U, «E T A H S T, VB ETA H S T, ABE T Ali S T , 
* V6ETAV25, V~tTbhi~, bAMAV2iu, GA~AH~~O, VGA M AV2~, 
* VG A ~AH25, VA~GDrFF, hA~GOIFF, VAhV~IFF, HA NV DIFF, 
* (, ci U A V ~ 5, A ,j El ;,11,5, AbE T A V, A I:' E 1 A V T, ,\ f3 ETA Ii, ABE T A Ii T , 
* t;CJELYC(lR 

C SET I~rTIAL CONclTIOIIS FUR THE CROSS-COURT TRACl AND 
C INTERCEPT FUt;CTI0NS 

1=0 
TIME = !J,G 
fJHEJ GHT = 4.U 
8VtLV = 14,0 
oVELH = 6U,O 
a vIST = 79.1 
ALPHAV = -U.(J1~6 
ALPHAH = -U,1114 
VALPHAV = v.1'; 
V ALP H A H = (). 1 j 
THETA = u.53:;U 
PHI = U.1"14 
t>vcLR = 10." 
RE:TAV = -O.u1'6 
cltT~H = -0.1(14 
vt.i:TAV = V_U 
VbETAH = 0_0 
AbETAV = 20,0 
AbETAH " ZO,:] 
PX = 78,0 
py = 13,5 
PVEl. = 0,0 
PACCcL = 24.0 
PHEIGHT = :'.0 
P01ST = V,V 
pACCSTD = 24,U 
PACCEL36 = -~4,O 
X = V_U 
Y = !.l,U 
H = 0,0 
ALPllAV25 = O.U 
ALPHAH25 :: O.u 
;'IlIST25fJ = O.ll 
b DIS T 2 ,t) = tJ. LJ 
VALPHAV2 = O.li 
VALPHAH? = O,\U 
PVEL25U = O.u 
N5CTR = -1 
N,,5r,TR " -1 
Nl [Jll(TR = -1 
DTG0 = Hi,5 
TTG n = 1.36 
t!ET,',V250 = O,u 
ci t T "'12:. D " U, V 
,~SE1AIJ,5 " (j,ll 
AbETAH25 = (I,u 
V::'ET4V25 = l.\,U 
vcETAiii5 = u,u 
l' T G " 5 II " e, • () 
TTG25ll = U.U 

C SET STATuS IhDICATO ~ S AN~ DEl.AY COU~TEHS 

1 fllLLO '. = lJ 
I ', TERCEPT = oj 
NvEI.YIN = ( 
;;DELPH, = 11 
Nc.ELYCO r. = -1 
r,iiELPC(J R =-1 
11: LAG " II 
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e SET I~CREr'EN TAL cuNSTA NTS 

DeLTATl = 0.1)1 
(;cLTAT2 = U.~5 

\lRITE «(,,(,UOO) 
M ' d C' F C· ~ ., J. T , 'i · 0 .' !I (/ ;' I ii i II /I I /I II I 1/ I 1/ II I , 5 6 X , I - T E '" IiI S - I ) 

.: RITE ( " ,ou lll) 
6001 fUR MAT (1llllll ,41X,'SIMULATIO~ Of THE VISUU-MOTOR PROCESSES') 

IIkITE (6,6UU2) 
6(102 FUN~AT (11111H ,52X,'A P~OTOTYPE MODEL') 

wklTE (6,6UU.s) 
6n03 FUR MAT (11/11111111H ,55X,'H. A. PAPPO') 

WRITE (;',,6U(;4) 
6n04 FOR ~ AT (lH ,5iX,'RHODES UNIVERSITY') 

wRITE (6,60U::;) 
6005 FURMAT C1H ,::;dX,'1979') 

C AFTER PRINTI~G TITLE PAijE, GO TO NEXT PAGE AND PRINT ARRAY 
e OF PARAMETER NA1C:S. SKIP SIX LINES AND PRI~T CORRES. 
e PONDING ARRAY OF I NITIAL VALUES OF THOSE PARA~ETERS 
C AFTER PASS THROUbH FIRST TI~E-SLICE, CONTRUL RETURN§ TO 
e LIIIE 100 .AND PA~A~ETER VALUES ARE PRINTED CUT ON NEXT 
C PAGE. SKIP THREt LINES AND PRINT SECOND PASS RESULTS. 
C SKIP THREE HCRE A~D FRINT THIRD TIME-SLICE SLICE RESULTS. 
C REPEAT ON ,q:XT PIIGE. 

wRITE (6,6U()O) 

\,RITE (6,601<) 
~R ITE C() ,6011l 
"KITE U,,(jUl~) 
'.~ITf: ((, ,6013) 
wRITE U, ,6(14) 
wKITE Ui,6U1S) 
. ' kiTE (6,6016) 
..:RITE «'.,6Uln 

6(100 FORtIAT<1H1,40X,'DATA 8LOCK AND STARTING VALUES') 

601(j 

6011 

6012 

6013 

6014 

6015 

6016 

6017 

100 

FORMAT(11111111111H ,j4X,'1',7X,ITIME',4X,'BHEIGHTI,SX, 
* 'ALPHAV,,5X~'ALPhA~·,6X,'PDIST') 

FOR MAT(1H ,2bX,'IFCLLOw"iX,'INTE~C~PTI,6X, 
* 'hDIST',jX,'ALPHhV2~',3X,tALPHAH2~',3X,'PDIST25U') 

FUR"AT(1H ,2bA"N~flYIN',4X,'NDELPIN',3X, 
* 'hDIST25lJ',4X,'VALPHAV',4X,'VALPHAH',7X,'PVEL') 
FOR~AT('I, ,?7A,'h0ELYCOA',3x,'NOELPCOR',DX, 

* '~VELV',jX,'VALPhAV~',3X,'VALPHAH2',4X,'PVEL25UI) 
FOR ,'I A T ( 11 H ,3 u.~, ' N ~ C T k ' , ~ X, , N 2 ~ C T R , , 1 () X, , R ' ,6 X, 

* 'HETAV',6.,'CJETAIi',~X,'pACCEL') 
FOR ~ AT(lH ,28x,'N1UGCIR',6X,'IFLAG',6X,'PHI',5X, 

* 'V8ETAV',5x,'VbtTArl',4X,'PACCSTD') 
FOR ~ AT(1Il ,31X,'DTGU',7X,'TTGO',3X,'bETAV250',5X, 

* 'ABETAV',5X"A~ETAh',jX,'VBETAV~5') 
f (} R :-: A T ( i" , 2 Y ,~, , 0 T (, ~) U ' , ) X , , r T GiS U ' , 3 J(, , ~ ETA H 2 5 () .' , 

* 3X,·AbETAV~~',3x,'AeETAH25',.sX,'VBETAH~S') 

WHITE (a,6160) I,TIME,~HEIGHT,ALPHAV,ALPHAH~PDIST 
F. = U 

GO TO 103 

C E~ID 
IFCI .LT. lj7) GO TO 101 

OF RUN 

1 Q 1 

1 (12 
1u3 

. STOP 

IF(K .Nf. 1) GO TO 102 

WRITE (6,b444) I,TIME,6HEIGHT,ALPHAV,ALPHAH,PDIST 
~'- ) 

GO l\,-liij 
wRITt' (n,1>13(1) I,T IMJ:,bHtIGH"r ,ALPHAV,ALPhAH,PDIS r 
WHITE (~,61111) IF0LLUW,I~TERCEpT,fDrST,AlPHAVZ5,ALPHAH25,PDIST250 
\·tf<I T E ( 6,61 (, U) N DEL Y 1 " , "0 t L P I ~J , [J 0 1ST") (;, V ALP H A V , V ,\ L PH A H , P VEL 
wkITE ( 6 ,01u0) ND~LYCuR,r.DELPCOk, R VELV,VALPHAV~,vALPHAH%,PVEL2S0 
" 1\ I T f. (n , D 1 1 . J ) ',; :, C T H , t, 2 :, C T ~ , R , bET ft. V , iJ ETA H , PAC C E L 
,/ KIT E (.1), (·1 fl \J) ~ 1 lJ U C T I, , 1 r LA r, , PHI, V f:l f T A V , V fl ETA H , PAC CST 0 
w k I"; f: (II, t · 1 ~ oJ) C T l: U, T T G (), BET A V l' Ii, At· d A V, A H F T A Ii, V 8 ETA V 2 5 
\.J k n t: (b, 6 1 Z oJ) C TG Z ~ IJ, T T G Z 5 ,1, BET A Ii Z:; U, A f) ET A V 2 5 , A 8 ETA H Z 5 , VB ETA H 2 5 
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K = K .. 1 

61(;0 FOR n AT (lH ,L4X,2Il1,4Fl1.4) 
6110 FuR i-.AT (/1H ,-:4X,U11,4F11.4) 
6 1 2 G F 0 K ;.\ A T (1 H ,? 4 :, , (, F 1 1 , 4 ) 
() '" ' . f l' k - '.~ .( U .. . '.! ,'! , , " I' , L 1 1 ,) F 1 1 , 4 ) 
b 'IOlJ flJR; , AT. (1/1/11 iii ,1.4,1., I11,SF11,4) 
6444 FDR, :AT (1Hl,~4x,111,'iF11.4) 

C UPDAT~ TIME-SLICE .~D TIME FRO~ PROGRAM START TEST TIME FOR 
C PLAYtR TO BEGIN hIS DECELERATION. INITIATE P~OCESSING OF 
C GENERAL FOLLOW A~O IhTEMCEPT LOO~. . 

105 1=1+1 
TIME = TIME + 0.01 

TTGO = 1,36 - TJ.'1E 
bTGO = lU.S - PDIST 

IF (TIME .LT. 1.U) GOTO 110 
IF (IFLAG .~E. 1) GO TO 110 

PACCEL = PACCfL36 

C POSITION AND VELUCITY OF BALL ARE COMPUTED IN COURT COORDINATES 

1 1 0 CAL L C U ~I PUT E 

C UP~ATE COU~TERS 
N5CTR = N5CTR - 1 

N25Cl R = ";25CTR - 1 
N1uUCTN = N1UUCTh - 1 
~DELYIN = ~DELYIN - 1 
NDELrI~ = hDELPIN - 1 

NDELYCOM = hDFLYCDR - 1 
NDELPCUk = NDtLPCOR - 1 

C STATUS CHECKS AR~ REQUIRED TO DETERMINE CONDITION OF CORRECTION 
C DEI. AY COUNTERS ~EFOM~ INTERCEPT AND/OR FOLLOW LOGICS CAN BE 
C PR(CESSED. . 

IF(ND~LPCOR) ~on, 210, 220 
200 IF(NDELYCOR) 300, 2~O, 260 

C CORNECT FOLLOW MUVfMENT ONLY 
250 ABeTAV = AbETAVT 

A~ETAH = AbETAHT 
(;0 TO b21) 

C NO CORRECTION. DeLAY STILL OPERATIVE. 
260 GO TO 030 

210 IF(NOELYCOR) 2So, 270, 28U 

C CORReCT INTERCEPT "DVE~ENl ONLY 
23U IF(TIME .GE. 1.u) GO TO 232 

PACCH = PACCSTO 
G0 TO e2U 

232 PACCEL = PACCf-LS6 
GO TO b~O 

C CORRECT ~OTH FOLLOW AND INTERCEP; MOVEMENTS. 
270 AIlETAV = AtJETf\VT 

ABETArl = ABETAHT 
GO TO 23U 

C COARECT INTERCEPT ~UVE"ENT UNLY. FOLLOW CORRECTION DELAY 
C STILL OPERATIVE. 
2130 IF ( 7 ill E • Gr:. 1. U ) GOT 0 282 

PACC~L = PACCSTO 
(;() TO !j,o 

282 "f\CCEL = PACCEL36 
GO Tu o~u 

22u IF(NDELYCOR) ~411, ,QU, 29Y 

C NO CURRECTIuN. uEL~Y STILL OPERATIVE. 
24U . GO TO d3U 

C CO~,lECT FOLL(n; f'lllVE/'lcNT UNLY. i~TEMCEPT CORRECTION DELAY 
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C STILL 0PER~TIVE. 
2~O AttlT~1 = A8E1AVT 

Ail"rAH = A::lI:TIIIIT 
GO TO 1l2U 

C hO CUkRECTIO~. HOTH DELAYS STILL OPERATIVE. 
299 GO TO ln0 

C CHECK CONDITIO~ Uf DELAYS ON FOLLOW AND INTERCEPT MOVE~ENTS 

300 IF(NDELYIN .GT. UI GO TO J20 
IF(~D~LPIN .GT. UI GO TO 400 

CST ,~ R T HJ G DEL A Y S I',\) L U " G i: K () " ER A TI V E, SOC H E C K S TAT U S 0 F 
C TfiE fOLLOW AND/OR INTE~CiPT LOGIC TO EST Ab LISH PROGRAM 
C SEliUUiCE. 

IF{IfOLLO~ .E~. 11 GO TO 500 
IF{I~TI:RCEPT ,EQ. 1) GO TO 600 

C OTHEkWISE ACTIVATE 80TH. FOLLOW AND INTE~CEPT LOGIC. 
310 IF UL LO~ = 1 

INTERCEPT = 1 

C ENTER INFORMATrO ~ PROCESSING LOOP fOR FOLLOW AND INTERCEPT 
(,U TO 020 

I 

" 

! ' 
.' : 

C FOLLOW LOGIC STILL NOT AC TIVE. STANTING DELAY STILL OPERATIVE ' ~ 

320 If(NDELPIN .GT. u) &0 TO 3~0 

C I~TERCEPT LOGIC DELAY NO LONGER OPERATIVE, SO CHECK STATUS 
C OF I~TERCEPT LOGIC TU eSTA ELI5rl PkOGRA~ SEUUE~CE. 

r F (l,HERCEPT .• EI). 1) GO TO 6UU 

C INTERCEPT LOGIC ~OT ACTIVE, SO ACTIVATE AkD BE~IN PROCESSING. 
I"TEkCEPT = 1 

C ENTER INFO~MATI0N PROCESSING LOOP FOR INTERCEPT AND 
C PUSSiBLY FOLLUW LOGIC. 

GU TU 62(; 

C fU TH FOLLOW AND lNTERCEPT LOGIC DELAYS STILL OPERATIVE, 
, C SO NO PLAYER ACTION. 
350 GU TU 1UU 

C INTERCEPT LOGIC DELAY STILL OPERATIVE, So T~ST FOLLOW LuGIC 
C STATUS. 
40U If(rFOLLUW .EQ. 1) GO TO 4~0 

IFOLlOW = 1 

C ENTER INFORMATION PROCESSING LOOP fOR FOLLO W AND POSSIBLY 
C lNTERCEPT LOGIC. 

GU TO 8Z0 

C fOLLOW LOGIC ACTIVE, SO ENTER INFORMATION P~OCESSING LOOP 
C AS If INTERCEPT AlSu ACTIVE. 
450 IF(N1UUCTR .LE. U) GO TO 700 

GO To) /j.31J 

C FOLLOW LOGIC ACTIVE, SO TEST INTERCFPT LOGIC. 
500 IF(I"Tf:~CcPT .t;j~ 1) \,il) TO 5~0 

IFCN1uflCTR .Lt. \.II GO TO 700 
I rH I: R C E P T = 1 

C fNTER IIHUilI'1ATIilr; LtJOP TO PROCESS fOLLuW AND pnERCEPT LOGIC 
GlJ TO djLJ 

C bOTH f l)LLOW AND I ~ T~RCEPT LOuICS ACTIVE. 
550 GO TU A3u 

C INTERCEPT LuGIC AC TIVE, SO TEST 1UU HS COUNTER. 
600 IF(N10 u CIII .G T. U) GO TO 6S0 

li (J LL0 .... = -1 

C ENTER INFO~~ATI 0N lOOP TV PRUCESS ONLY INTERCEPT LOGIC • 
. :, l ' J(\ 03 J 
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OP~HATIVE, SO E~TER 

AhD FOLLOW LOGIC. 
1 
030 

I N FOR~'ATIO/ll LOOP 

C FOLLOW LOGIC ACTIVE AND 1UU MS DELAY TIME PASSED. SO 
C PROCESS O~LY F0LLO W LOGIC. 
t 0 1J i ·.~f ~~ Li~ T : -1 

c 
c 
820 

c 
C 

C 
C 
C 

!;3U 

"u Tv ojU 

INITIALIZE TRAJECTORY VELOCITY COUNTERS AND BEGIN VELOCITY 
AVEKAGING. 

N~nK = 5 
N~5cTR = 25 

N'IUUCTR = 1u 
cil/SlJl;V = 0 
~j'JSUi1ri = 0 
HiT AL V = 0 
T0TALrl = , 0 

INIT1ALIZE FEEDFUM~ARD CUMPUTATION USING CURRENT VALUESOF POSITION 
AND VELOCITY UF PLAYER A~D LINE OF SIGHT AND LINE TO BALL 

il ETAVST = bETAV 
f:<E T~HST = dETAH 

VHETAVST = VHETAV 
VRETAHST = VhETAH 

GAh~AVST = AL?HAV - BETAV 
GAMMAHST = ALPHAH - 6ETAH 

VGA ~ AVST = VALPrlAV V8fTAV 
vuA"AHST = VALi'kAH vt3ETAH 

PDISTST = PUIST 
PVELST = PVEL 

PACCELST = PACCEL 
R5T = R 

8H EIGTST = 8HEIGHT 
Tl"lEST = TIME 
A8 ETAVST = ABETAV 
AUETAHST = A3ETAH 

1ST = I 
bEGIN PROCESSING FOLLOW AND/OR INTERCEPT LOGIC. FIRST 
0BTAIN AVERAGE OF VERTICAL COHPONE~TS OF TRAJECTORY 
VELOCITY AND AVEkAGE UF HORIZONTAL COMPONENTS. 

IF(TTGO .LE. 0.25) GO TO 100 

El VSU/IV = tlVSU:"v + BVELV 
BVSUMH = ~VSU~H + BVELH 

IF(NSCTH .GT. 1) GO TO ~3S 
8VAV~1V = RVSUMV/S.O 
bVAVE1H = BVSUMH/5.0 

HVSUMV = G.O 
I:!IJSUMH = 0.(; 

liSCTR = 6 

TOTALV = TOTALV + BVAVE1V 
TOTALH = TOTALH + eVAvE1H 

635 IF(N2SCTR .Nf. 1) GO TO 100 

C CO MPUTE PLAYER'S ESTIMATt OF TRAJECTORY VELOCITY 
C CO~PUNENTS USI~G AVERAGE VELOCITY 

HVAVE2V = T0TALV/S.O 
RVAVUH = T"TALII/S.O · 

C COMPUTE ESTH1ATEO VALUES I» PLAYER'S DISTA~~CE' "TTAINED 
C IN 250 MS AND PLAYER VELOCITY AT ~5(; ~5. DATA USED 
C FOR bOTH FOLLOW AND I~TEKCEPT LOGICS./ 

t' ~ 1ST 2 5 (j = P I) 1ST S T + P V t L 5 T "0 E L TAT 2 + PAC C E L S T * DEL TAT 2 * * 2 
P~~L2)(I=PVELST+~ftCC2LS1"UELTAT2 

C TEST STATUS OF FOLLOW LOGIC FOR INFO PROCESSING. 

IF (! FULLOw • Et<. -1) GO TO 97U 
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c PRnctSs F~ILO~ L0GIC USI~G ~STIHATE~ PLAYER POSITION 
C AN~ VELOCITY AI;~ P~E~AKE CUkRECTION IF NECESSARY, 

CALL FOLLOW 

C TEST STATUS Of INTE~CEPTLO~IC FOR INFO PROCESSING. 

Y7 0 H~ ~' ; ''' ,_ - " ,;: ' /, -1) GO TO 98/j 
, } 

C PROCESS l:jT~RCEPT LOG IC USING ESTIMATED PLAYER POSITION 
C A~O VELOCITY A~D PREPARE CORRECTION IF NECESSARY. 

f. ;' 

972 

IFITI~EST ,GT, U,5) GO TO 972 
o T G 2 5 U = 'I. 1 5 * 1 1 lJ ,5 - P DIS T 2 5 0 ) 

(iO TO Y/3 

H(TIMEST .GT, 1,D) 1,0 TO 974 
oTG25U = 1,10*(1U,5 - PDIST2)O) 

GO TO 9{j 
, , 
,. ' .' 

974 DTG25U = 1,u5*11U,5 - PDIST25U) 

975 TTG25U " 1,31) - T H1EST - 0.25 

C PLAYER COMPARES ESTIHATE~ AC TUAL WITH ESTI MATED DESIRED VELOCITY 
C AT THE 251) HARK 

C 
C 
C 

980 

if(TI~[ST ,uT. 0.5) GO To 91.l0 
PVST~ST = PACCSTD * TIMEST 

PVSTv2iU = ~YST~ST + PACCSTD * OELTAT2 
IFUi3S(rVST[)~:'<J - PVEL25() , LE, O.U5 .. (PVSTD~50+PV"L2S0» GO TO 981 ' 

IFI?VSTD2~) - PVEL250 ,GT. 0,0) GO TO 91.l? 
PACCSTl) = 0.0 

PACC<L ~UST ~E )t T TO ZEKO ALSO, BUT THIS CAN'T OE DO ~E 
U~TIL THE OELAY, NDELPcOR~ FOR PLAYER CORRECTI ON HAS 
CO UI;TED DOWN 

NDELPCOR = 4 
GO TO 91.l7 

IF (TI;>ltST .GT, 1,0) GO TO 987 
P'/STD25u = 11.6 

P 1\ C C S -r 0 = U, 0 
NDE LPCOK = 4 

IF(A6SIPVSTn2)u - PVEL250) ,LE, 0.05*IPVSTD~5()+PVEL250»GO TO 985 
IF(PVSTD25 v - PVEL250 ,LT, U,O) GO TO Yb1 

PACC(L56 = -2~.4 
C PACCEL IS ALSO StT TO -2t.4, BUT NOT U~TIL TIME = 1.0, 

981 

985 
Yk6 
987 

988 

GO TO 986 

PACCEL36 = -33,S 
GO TO Ytlto 

~1\CCEL56" -24,0 
IFLAG = 1 

l~TERCEf'T = (j 
(FOLLOw" a 

GO TO 100 

IF(IFOLL0w ,EQ, 1) GO TO 100 
I "ITERCEPT = U 

IFO LLO,oJ = 0 
GO TO 100 

END 

END OF SEG~ENT, LENGTH 16UO, NAME TENNIS 
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SU6PuuTINE CDMPUTE 

CU."1,;OIi/HALLI Ii, 6vELv, 8VELIi, TIME, 8HEIGHT,fJDIST, 
* PDIST, ALP~AV, AL?HAH, PHI, VALPHAV, VALPHAH, 
* X, Y, NDELYIN, BETAV, V6ETAV, DfLTAT1, 
* bETfl.H, \! i·· r-f., , ~ .. ~i; f ~.· · · l\ )' Plj s.:L, i-1 t'>r:(: ~'-.I" 

* TI~--:EST~ c..rit..l.:c..,:, l,,;:...i;,"; TSj~ uVf... Vc.t. 'i, ,) tLTAT~, 
• R25u, RST, 9VAVE2H, heISTZSO, THETA, PDlST~SO, ALPHAV25, 
* ALPHAH2S, VALFI ' AV~, VALPHAH2, PVEL2S0, BETAV2S0, BETAVST, * V8ETAVST, A8~TAVST, a~TAH2SU, 8ET~~ST, V8ETAHST, A~ETAHST, 
* VBETAV~S, VdETAh~S, bAMAV25U, G~MAH250, V~A~AV2S, 
* VGAMAH25, V~NGDIFF, HANGOIFF, VANVDlfF, HANVOIFF. 
* A8ETAV2~' A8tTAHZ5, A8ETAV, ABETAVT, A8ETArl, ABETAHT, 
* r-.DELYCOR 

C COMPUTE POSITION AND VELOCITY OF BALL IN COuRT CUORDS, 

R = 8VELH*TIME 
· IF(TIME ,LE, U,44) GO TO 150 

I F ( T I I'; t • L t, 1, 1 U l Go) TO 1 2 CJ 

8HEIGHT = la.U*(TIME - 1.10)*(i,10 - TIME) 
8VELV = 10.0 - 3~.U*(TIME - 1.1U) 

GOT!j 'I 4 U 

120 8HEIGHT = 7.U6 - la.U*(TlME - O.44)*~2 
eVELv = 3i.0.(TI~~ - U.4~) . 

GtJ Tv ·1 "U 

130 BHEIGHT = 14.U*TIME - l6.U*TIME**2 • 4,0 
BVELV = '''.lj - j~,O*TIME 

C CO~PUTE DlSTA~CE A~~ A~GULAR POSITION AND VELOCITY OF BALL 

140 8DIST = SQRT«76,O-R*COS(lHETA)**2+('j,~~POIST-R*sIN(THETA))**2) 
ALPrlAV = ATAN«BHEIGHT - S.ul/BOIST) 

ALPHAH = ~TAN«Y - 13.5 - PDIST)/(7c.0 - X» 
VALPHAV = BVELV/~DIST 

W = (lj.) + POIST - R*SIN(THETAl)/C78.0 - R*COSCTHETA» 
PHI = ATANcn 

VAI.PHAH = (dVI:'LH*SIN(T!'ETA -,PHI) - PVEL*COS(PHI»/BOIST 

c '·.OVE'tEnT OF PLAYER'S LI~E OF SIGHT (LOS) IS DELAYED 8Y AN 
C A~OU~T EOUAL TO THE PLAYER'S RE'CTION TIME TO OPPO~ENT'S 
C STRIKl tlG THE BALL, 

IF (NOEL YIN .GT, 0) GO TO 1110 

C · AFTER THE DELAY, ANGULAR POSITION AND VELOCITY OF LOS ARE 
. C CO ,~PUTED, 

BETAV = bETAV + V~ETAV*DELTAT1 + ABETAV*DELTAT1**2 
bETAH = hETArl + V~ETAH*DELTAT1 + ABETAH*DELTAT1**2 

V9ETAV = V8ETAV + AbETAV*DELTAT1 
VScTAH = vdFTAH + ABETAH*DELTAT1 

C ~OVEMENT OF PLAYtR IS DELAYED ~y AN AMOUNT EQUAL TO HIS 
C REACTION TIME TO OPPONENT'S STRIKI~G THE BALL. 

18U IF(NuELPIH .Gr, U) G0 TO 190 

C THE ~E~ POSITION AND VELOCITY OF PLAYER IN HIS INTERCEPT 
C PATH ARE CO l1P0TED AS S00h AS THE DELAy HAS COUNTED DO~N. 

PDIST = PDIST + PVELoDELTAT1 + PACCEL*DELTAT1**2 
PVEI. = P)tL + PACCEL*OELTATl 

190 R[TU~" 
uo 

END OF SE('o~ENT, LF.'lGTH 333, NAME CO~PUTE 

119 
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SURRUUTINE FOLLOW 

CO~~O~/BALLI H, evElV, ~VELH, TIME, 8HEIGHT,8DIST, 
* PIIIST, ALPrlAV, AlPHAH, PHI, VALPHAV, VALPHAH, 
* X, Y, NDELYl.j, bETAV, V8ETAV, DELTAT1, 
-it t>':l .; ~ l , ',\- . :;: fA" ,_ ·' w'i: '. PI ": " PV t L, .:.e.. CCEL, 
k T 1 ,', t S T, t. [ t I: l i to :) '. , " H c 1 G T 5 T, <! V A V E ~ v, LJ t L TAT 2 , • ; 
* R250, RST, dVAV22H, bOIST250, THErA, PDIST250, ALPHAV25, I , j', 
* ALPrlAH25, VALPHAV~, VALPkArl2, PVEL250, SETAV25U, BETAVST, 
* VtlETAVST, AdETA'iST, tJET~h2511, BETAHST, v'BETAHST, APETAHST, 
* V8ETAV~5, V~I:TA~t5, bA~AV25J, GA"Ak25D, VG~~AV2~, 
* VGA"AH2~, VA~GDrFF, HA~GDIFF, VANVDIFF, HA~VnIFF, 
* AoETAV~), AbtTArl2~, AGErAV, A8ETAVT, ABETAH, A8ETAHT, 
* I1DELYCUR 

C PRnc~ss FOLLOW LUGIC USING ESTI~ATED PLAYER POSITION AND 
C VEL(ICITY A~D PHEPARE CORKECTION IF NECESSARY. 

IHTIMEST .LE. (1.44) GO TO 1141 
IF<TIMEST .LE. 1.10) GO TO 842 

841 BHEIT25U = 8HEIGTST + aVAVE2V*DELTAT2 
GO TO !l43 

!l42 BHEIT2SU = ~HEIGTST - BVAVE2V*DELTAT2 
843 R25U = RST + BVAVE211*DElTAT2 

8DI5T250 = SQRT«7d.U - k~5U*COSITHETA».*2 
* + (1~.~ + pDlSTLSO - R2~0*SIN(THETA»)**2) 

C FIND ANGULAR POSITION AND VELOCITY OF LINE TO BALL 

ftLPHAv'25 = AT.N«BHEIT250 - 5.0)/BDIST250) , 
ALP II A 112 5 = A T A oJ ( ( R ~ ) 0 * SIN ( THE T A ) - P DIS U:; U) 1 ( 7 ij • U - R ~ 5'U * COS I THE T A ) ) ) 

VALPHAVZ = B VAVE2vI8DIST~SU 
WZSu = (15.)+POIST2)O-R~50*SIN(THETA»)/(7ij.0-R~SO*COS(THETA) 

VALPHAHZ=(BVAVE2H*SlN(THETA-ATAN(W2)1I))-PVEL25U*COSIATAN(WZ50)))/ 
* ~DlST250 

C FIND ANGULAR POSITION AND VELOCITY OF LOS AND FORM DIFFERENCES 

~ETAV250 = aETftv'ST + V8ETAVST*DELTAT2 + AeETAVST*DELTATZ**2 
BETAHZ50 = B~TAkST + V~ETA~ST*DELTAT2 + A8ETAHST*DELTATZ**2 

V~2TAV2) = VciETAVST + A8ETAVST*DELTAT~ 
VBETAH2~ = V8ETAH$T + A~ETAHST*DELTATZ 

GAMAv'LSO = ALPH~V<S BETAV25U 
GAMAH~50 = ALPriAHZS - BETAH250 

VGAliAV2~ = VALPHAV2 - VBETAV25 
VGAMAH2) = VALPHAH2 - V8ETAH25 

C THE ANGULAM DIFFERENC~S AND ANGULAR VELOCITY DIFFERE~CES MUST -
C NOW bE C()MPA~En AGAIN~T THE PLAYER'S STANDARDS OF MAGhITUDE 

646 

847 

IF(~8S(GA~AV2)Q).LE.O.05*(ALPHAV25 + BETAV250» GO TO 844 
IF(GAM~vt5rl .LT. U.U) GO TO 645 

IF(A85(GA~AV25U) .LE. U.1d) GO TO 846 
IFlABS(GAMAV2SU) ~LE. u.9) GO TO 647 

ANlj/JI.AR OIFF IS LARGE 
VA.~(jOIFF =.5 

Gu TO oS1 
VANGDIFF = 1 

GU TO 851 
VA!,GOIFF = 2 

GU TO 1l)1 

POSITIVE 

C VERTICAL ANG DIFF IS NEGATIVE 

IlI.S If (i\i:lS(GA i1AV2S')) .L~. 0.18) GO TO b48 
IFIA8S(GA~AV2)U) .LE. 0.9) GO TU a4Y 

VANGDIFF = -5 
GU TO 851 

~4c VA~GDrFF = -1 
GO T,) ';51 

b49 VANGDIFF = -~ 
A10 
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1:l44 

851 

GO TO 851 

V A II (j D IFF = u 

I F ( A h S ( G A /1 A" t ) n ) • L E. [1. 05* ( ALP H A H 2 5 + BET A H;' 5 0 » GOT I) /l 54 
IF(GA"Alt~~0 .LT. O.U) GO TO 855 

IF(ARS( GAMA H25U) .LE. 0.18) GO TO 856 
: - ( " "; ( _" . ,', ,', ' ! ::, Jj ) • L E. O. 9) GOT 0 /l 5 7 

C ~ORIZONTAL AIIGULAR DIFF IS LARGE POSITIVE 

HANGDIFF = :s 
GO TO 1161 

856 HANG~IFF = 1 
GO TO 861 

857 HANGDlfF = l 
GU T,) 861 

C HORIzOt;TAL AII(j vlFF IS NEGATIVE 

855 

858 

859 

IF(ABS(GAMAH25U) .LE. 0.18) GO TO 858 
IF(AaS(ijA~AH2S0) .LE. 0.9) GO TO 859 

HA NGDIFF = :-3 
GO T,) h61 

HAIiGOIFF = -1 
G0 TO 861 

H A ,Hi 0 IFF = - 2 
(;,l TO 001 

854 HANGDIFF = U 

861 IF(ARS(VGA~AVZ5) .LE. O.05*(VALPHAV2+VBETAV25» GO TO 864 
IHVGA :1A V25 .LT. U.(1) GO TO /l6S 
IF(Ad~(VGAMAvtS) .LE. 0.18) GO TO 866 
IF(_65(VGAMAV~S) .LE. 0.9) 60 TO 867 

C VERTICAL ANGULA~ VELOCITY DIFF IS LARGE POSITIVE 

866 

867 

VA"I'IIl!F F = 3 
G0 TO 8/1 

VANVDIFF = 1 
GI) TO 8'1' 

V MI V !) r F f = 2 
GO TO 1l7, 

C HORIZONTAL ANGULAR VELOCITY DIFF IS NEGATIVE 

865 IF(ABS(VGAMAV2S) .LE. 0.18) GO TO 86/l 
If(ABS(VGAMAV2~) .LE. 0.9) GO TO b69 

VMlVDIFF = -3 
131) TO 8/1 

868 VANVDIFF = -1 
GO TO lll1 

!l6Y VANVvlFf = -~ 
GO TO 1l'l1 

864 VANVDI FF = 0 

871 IF(ABS(VGA~AHt5) .LE. O.OS*(~ALPHAH2 + VBETAH2S) GO TO &74 
IF(vGA ~ Ah~S .LT. U.O) GO TO 875 

1~(A~S{VGA~A H 2~) .LE. 0.1h) GO TO 876 
IF(AAS(VG~~AN;'~) .LE. 0.9) GO TO 1177 

C HORIZONTAL ~NGULAR VELOCITY DIFF IS LARGE POSITIVE 

HA ,~VuI F F = 3 

876 

15'17 

c 
87S 

~o TO /l81 
HANV ii lFF = , 

,,0 TO 1:181 
HANVilIFF = 2 

,->U H) Iltl1 

HORIZO\ TAL ANGULAR VELOCITY DIFF IS NEGATIVF 

IF(ArlS(VGA"'AH2!i) .LE. 0.1&) GO TO 578 
IF{A8S(VGA~' AH2~) .LE. (l.Y) GO TG /l79 

~J\ '~'!OlFF = -3 
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1:l7d 

1:l7Y 

H 74 

881 

C 

885 

!l86 

887 

1:l84 

VERiICAL 

<; '.l T { ~ ~ ~ 1 
i'A ·.V0IFF = -1 

'' 0 TU 1381 
H A ,: V LJ 1 F F :: - ~ 

(,O T (j b01 

! . • . • , ~. .. . ', ." .. ,. - ." 

L1 = VANG~IfF + VANVD1FF 
L~ = I'M'G(JlFF + IiAI'IVOIFF 

IF (L 1 • LT. Ii) GO TO 6 84 
IF (L 1 .Eu. !.J) GO TO 58, 
If (L 1 • E u. • 1 ) GO TO 6b6 
IF( L 1 • E"; • 2 ) GO TO 687 

DUVIllli ACCELERATION IS LARGE 

A3ETAV2~ = 20.0 
GO TO 691 

.~aETAV2' = 0.0 
G') TO ~1I1 

AflETAV25 :: S.U 
GO TO 8111 

ABcTA'U,:: 10.0 
GO TO 8,}1 

IF<L1 .EO. -1) GU TO 888 
IF<L1 .F';. -2) GO TO 889 

POSITIVE. 

C VERTICAL DRIVI~G ACCELE~ATION IS LARGE NEGATIVE. 

<l8B 

&89 

891 

c 

895 

896 

897 

&94 

c 

898 

899 

c 
90U 

A~ETAV2' :: -20.0 
lo f) TO >;'/1 

AtiET AVt; =, -5.U 
G r) T I) 8Y 1 

ABETAy2) :: -1U 
IF(L2 .LT. 0) GO TO 894 

IF(Ll .EJ. U) GO TO 895 
IF(L2 .1:.:1. 1) GO TO d\l6 
IF(L2 .Ea. 2) GO TO 897 

HORIZONTAL DRIVING ACCELtRATION IS LARGE POSITIVE. 

A8I:'TA>iZ) :: 20.0 
GO TU 90U 

A8ETAHd = U.O 
GO TO 90U 

A8ETA><2, :: 5.0 
GO Tv 9UO 

AilET~h25 :: 10.U 
GO TO 9UO 

IF(L2 .tu. -1) GO TO 898 
IF(Ll.Ea. -~) G0 TO 899 

hORIZONTAL ~RIVING ACCELERATION IS LARGE NEGATIVE. 

AFlETA}t2~" -20.0 
CO TU YOU 

ABETAH<'S = -5.0 
GO Tv 9LlO 

AAETA~t~ = -1u.0 

IF(ABS(ARETAV + AdtTAV2S1 .LE. 2(1.0) GO TO 92U 
IF(A8ET AV + ~bETAVi5 .LT. O.U) GO TO 930 

C P LAY £ RAP P Ll t S ~: A. q H J I; V E R Tl tAL A C C E L to RAT I 0/1 • 
Ab~ I AVT :: lU.U 

GO T0 YI.O 

C PLAYER APPLIES ~AXrrLM ~ERTICAL O~CELERATION. 
,}30 ~~ETAVT " -20.U 

G\J TO '14(1 
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C CORRECTIVE ADDITION UOESN'T EXCEFD ~AXIMU~ ACCELERATION. 

920 A&ETAVT = ABETAV + ABETAV25 

'140 H(ABS(ABETAH + A8ETAjj2~) .LE. 20.U) GO TO 950 
IF(A8ETA.t + A8ETAH~5 .LT. O.ll) GO TO ~6U 

C PL ~ vER A~ P LI~S ~ Air ~ L ~ hUkllUNTAL ~CCfLf.AIIC~. 

A6ETAHT = 20.U 
GO TO )165 

C PLAYER APPLIES MAXI~UM HORIZONTAL DECELERATION. 

960 ilfiETAHT ; -CO.1] 
GO TO '165 

C CORRECTIVE ADDITrO~ DOESN'T EXCEED MAXIMUM D~CElERATIO~. 

950 ABETAHT = AbETAH + A8ETAHZS 

965 

RETURN 
END 

IJDELYCUR = 3 
IFOLLOW = U 

END OF SEG~EIIT, LENGT~ 1230, NAME FOLLO~ 
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FINISH 

END OF CO~PILATION - NU ERRORS 

SIC Sl!p.F1LE: l~ f:luCKETS USED 

CONSOLIDATEb AY XPCK 12K 

PROGRM1 
COMPACT 
COMPACT 
CORE 

TENfi 
DATA <15-'<1") 
PROuRACI (Dahl 

74138 

SEG 
cuv 
SEG 
SEG 
SEG 
SEG 
SEG 
SEG 
SFG 
CLV 

DATE 

TENNIS 
BALL 
CO:1PUTE 
FOLLOW 
ARS · 
SORT 
COS 
SIN 
ATAN 
SpFIL 

U6/u917'i 

A14 

TIME 09114153 
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Appendix B 

First Extension of the Prototype Model 



Ll 5T . 
PKOGRAI" (TE/IN) 
OUTPUT 6=LPO 
CU'1PRE55 INTEGER 
C U:'1 PA CT 
fRAC E 2 
ENil 

JOH UFURTRAN,C5HP ,PAPPO 
I'1HdMOP CSHP 
fOKTNA~COHP FXXX 
VOLUME 4UOOO 
EXECUTE 
***'k 

RUN BY GEORGE 2/MK9F ' 

-
fORTRAN COMPILATION BY ~XFAT MK 60 

DATE 22/10/79 TIME 09/55/55 

AND LOGICAL 

B2 
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MASTER TOiNIS 

CUMMON/RALL/ R, UV~LV, BVELH, Tl~E, BHf !GHT,YDIST, * PO 1ST, ALP~AV, ALPHAH, PHI, VALPHAV, VALPHAH, 
* X, Y, ;< D F. '- Y I "l, 8 ETA V, V RET .A V, D t L T " T ~ , 
* 8 ETA H ~ \ !:.:- '!'" \ ,. ,. .. t" '. f ; . I \ ~ jJ '/ I.: L " ,," ~ ': :: L ; 
* r I ,., EST, 0 (I t i i t. ~ u, u " t: 1 U i ~ r, B V n. 1/ t ~ V, ;) E L TAT l. , 
* RZ5Q, RST, dVAVE2H, dDIST250, TriETA. ~DIST250, ALPH~V25, * ALPHAH25, VAlPHAV~, VALPrlAHl, PVEL25 U, 8 ETAV250, BETAVST, 
* V8ETAVST, A8ETAVST, ~ETAH25U, BETAHST, VHETAHST, ABETAHST, * Vf)ET .~V25, VtlETAH2), GA ,"iAV25<), GA.-IAHZj(\ , V('AMAV2,), 
.: X2~~~U~~; X~~¥R~~~; ~~~¥2b~F'8~~~~V~FSGEY2~~Dl~~fAHT' * NDELYCOR, T~l, TG, TbR, bHEIGHTU, 8hEIGHT1, aVELVO, 
* XO, YO, PX, PY, bVELVGR . 

C SEI . ECT CRO~S-COURT TRAJECTORY SrAMTING CIINDITIONS, 
C RECEIVER STARTING POSITIUN, AND LINE-Of-SIGHT 
C STANTING CONDITIO~S 

I = 0 n"'E = 0.0 
Xl> = 5.8 
YU = 3.5 
BhEIGHTO = 3.) 
aVELvCJ = 15.0 
8VELHO = 6.5.0 
THETA = 0 • .5.150 
HtTAV = -u.O~U 
StrAH = -0.156 
V8ETAV = U .'1 
VtlETAH = 0.<1 
AbtTAV = ).0 
A8ET~H = 2.u 
PX = 75.0 
pY = 14.2 
PVEL = 0.0 
PACCEL = 35.lJ 
f'HEIGHT = 5.0 

C SET STATUS INDICATORS ~NU COUNTERS 

IFOLLOW = 0 
INTERCEPT = 0 
tl 0 EL YIN = 0 
I'<OELf'IN = 0 
'lDELYCUR = -1 
NDELPCOR = -1 
IFLAG = 0 
N'CTR = -1 
I'<cSCTR = -1 
",100CTR = -1 

C SET l~CREMENTAL CONSTA~TS 

DELTAT1 = 0.01 
DELTAT2 = U.~5 

C SET FEED FORWARD COMPUTATION PARA~ATERS TO ZERO 

ALPHAV25 = O.u 
ALf'HAH25 = iI.u 
PI>IST2Sn = O.IJ 
BOISTZ')u = O.ll 
VALPrlAV<, = ll.u 
VALPrlAI,2 = 0. J 
f'VEL2SU = v.U 
BUAV25u = I.1.U 
df-TAH~5() = o.U 
AtJET AVZ5 = () U 
AIlETAH25 = (l:U 
V~ETAV~5 = O.U 
VriETAH25 = 0.;; 
Dr G Z 51) = U. II 
TTG25U = 0.0 

wRITE (6,~U'),') 
6000 FOR ~ AT (1H1/111///IIIII/II///III/I/I/I/, 56 X, ,- TE~NIS -') 
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IJR 1 TE ((,,6Ulll) 
60111 F V'1 : ~AT 'U/1/1 H ,41X,'SI MULATIOI, uF THE VISUV-MOTOR PROCESSES') 

\oik ITt ( 6 ,6Ufl2) 
60112 FU H,IAT (////lH ,S~",'A P~OTOTYf'E MOilEL') . 

W~ITE (6,6UI1.3) 
6003 FOR 'I AT (//////////14 ,S5X, ' H. A. PAPPO') 

rl k rT~ ( ·\ .: .'J:~ rli.. ) 
6,)04 FU HI1A T (1'1 ,Si X,' Krh)utS UNIVERSI TY') 

WRIT E (6, 6UOS) 
6005 FURMAT (lH ,SHX,'1979') 

C AFTER PRINTI~G TITLE PAGE, GO TO NEXT PAGE AND PRINT AP~AY 
C OF PAAAMETEM NAM ES. AFTE k FIRST TIME-SLICE PASS, SKIP 
C FI v E LINES A~D PHINT PARAMETER VAI.UES. SKIP FIVE MORE 
C LI NES AND PKI~T SECOND PASS RESULTS. ETC. REPEAT O~ 
C NEXT PAGE . . 

WRITE (6,6008) 

Wfd TE (6,6010) 
wKI TE ( 6 ,6Ul1> 
wR ITE (6, 6012) 
wRITE ( 6 ,6ll13) 
"KITE (6,61l14) 
" RITE ( 6 ,61115) 
wR ITE ( 6 , 60 16) 
w~lTE (6,6U1l1 

FORMAT(1rl1,46X,'TIME-SLICE DATA BLOCK') 60U8 

6010 

6011 

6012 

6013 

6014 

6015 

6016 

6017 

FORMATlj///////////1H ,34X,'I',7X"TIME ' ,4X,'8f!EI~HT',SX, 
• ' ALPH AV ', 5X ,'ALPH AH' ,6X,'PDIST') . 

FORMAT I1H ,2~X,'IFO L LOW',2X,'INTERC~PT',6X, 
* 'HDI ST' ,3X,' ALPHA V,2 ;' ,3X,' ALPHAH£5' ,3X,' PDIST250') 
FUR~ATI1" ,~8X,'~DELYIN',4X,'NDELPIN',3X, 

• ' fi DIST250',4X,'VALPIIAV',4X,'VALPHAH',7X,'PVEL') 
FO RM ATllH ,27X,'NDELYCUR',3X,'NDELPCOR',bX, * ' 8V ELV',3X,'VALPHAV 2 ',3X,'V ALPHAHZ',4 X,'PVEL2S0') 
F0 R~A TI/1H ,3UX,' NjCTk',5X,'N25CTR',10X,'R',6X, * ' [1 ETA 'J ' ,6 X, , t3 E T ~. H ' ,) X, , f' ACe E L ' ) 
FUR XAT(1H ,28 X "N10 0 CTR',6~,'IFLAG',8x,'PHI',5X, 

* 'V8ETAV',5X"Vtl~TAH',4X,'PACCSTD') 
FOR~ATI1~ ,31X,'DTG 0 ',7X,'TTGO',3X t 'BETAV2S0',5X, * 'ABETAV',5X,'ABETAH',3X,'VBETAVl,') 
FIjR ~A T(1H ,2<iX,'DTG250'" X,'TTC,Z50',3X,'ElETAH250', * 3x,'A d ETAV2)',3X,'A~ETAH25',jX,'V8ETAH25') 

orGon = (PA - XO)*TANITHETAI - PY + YU - 3 
TTGOI) = (PX - XU)!(BVELHlJ*CIJSITHETA» 

K = -4 
GO TO 104 

100 IFII .LT. TTGOO*100) GO TO 1U1 
C ENo OF RUN 

STOP 

101 IFIK .NE. 1) GO TO 1112 

wRITE (6,64441 I,TIME,BHEIGHT,ALPHAV,ALPHAH;P.DIST 
K = -5 

GO TO 103 
102 wRITE (b,6130) I,TIME,~HEIC,HT,ALPHAV,AlPHAH,PDIST 

• 

103 ~RITE 16 , 6 1.)U) IFULLU~,INTERCEPT,8DIST,ALPHAV2S,ALPHAH25,PDIST~50 
~ R ITE I b ,a10U) NDELYIN,NDFLPIN,BDIST2S0,VALPHAV,VALPHAH,PVEl 
~HITE 16,01 (10) ND ELYCUR,~DELPCOR,~VELV,VALP HA V2,VALPHAH?,pVEL25n 
~KITE ( 6 ,6110) N~LTN,~25CTR,N,BETAV,ElETAH,PACCEL 
~RITE 16,b1 0U ) N1UUCT N,IFLAG,PHI, VBE TAV,V BE 1AH,PACCSTD 
wRITE (6,61 2u ) DTGO,TTG O , 8 ETAV~~(J,A8ETAV,ABETAH,V 8 ETAV25 
WRITE (6,0120) DTG250,TTGLSO,8ETAH25U, A8 ETAV25,A~ETAH2"vBETAh25 

104 K=K+1 

610U 
61 1 (j 
61£0 
613lJ 
6444 

flVE LH = BV~LHU 
FON,"AT I1H ,24~,2I11,4F11.4) 
F 0 ~ ~i ~ T . ( / 1 H , c 4 X , 2 I 1 1 , 4 F 11 • 4 ) 
FORrAT (1 H ,24 X, 6 F11.4) 
FU R ,~AT 1//1//111 ,24X,!11,5F11.4) 
FUR :~A T (1H1,24 X,I11,SF11.4) 
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C UPDATE TI ME -SLICE AND TIME FAOM PRUGR AM ST AR T. TEST TIME FOR 
C PL AYER TO REG! /. HIS DE CELER ATIO N. INITIATE PRO CESSI NG OF 
C GENE RAL FOLLO;! AI ID INTERCEPT LOOP. 

HiS I = I + 1 
1 I .. ,- = r 1 ~ " + (). () 1 

Ii Ii V -" i i Gv u - TIME 
'DTGO = DTGOO - PDIST 

IF (TIME .LT. 2.U*TTGOO/3.0) GO TO 110 
IF (IFL AG .~E. 1) GO TO 11U 

PACCEL = PACCELj6 

C PO S ITIu N AND VELuCITY OF SALL ARE COMPUTED IN CGURT COORDINATES 

110 CALL CO~PUTE 

C UPDATE COUNTERS 
N5CTR = NSCTN - 1 

, N25CTR = ~25CTR - 1 
Nl0DCTR = H10 UCT R - 1 
NDELYIN = NDf LYIN - 1 
NDELPIN = N~ELPI N - 1 

ND ELYCD R = NDE LYC OR- 1 
NDELPCOR = ND ELPC OR - 1 

C STATUS CHECKS ARE RtQUIAED TO DETERMINE CONDITION OF CORRECTION 
C DELAY COUNTERS 8 EF ORE I~IERCEPT AND/OR FOLLOW LOGICS CAN BE 
C PRO CES SED. 

200 
IF{ NOELPC OR) lUO, 210, 220 

IF{NDELYCOR) 30 u, 250, Z6U 

C CORRECT FOLLOW M uve ~ ENr UNLY 
250 ABETAv = ABET~VT 

A8tTA~ = A~ETAHT 
GO TO 820 

C NO CURRECTION. DELAY STILL OPERATIVE. 
260 GO TO ~3U 

210 IF(NDELYCO~) 230, 27U, 280 

C CO RRECT INTERCEPT ~ O V cME~T ONLY 
23U IF(TI~E .G E. £.u*TTGOO/3.U) GO TO 232 

PACCEL = PACCSTD 
GO TO 1120 

232 PACCEL = PACCEL56 
GO 10 1:120 

C CORRECT 80TH FOLLOW AND INTERCEPT MOVE~ENT5. 
270 ABETAV = AB ETAVT 

ABETA H = ABE1AHT 
GO TO 23U 

C CORRECT INTERCEPT ~OVEMENT ONLY. FOLLOW CONNECTION DELAY 
C STILL OPERATIVE. 
280 IF(Tr~E .GE . 2.0*TTGOO/3.U) GO TO 282 

PACCEL = ~ACCSTD 
GO TO 820 

282 PACCEL = PACCEL36 
GO TO 820 

220 IF(NDELYCOR) 24,), 29U, 29Y 

C NO CURRECTION. 0E LAY STllL OPERATIVE . 
240 60 TO K30 

C CORRECT FOLLOW ~U V EMENT UNLY. INTENCEPT CORRECTION DELAY 
C STILL OPF.RATlvE. 
29U ABET AV = A~E T AVT 

A8E1AH = A I! ~TAHT 
(,0 TO !sZI) 

C ~O COR RECTION. ~OTH DELAYS STILL UPERATIVE. 
2·9~ . GO T0 1 (II) 

C CHEC" CONDIT IUN UF DEL I\ Y~ ON FOLLOW ANO INTEIlCEPT MOVE/ IENTS 
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3(jU 

C 
C 
C 

IF(NDELYIN IGT. U) GU TO 320 
IH~jDI:L" N .GT. 0) GO TO 400 

STARTI NG DELAYS NO LUNGEN UPERATIVE, SO C~ECK STATUS OF 
THE fOI_LOW AND/OR INTERCEPT LOGIC TO ESTA~L1SH PROGNA~ 
SEOUI:N CE. 

If(IFULLOW .Ea. 1) GO TO 50~ 
If(INTE~C~PT .Eo. 1) GO TO 600 

C OTHERWISE ACTIVATE 8uTH ~OLLOW AND INTERCEPT LOGIC. 
510 IFOLL0W = 1 

linERCEPT :: 1 

C ENTER I~FORMATION PROCESSING LOOP FOR FOLL~W AND INTERCEPT 
GO TO ;.stU 

C FULLUW LOGIC STILL NOT ACTIVE. STARTING DllAY STILL OPERATIVE 

520 IF(NDELPIN .GT. UJ GO TO 350 

C I~TERCEPT LoGIC DELAY NO LONGER OPERATIV E, SO CHECK STATUS 
C OF INTERCEPT LO GlC TO ESTAbliSH P~OGkAM SE (IU ENCE. 

If(I~TERCEPT .EO. 1} GO 10 6UU 

C INTERCEPT LOGIC NOT ACTIVE, SO ACTIVATE AN~ BEGIN PNOCFSSING. 
[ f, T ERe E f' T = 1 

C ENTER INFORMATION PROCESSING LOOP "FOR IN TER CEPT AND 
C PO SSIBLY f0lLOW LOGIC. 

GO TO B2D 

C 80TH FOLLO~ AND 1~TERC2PT LOGIC DELAYS STILL OPERATIVE, 
C SO NO PLAYER ACTION, 
350 " GO TO 111U 

C INTERCEPT LOGIC DeLAY STILL OPERATIVE, SO TEST FOLLOW LOGIC 
C STATUS. 

"400 IF(IFOLLU~ .EQ. 1J GO TO 450 

C 
C 

I FOLLO '. = , 
ENTER INFORMATION PROCESSI~G LOOP FOR FOLLO~ AND POSSInLY 
INTERCEPT LUGIC, 

,,0 TO 1120 

C FOLLU~ LOGIC ACTIVE, SO ENTER INFORMATION PROCESSING LOOP 
C AS IF INTERCEPT ALSO ACTIVF., 
450 IF(N1()OcTR 6LE, U) \JO TO fOO 

(;0 T lbO 

C FOLLOW LOGIC ACTIVE, 50 TEST INTERCEPT LOGIC. 
SOU IF(INTEHCEPT .Ea. 1) GO TO 550 

IF(N1(IOCTR .Lt 1 OJ GO TO 700 
INTt:RCF.PT = 

CENTER INFORMATII)N LOOP TO PROCESS FOLLO~ AND l~TERCEPT LOGIC 
GU TU dJU 

C 80TH FOLLOW AN0 INTERCEPT LOGICS ACTIVE. 
550 GO TU 850 

C INTERCEPT LnGIC ACTIVE, SI) TEST 1UU MS COUNTER. 
600 If(:l1UUCTA .GT. U) GO TO 65U 

[FOLLOW = -1 

C ENTER INFOqMAT[O~ LOOP TU PROCESS ONLY INTERCEPT LO~IC. 
GU TO H31J 

C 101) MS COUNTER STILL OPfHATIVE, SO ENTER INF(JRMATION LOOP 
C TO pROCESS It{Tf~CEPT A~D FOLLOW LO"GIC. 
650 IFOLLU~ = 1 

('0 TO 8:~u 

C FOLLOW LOGIC ACTiVE AND 1,)0 MS 'ELAY TIME PASSFD, SO 
C PR(lCI:SS ONLY Fr)lL')W LOG]e. 
70U INTE~Ct?T = -1 

GIJ TO 0 :1(1 
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C INITIALIZE TRAJECTORY VELOCITY COUNTERS AND BEGIN VELOCITY 
C AVE~A(jING. 

82U N5CT~ = S 
NZ5CTR = 25 

tJ1 1 / 1 1 r. f r... := lU 
d V :S'J .'il/ - 0 
,lVSUMH :: 0 
TOTALV = 0 
TOTALH = 0 

C INITIALIZE FEEDFUR~ARD CO~PUTATION USI~G C~RRENT VAlUESOF POSITIUN 
C AND VELOCITY OF PLAYER AND LINE OF SIGhT A~D LINE TO BALL 

? ETAVST = btTAV 
I' ETA H S T = i:l ETA H 

VRETAVST = V8eTAV 
VhETAHST = V8ETAH 

GAM~AVST = AlPHAV - BETAV 
6AM~AHST = ALPHAH - dETAH 

VGA ~ AVST = VALPHAV V8fTAV 
VGA~AHST = VALPHAH VBETAH 

hllSTST = POIST 
PVELST = PVEI. 

PACCElST = PACCeL 
;lST = R 

BhEIGTST = BHEIGHT 
TI '~F.ST = TIME 
ABETAVST = A8ETAV 
ABETAHST = A8ETAH 

1ST = I 
C bEGIN PROCESSI~G FOLLOj AND/OR INTERCEPT LOGIC. FIRST 
C 09TAIN AVERAGE OF VE ~ TICAL COMPONENTS OF TRAJECTORY 
C VEI.OtITY A~D AV~HAGE Of HORIZONTAL COMPONENTS. 

830 IF(TTGO .LE. 0.25) GO TO 1UO 

BVSUMV = 8~SUMV + BVELV 
9VSUMII = ~VSUMH + BVELH 

IF(N5CTR .GT. 1) GO TO 835 
8VAVE1V :: BVSUMV/5.0 
BVAVE1H :: RVSUMH/S.O 

CiVSUMV = O. U 
I:lVSUI1H :: 0.0 

tj 5 C T R = 6 

TOTAlV = TUTALV + 8VAVE1V 
TOTALH :: TUTALH + BVAVE1H 

535 IF(N25CTM .~t. 1) GO TO 100 

C COMPUTE PLAYER'S ESTIMAT~ OF TRAJECTORY VELOCITY 
C COI1PU~ENTS USING AVERAGE VELOCITY 

UVAVE2V = TUTALV/5.U 
nVAVE<H = TOTAlH/5.U 

C COMPUTE ESTIMATEO VALUES OF PLAYER'S DISTANCE ATTAINED 
C IN Z~O MS AND PLAYER VtLUCITY AT <50 MS DATA USED 
C FOR bOTH FOLLO~ AND INTEKCEPT LOGICS,/ ' 

PDISTZ50=pnISTST+PVtLST*DELTAT2+PACCELST*DtlTAT2**2 
PVEL25U=PVELST+PACCELST*DELTAT2 

C TEST STATUS OF FOLLOW LOGIC FOR INFO PROCESSING. 

IF(IFULLOW .EQ. -1) GO TO 970 

C PRncE~s FOLLOw LUGIC USlhG ESTIMATED PLAYER POSITION 
C ANn VtLOCITY A~D PRtPARE CORRECTION IF NECESSARY. 

CALL FOLLOw 

C TEST STATUS OF INTERCEPT LOGIC FOR INFO PROCESSING. 

970 IF(INTERCEPT .E~. -1) GO TO Y88 

C PROCESS INTERCEPT LOGIC USING ESTIMATED PLAYER POSITION 
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C AND VELOCITY AND PRE?ANE COARECTION IF NECESSARY. 

972 

IF(TIMEST .GT. TTGOO/3) GO TO 972 
DTG25U = 1.1S*(DTGoO - PDIST250) 

GO TO y(j 

IFCTr '"EST .<.iT. ~.(l*TTGOI)/3.iJ) GO TO 974 
~T Gc > ' ,- 'i.' J+ \" i GoO - PDISTZ)[) 

GO TO 'In 
974 DTG25D = 1,U5*(OTGOU - PDIST250) 

973 TTG250 = TTGOO - TIMEST - D,25 

C PLAyER CO~PARES ESTIMATEU ACTUAL WITH ESTIMATED DESIRED VELOCITY 
C AT THE 250 MARK 

PVMSTD = 18,O~DTGOO/(13.U*TTGOO) 
IF(Tlf!EST ,\iT. TTGoJOI3) GO TO 980 

PACCSTIl = 3,i1H'VMSTDITTGOU 
PVSTu~T = PACCSTD * TIMEST 

pVST025u = PVSTDST + PACCSTD * DELTAT2 
IF(A8S(PVSTDZ'O - PVEL~50) .LE. O.05*(PVSTD250+PVEl250»GO TO 987 

IFIPVSTD251) - PVEL250 ,GT. O,U) ' GO TO 967 
PACCSTD = 0,0 

C PArcEL MUST 8E SET TO ZERO ALSO, AUT THIS CAN'T BE DONE 
C UNTIL THE DELAY, ~DElPCOK, FOR PLAYER CORRECTION HAS 
C COUNTED DOWN 

980 

NDELPCOR = 4 
(;0 TO 9107 

IF(TIMEST .GT. 2.0*TT60U/3.0) GO TO 987 
PVSTD2~u - PVMSTD 

PACCSTD = u,O 
NDElPCOk = 1 

IF(A8S(PVSTD2)u - PVEL250) ,LE. U.05*(PVSTD250+PVEl250»GO TO 985 
IF<PVST02SiJ - PHL250 .LT. U.C)) GO TO 981 

PACCEL3b = -(2,O*PVMSTD/3)/(TTGOO - 2*TTGOU/3) 

C PAC eEL IS ALSO SET TO THIS VALUE, BUT NOT UNTIL TIME, 
C EQUALS 2*TTGOU/3, 

981 

9&5 
986 
987 

988 

GO TO 9~6 

PACCEL36 = -PVMSTD/(TTGOU -2*TTGOO/3) 
G () T f) Y /j 6 

PACCELj6 = -1~,O*PVMSTO/6,O)/(TTGOU -Z,U_TTGOO/3,O) 
rFlAG = 1 

INTE~CEPT = U 
IFOLLO\ol = () 

GO TO 100 

IF(IFOLLOw .EQ, 1) GO TO 100 
INTERCEPT = 0 

IFlJlLOw = 0 
GO TO 100 

END 
"-

END OF SEGMENT, lENGTH 1610, NAME TENNIS 
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SUBROUTINE COMPUTE 

COM/l0N/OALL/ ~, dVELV, IiVELH, T l'lE, ElHE! Gil r ,HOIST, 
* PDIST, ALPHAV, ALP~AH, PHT, VALPH_V, VAt_PHAH, 
* x, y, ~ ; ,) f.! v ~ "! " ~. ~ r . ,I I I} ..J ~ T ~\ V" -: ~ ~. T .... "r ') , 
* \j ETA H, ... () ;: '[ ,, ;"; .I i . :; t. L : "1 1 ;-... , t=- Ve L, t'" f., C C t L " 
* TI.lEST, BHE!T~5U, BH~IGTST, aVAv~2v. OELTAT2, ! 1-_ 
* N25 !), RST, BVAVE2H, dOlST25(), THETA, PDIST~5~, AlP 'IAV25, 
* AlPHAHt5, V,\lPIIAVl, VALPHAHl, PvELlSII, flf:T~v2~O, BF.'fAVST, 
* VBETAVST, AdEr~VST, ~ETAH2S0, BETA"ST, VBETAH~T, ABETAHST, 
* V8ETAV25, VdETAHl5, GA~AV250, GA"AH25i), VGAMAV25, 
* VbAMA~25, VANGDIFF, HA ~G DIFF, V4 iIVDIFF, HA~vDIFF, 
* A8ETAV25, AHETAH2~, AdETAV, AdEIAVT. A~ETAh, ABETAHT, 
* NDElYCON, TM1, TG, TGR, BHEIGHTO, BHEIGHT1, BVElVO, 
• xo, YO, PX, pY, BVELVGM , -

CCOMPUTE POSITION AND VELUCITY OF BALL IN COURT COOROS. 

120 

R = B VEL H * T PrE 
TA1 = HVElVO/J2.U 

flHEIGHT1 = IlvEl VO - 10,0*TI'1"TI11 + flHE.lGHTO 
TGR = S~xT(8H~luHT1/1n.U) 

T6 = TGQ + T ~11 
8VELVG~ = 32.U-TuR 

IF<Tl "1 E .LE. T,11) GO TO 130 
If(TI -'1~ .LE. TG) GO TO 12iJ 

8HEIGHT = 16.u.ITI~E - TG) - 1b.O*ITIME - TG)**2 
BVELV = 10.0 - 32.U*(T!ME - TG) 

GO TO 1~0 

BhEIGHT = OHEIGHT1 - 16,O-II1ME - TM1)**2 
BVELV = je , 'J*\[ I'1t - TM1) 

GO TO 140-

130 BHEIGllT = AVELVO*TI~E - 16.0*TIME**2 + UHEIGHTO 
BVELV = IlVELVU - 5l.U*TI~E 

C CO~PUTE DisTANCE AND ANGULAN POSITION AND VELOCITY OF BALL 

140 )( = R.COS 1 THETA) + XO 
Y = R.SI:lCTHETA) + YO 

C 

~ 

BDIST = SWRT«PX - x)**; + CPY + POIST - Y)**2) 
ALPHAV = ATA';({dHEIGHT - 5.0)/BOIST) 

ALPHAH = ATANC(Y - PY - PDIST)/IPX - X» 
vALPHAV = BVElV/BDIST 

II = CPY + PIlIST - Y> I<PX - X) 
PHI = ATANCW) 

VALPHAH = (BVELH*SIN(THETA - PHI) - PVEL*COSCPHI»/OOIST 

MOvEMENT OF PLAYER'S LINE OF SIGHT (LOS) IS DELAYED BY AN 
AMOIH,T EQUAL TO THE PLAYER'S RE_~nION TIME TO OPPO~lENT'S 
STRIKING THE HALL. 

IFINOELYIN .GT. 0) GO TO 180 

C AFTER THE DELAY, A~GULAR POSITION AND VELOCITY OF LOS ARE 
C COMPUTED. 

6ETAV = 8ETAV + V6ETAV*DELTAT1 + A9ETAv*nELTAT1.*2 
~ETAH = HETAH + VbETAH*DtLTAT1 + A6ETAH*DELTAT1**2 

- VBETAV = Vll fTAV • AHfTAV*DELTAT1 
VUETAH ; veETAH • AH~TAH*DELTAT1 

C MOVE~E N T OF PLAYER IS DELAYED RY AN AMOUNT EQUAL TO Hl5 
C HEtCTION Tl"~ TO OPPON[ ij! '5 STRIKIN~ THE BALL. 

180 IFINDELPTN .Gr. 0) GO TO 19() 

C THf ~EW POSITlo -. AND VELOCITY OF PL~YER IN HIS INTEkCEPT 
C PATH AI(E C(;,1PIJTElJ AS SO<l ' ~ AS THE lJELAY HAS COUNTEll OOWr-.. 

1?U 

PDIST = PDIST + PVEL o OFLTAT1 • PACC~l*OEL~AT1**2 
PVEL = PVEL + PACCEl*DELTAT1 

R l T UiH) 
END 
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END OF SEG~~NT, LEN GTII 4 1lJ , I~ M1 E COM PUT E 

SUBROUTINE FOLLOW 

CO"l 'lON / :<.lL I.1 R, f".' LLV , PV!:LH, 'rl ",i , "~F! (,I!T,t.lDIST, 
7< ~ tl 1 ~ "( " ;. L '.-). f A v , ,', L ;, ri A H ~ I-' ri 1, V f, L P d >\ V, V ALP ~ 1 A Ii , 
* X, Y, NDELYIN, ~ETAV, V8ETAV, DELTAT1, 
* BETAH, VbETAH, NDELPIN, PVEL, PACCEL, 
* TI:1EST, HHEITt5 Q, 8 ~EIGT5T, aVAVEZV, DFLTAT2, 
* R2S IJ, RST, IlVAVE2 H, I:lO IST2S(), THETA, P (JlST ~ 5(), ALpHAV25, 
* AL PHAH2 S, VnLPHAV2, VALPHAH2, PV E L~5 (), ~E TA V 25 0 , BETAVST, 
* V~E TAV S T, A~ lT~ VS T, bETAH25U, 8ETAHST, V8ETAHST, A8 ETAHST, 
* VBETAV25, VdtTA Ht5, GA~AV25U, G~ MAH 250, VG AMAV25, 
* VGAMAH25, VA ~GD IFF, HANGDIFF, VANvoIFF, HA~VDIFF, 
* ABETAV2~, A~ETAH25, ABETAV, ABETAVT, AAETAH, A8ETAHT, 
* NDELYC OR , T~l, TG, TGR, BHEIGHTO, BHEIGHT1, BVElVO, 
* xo, YU, PX, PY, BVELVGR 

C PR OCESS FOLLu~ I.OGIC USING ESTIMATED PLAYER POSITION A~O , 
C VELOCITY AND PREPARE CUR MECTION IF ~ECESSARY. 

IHT.(MEST . LE. TM1) GO TO 041 
IF(TIMEST .LE. TG) GO TO 841. 

BflEIT250 = ~H[IGTST + BVAVE2V*DELTAT2 
GO TO b4.5 

842 BIIEIT250 = tJrlF.lC,TST - 8VAVE2V*DELTAT2 
843 R ~50 = RST + BVAVEZH*DELTAT2 

8 DI5T250 = S~HT«PX - R~5()*COS(THETA»**2 
* + (rY t PDIST250 - A250*SI~(THETA»**2) 

C FI ND ANGULAW POSITIO h AND VELOCITY OF LINE TO BALL 

'LPHAU~5 = ATAN«BHEIT2SU - 5 0)/~OIST25() 
ALPHAH~5=ATAN«N25U*SIN(THETA)-POIST~5U)/(PX-R250*COS(THETA))) 

VALPHAV2 = B VAV~2V/RDIST25u 
W~5u = (PYtPDIST25U-RZSU*SIN(THETA)/(PX-R2S0*COS(THETA) 

VALrHAH 2 =(BVAVE2H*SI~(THETA-ATAN(W250»-PVEL250*COS(ATAN(W250»))/ 
* 80I5T250 

C FI~D AHGULAR POSITION AND VELOCITY OF LOS AND FORM DIFFERENCES 

bETAVZS{J = sETAVST + V8ETAVST*DELTAT2 t A8ETAVST*DELTAT2**2 
BETAHt50 = uETA HS T + VBETA~ST*DELTATZ t ABETAHST*DELTAT2**2 

V8ETAV~) = VS ETAVST + A~F.TAVST*OELTAT2 
V R ETAH2~ = VBETAHST + ABETAhST*DELTAT2 

GA~AVt50 = ALPHAV25 - BETAV<50 
GAMAHl50 = ALPHAHcS - HETAHZSO 

VGA"AV2) = VALPHAV2 - VBETAV25 
VGAMAHl) = VALPHAH2 - VHETAH25 

C THE ANGULA R DIFFERENCES AND ANGULAR VELOCITY OIFFERE~CES MUST 
C NOW 8E COMPARED AGAINST THE PLAYER'S STANDARDS OF MAGNITUDE 

IF(ABS(GAMAV2S U).LE.O,05*(ALPHAV25 t HETAV2)u») GO TO 844 
1 F ( G A : ~ A V 2 5 0 ,L T. O. (I ) GOT 0 8 4 ~ , • 

IF ( A 8 S ( Ij A 1 A V 2 S II ) • L E. u. 1 d ) GOT 0 846 
IF(AHS(GA MAV 2~U) ,LE. U.9) GO TO 847 

C VE~TICAL ANGULA~ DIFF IS LAR~E POSITIVE 
V A I, (, D IFF = j 

,jli TO 851 
846 VANtiDIFF = 1 

GO TO 851 
847 VANGDIFF = ~ 

GU TO 851 

C VERTICAl. ANG DIFF IS NEGATIVE 

845 IF(A8S(GA~AV~5 n ) .L~. 0.18) tiD TO 848 
IF(ABS(GAHAV~~U) .LE. 0,9) GO TV H4Y 

VA IIGDIFF = -3 
GO TU 851 
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d4Y 

044 

V;\NGnifF =-1 
(jU TO 851 

VANI,DIFF =-2 
Gli TU IiS1 

VANGDIFF = U 

if(A ':l S ' ·" "'. ;; .CJ .; ) .LE, lJ.115*(AlP~AH25 + BETAH25IJ» Gli TO /i'>4 
1 F (G A ., A H 2 '> 0 • LT. O. U) GOT 0 1:\ 5 5 

IF(AflS(GA~AH25lJ) .LE. 0.1d) GO TO 856 
IF(ABS(GAMAHt5u) .LE. O.Y) GO TO 857 

C HORIZONTAL ANGULAR OlFF IS LARGE POSITIVE 

856 

057 

HA'jGDI F F = 3 
GO TO 861 

HANGOrFF = 1 
(,0 TO d61 

HANGDIfF = 2 
GO TO 861 

C HORIZONTAL ANG DIFF IS NEGATIVE 

855 IF(A"S(GA~AH25U) , .LE. U.18) GO TO 858 
IF(ABS(GAMArl25u) .LE. 0.9) GO TO 859 

858 

859 

854 

861 

C 

866 

867 

HA'~GDIFF =-3 
GO TO 861 

HANGl>IfF = -1 
G0 TO 061 

HA/1GDIFF = -2 
GI) TO d61 

HANGOUF = (J 

IF(ABS(VGA~AV2S) .LE. U.05*(VALPHAV2+VBETAV25» 
IF(VGA .~AV2'> .LT. U.O) GO TO 865 
rF(A6~(VGaHAv~5) .LE. 0.18) GO TO 866 
IF(AHS(VGAMAV~5) .LE. 0.9) GO TO 867 

VERTICAL ANGULAR VELOCITY DIFF IS LARGE POSITIve 

VA ~iVD I FF = 3 
GO TO 8(1 

VANVUIFF = 1 
GO TO 1i/1 

VANVDIFF = 2 
GO TO 8(1 

C HORIZONTAL 4NGULAR VELOCITY DIFF IS NEGATIVE 

865 IF(A3S(VGANAV25) .LE. U.18) GO 10 868 
If(ABS(VGA~AV2'» ,LE. O.~) GO TO a69 

VANVDIFF " -3 
GO TO Ilf1 

tl68 VAI~I/C)IFF =-1 
GO TO 8/1 

869 VANVDIFF = -~ 
GO TO tl/1 

864 VArlVOlfF = 0 

GO TO 864 

871 IF(ADS(VGAM4H2S) .Lf. U.U5*(VALPHAHZ + VBETAH2S» GO TO 874 
IF(Vb4MAH~S .LT. O,U) Gu TO 875 

IF(ABS(VGAMAH2) .LE. 0.18) GO TO 876 
IF(AAS(VGA.A~2) .LE. 0.9) GO TO 1177 

C HORIZO~TAL ANGULAR VELOCITY DIFF IS LARGE POSITIVE 

H A ,'1 V D IFF = .5 
\i 0 TO .jlll 

1j76 HA~'fV(, I FF = 1 
GI) TO 881 

877 HA~VuIFF = 2 
GO TO 8111 

C 1I0~IZO'nAL A~l(j\JI.AR VELOCITY DIFF IS NEGATIVt 

tl75 IF(AdS(VGA .1AH2'» !LE, 0.18) GO TO 871l 
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13 78 

(j 79 

1374 

881 

c 

1385 

13 il6 

1387 

884 

c 

1388 

B1l9 

891 

c 

895 

8'16 

8'J7 

894 

c 

891:S 

1199 

c 
'lOu 

c 

c 

VE~TICAL 

'I A N V 0 IFF = - 3 
IJO TU ll81 

H A'l "D IFF = -1 
ii U TO Sill 

,1;\;jVD IFF = -t! 

HANVDIFF = 0 

Ll = VANGDIFF + VANVDIFF 
L~ = HANGDIFF + HANVDIFF 

I F (L 1 • L T. 0) GO TO d84 
IF (L 1 .F.Q. 0 ) GO TO 81\; 
IF< L 1 .F.Q. 1 ) GO TO 3ilb 
I HL 1 • E Q • 2 ) GO TO 1187 

ORlVING ACCELER}lTION IS LA~GE 

A6ETAVc~ = t!O.u 
GI) 10 b'l1 

A8ETAVZ; = 0.0 
GO TO 1\'11 

A8fTAVZ; = 5.0 
GO TO 1$'11 

A"ETAV~~ :: 10.U 
(;(1 TO 1l'>'1 

IF(Ll .tt<. -1) GU TO <188 
IF(Ll .EQ. -2) G0 TO 889 

POSITIVE. 

VERTICAL DRIVI~G ~CCELE~ATIO I ~ IS LARGE NEGATIVE. 

A~lETAV2:;' = -20.0 
(,[) TO 8'11 

A;3ETAV2S = -5.U 
GO TO 8'11 

AdETAVZ; = -10 

IF(L2 .LT. 0) GO TO 89~ 
IF(LZ .EY. U) GO TO 89; 
IF(Lc .Ell. 1) GO TO 896 
IF(LZ .EQ. 2) GO TO 897 

HORILONTAL DNIVING ACCELERATION IS LARGE POSITIVE. 

A'lETAH2; = <0.0 
GO 1U YOU 

AflETAH25 = 0.0 
GO TO 'lOU 

AdETAH<; = S.U 
GO TO 'JOO 

A'JETAHZ) = 11l.U 
GO TO 'JOO 

IFCL2 .EQ. -1) GO TO 8'18 
IF(Lt! .Ell. -t!) GO TO 899 

HORIZONTAL DRIVING ACCEL~RATION IS LARGE NEGATIV~. 

AUETAH2; = -1.0.0 
GO TI) 90U 

A8ETAHZ, = -S.u 
GO T0 YlJu 

A8ETA~25 = -10.U 

DETERMINE VAL0E I)F PLAYE~IS C0P~ECT~ON TO EYE MOVE~ENT. 

IF(AnS(AR~TAV + AHtTAV25) .LE. 2lJ,O) GO TO 92U 
!F<AJtTAV + AbET/lV25 .LT. U.lJ) GO TO 93U 

PLAYER APPLIES ~AXIMU~ VE~T[CAL ACCELERATION. 
A~f:TAV1 = ?u.U 

(,(} TO Y40 

PLAYER APPLIES MAXI"UM vEATItAL DECELERATION. 
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9) fj PlETAVT = -~O.O 
GO TO \11,0 

C CO R R~CTI V E ADDITIuN DOESN'T EXCEED ~AXIMUM ACCELERATION. 

920 ABETAVT = AdETAV + ABETAV25 

I} 4li I r ( ,', :; "l ( i'.. d ~ 1 1\ - 1 t ;~ (~ !-: T A H 2. ~) • L f . l.. U • U ) II 0 To t; 5 U 
IF(ABETAH + A8~TAH25 ,LT. U,U) GO TO 960 

C PLAYER APPLIES ~AXIMUM HORIZONTAL ACCELERATION. 

ABETAHT = 20,0 
GO TO '165 

C PLAYER APPLIES MAXIMUM HORIZONTAL DECELERATION. 

960 ARI:TAHT = -20.0 
GO TO \165 

C CORRECTIVE ADDITION DOES N' T EXCEED MAXIMUM DECELERATIO~, 

950 

965 

ABETAHT = AbETAH + A8ETAH25 

NDELYCOR = , 
IFOLLOw = U 

END OF SEG MENT, LENGTH 1737, NAME FOLLO~ 
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FINISH 

END OF CO~PIlATIUN - NU ERRORS 

SI C SUBf ILI:,: I;, dUCKETS USED 

CONSULIDATED Ay XPCK 12K 

PROGRAM 
COI~PACT 
COMPACT 
CORE 

TFNN 
DATA (l,AM) 
PROLHAM (D8"1) 

7680 

SEG 
Cuv 
SEG 
SEG 
SEG 
SEG 
SEG 
SEG 
SEG 
SEG 
CLV 

- ---~--------.---- - -----

DATE 

TENNIS 
8ALL 
TAN 
COS 
CO'1PUT ~ 
FOLlO>l 
All S 
S ll RT 
SIN 
ATAN 
S?FIl 

, . B14 

2211 UIlY TIME UY/)1I09 

\ ,. ' 
. I . 

, .. ... ' 

" • ! ',' 

I ' 

- ' ,I . 

" . 

. . :/ 
'.1 
t~ 

'I 
. I 



Appendix C 

Second Extension of the Prototype Model 



L 1ST ' 

J0U YFONTAA~,CSHP ,PAPPU 
,., ["1 /COP C S Hf' 
~ ()" T k ~ 'I C 0,-, r' F X ,( x 
VOllJr'tF 4UIIOO 
EXeCuTE 
**** 

RUN BY Gf.O~GE Z/MK9F 

FORTRAN CIlMf'ILATION BY IIXFAT ,'K,6fl 

DATE 26/1nl79 TI'IF 19/07/16 

PROr,RA '1 (TE"",) 
0UTpuT f,=LPL' 
CO'lf'RfSS I'HeGER AND LOGICAL 
CU ' :P.~CT 
H'AC E <. 
t"D 

C2 

i; 

I j ' , 

, 

( 

, , 

." .. . 

, , 

.. 

? 
;' ,', 

( .: 

; . 



,·\11 S T E i< Te N "I I S 

C lJ M, ! I) ;'1/ !; ALL / k, ,', VE L V, I, VEL ~, T I " E, tl H f' I r, H T , II 0 1ST, 
* f' ~ I S r, II L P 'i A V , i\ L I-' It H Ii, P 11\, V ALP H ~ V, V II l P H!HI, 
* X, Y, N DEL Y 1 ' I, R f. T ~ V, V \ ' ~ T ,~ V, 0 f l 1 AT' , 
..... H F 'r/di, \'l -; .. : r-~ . .. , .. - . ' d · l _ p I ~J , ~ V-: l, ~")Ac r E L.I 

• 11 " EST, ~ nl . iT~~ I J ' :. Hc I 0TS T, ~VAVE 2 V , D~ LT AT~ , 
* K 2 5 t), ' ~ S T, j V ,\V E 2 H, 1-, III S T ? 5' J, T HE T I" f' D J S T l ~ (I , ALP H A V 2 ~, 
* !llPH~H2S, VAL;>HliVI., VALPHAHt., PVF.LiS{J, bETAV2Sn, 8ETAVS T, 
* V Fl F T 4 V ~ r, ,\(11: r A V S I, I::! E T 1\ H 2 ) d , I) ETA II ~ T, V fl ~ T A ,l S T, A H ETA II S T , 
• v r-n : TAVc), V,ltTAttl1, GAI-'I'Vl~tJ, GA"Af'<SO, VLJAt1AVl), 
* V GAM A H? S, V A r, I; r. r F F, H 4" r. II IFF, V A N V D r F F, H A ~ I \J 0 1 F F , 
* Ab[TAV~~, A,.lT~H~), A3ETAV , A8F.TAV1, AijETAH, AR~TA'lT, 
* ~uflYC 0R , TM', TG, TGR, tiHEIGHTQ, 8HtIGHT1, ,8V ELVO, 
.. XO, YIl, PX, f-'Y, tlVELvGR 

C S E 1 E eTC R n s s - C I,ll R T T RAJ E C T () R Y S T P.I' TI N Ii C M, D I T 1011 S, 
C "tCtIV~R STAATI~~ POSITIUN, AND LINE-Uf-~IGhT 
C S r ,\ K 1 1'-: G C () '; 0 ITt 0 'I S 

I :: U 
TIfle :: 0 ,0 
XU :: L I-I 
YLJ :: 3,) 
t;HcIGHTI) :: 3 ~ 
>lV2 I.ViI :: ,) .Ij 
to V ~ Uhl :: 4). ij 
P'tTA :: p,i.! 
v bETAV :: (!.I) 
" " E T II H :: [I , .) 
At; t T ~" :: iJ.!) 
At1 tTA'1 :: LJ. iJ 
?X:: 75,'') 
I'Y :: 14,2 
f>vEL :: 1).0 
f'ACr.r:L:: G,O 
f'I1EJGHT :: '.U 
VCo~! = 3.CJ 

c SET ST'TUS !~DICATONS ANLJ COUNTERS 

1 rOLL')\<! :: , 
I " Tf; RC!:PT:: 1 
,~LJEI..YPI:: -, 
;'('El. PIN :: ~1 
I. Ii ELY COR :: -1 
NU;:LI'C(J, :: -1 
!fL AG :: I I 
,. ) C T K :: 5 
:.1.5C TR :: 11) 
,, 1, lI iCTR :: -1 
ISIG"~ :: -1 

C SET INC N E~ErI TAL CUNSTANTS 

(J~LTAT' :: 0.01 
utLIATt :: li.~) 

.,ULT1 :: 27UO,U 

.~U L T2 :: SUI! ,0 
,,,ulT3 :: 251].0 

C SET FE~DFU~WA~O C0 11P UTATIO N PAR AME TERS TO ZfRO 

ALP tJ A V 2 ') = I). U 
A Li' t!A:~ 2) :: 0.1, 
P vI S T 2 ~ i J :: n .u 
,J uI STc.J U = D.lJ 
vA LPHAV ? :: O.U 
VALerlp.. H~ :: U.U 
f'Vtl.~"U :: lJ.iJ 
f-it:T ~\ Vc5f1 =- rJ.U 
[ ! t:. T ~ H c. ) I · = U. U 
j~ b t: T .\ V I. ~ :; ;). U 
Abr:1 ·\11~~ = U.U 
'J l1ET .A. ... /~~ = ' i. U 
VtieTAril..::' = u.V 
l>T(;2S u :: IJ.t.! 
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olll)3 

6( II) 4 

6 '.1() ~ 

T T G? 5 ',; = 0, ", 

i,.; t\ I T F. ( 1::' , t.l!J C,u) 
, 0 ~ , ; ~ T ( 1 Co 1 I I I I I I I I I I I I / / / / / I / I I I I / I / I /, 5 6 X, '- T E ,'J N I S -') 
"'K ITF. ((" oUiJ1 J 
fC~ ~A T (1llllh ,41 X ,'~I~ULATI ON uF TIlE VlSUO-MOTUR PROCFSSE~') 
wR ITE ( 6 ,6 ') 112) 
~Ut~ I -."T (1 / I / 11. I' ,:,~~ .. I \ ~ ) " : " T ~ i :y)J~ H" " ':L !) 
.<t it 1 TEl .:~ ~ v 0 ':'} 
F (lc" ,~T (//1//11/11111 ,)5;..,' 11, A, PA PPO ') 
~KITE ( 6 ,6LlU4) 
,U ~, '" A T (HI , 5 ~ x, , R W1 f) E S U II I V E R SIT Y , ) 
'. I<ITE (f, ,6UnS) 
FUi< ' , AT (111 ,:;0)(,'1911,1') 

C nFTEN PRI~TI~G T1TL~ PAG~, GO TO NEXT PA~E AN D PRI~T A~RAY 
C 0F PARA~ETFk N~MtS. AfTE~ FlkST Tr~E-SLJCE ~ASS, S~IP 
C fl "E LI~ES A~O pklNT P;KA~ETfq VALUES. S~IP FIV E ~O~E 
C LI :/", ' ,"0 PK1r;T SiCO NO PASS RESULTS, f.TC, ;~EI'EAT ON 
C NEXT P AGE , 

61F) Ii 

6fll U 

6 (J 11 

6 (, 1 < 
6 n 1 :; 

6 u 14 

6 i' 1 ) 

6 (1 1 b 

6,', 1l 

"RITE (6,MJ'J6J 

\/NI TE (6,6(111.1) 
'~K JTE (,",6Ul1) 
wRI TF. (f" hU12) 
~KITE (t. ,oUlll 
\>Iid TE ( " ,e ul L.J 
;.i ~ITE ( ,~ , oi)15 ) 

" k ITE (I,,6u16) 
';" lTE ((,6,)1/l 

FO R" 1\ T ( 'i H 1 , 4 6 X, I T J " I: - ~ L I f. t [).; TAR L 0 C K ' ) 

F (j K ,< A T ( I I I I / / I I I I I /1 'i -,31, X, , I ' , I X, I TIM t ' , 4 X, , a H F. I (; H T ' , 5 X , 
... I ! L t) H:, v I ,5 x, I ALP ~! i\;..t I , h':< , , P DIS T t ) 

FUN,,,,T(ll' ,2~X"IF UL LU~'l!X,'INTEAC[PT'.&X, 
'" ' b DIS T I ,3 )(, I ALP H A V 2 ) , ,3 x, I II L P It A H < ~ , , ~ x , , p n ! S T 25 il ' ) 

FOR " A T (,1 H , 2 d X, , ,'oj vEL Y 1 I I I , 4 X, ' I~ DEL PIN' , 3 x , 
* , ~ < 0 1ST ~ ~ i) , , .. x, , v ~ L P H ~ V I , I, X , I V .\ L PH t. HI, 7 X , , P VEL' ) 

FOR :i IlT(l 'I ,27:<., I 'iOEL VC OR' , ,'I x' , ,' NDELPG OR' ,I,X, 
* , I H V F. Lv' , S :(, , V '" U· J1;', 'v t ' , ~ ;.;, , .J f., L PHil II 2 ' , I, X, I P v' E L 2 5 U ' ) 

F I) R '! '" T ( f 1 H ,.5 U >i, , ~) C T K ' , ~ X; , !/?:> C T R ' ,1 ())I. , , Il ' , () X, 
* ' ''i': T AV ,,6'1(,'tJFTA t' ,,)~,' PflCC EL') 
FUR.AT(~H ,Z '!x ,' IJ lf l'') CTR',('X ,'IFLAG',/3X,'PHI',5X, 

* ' v,HT:\v',SX,'VHETAH',4X,'PACCSTO') 
F U A" A T ( " H , 3 1 "', , 0 T GIl ' ,7 x , ITT G () , , ) ~ , , '1 ~ T A V 7. 5 U ' , 5 x , 

* I .t. M. F T t. V I , 'j x, I .A fJ E T t. HI, 5 x , , V i.1 ETA V £ ;, f ) 

F 0 ~ " A T ( '111 , 2 <; ,\, , D'f '; I. ) ,) , ,5 " , , T T (;L ) () , , S x , , [l ETA H l) U ' , 
* 3),' AI< eT ;,v2':J I ,S x ,' AcE] A~2S' ,3X,' V f: ETA~1.5') 

C (Ii f U~ f< 0 U ~ II A Ii l' C u ,'~ 0 IT I 0 ~ $ 0" TN A J E C TO k Y, v S 111 GIS I G N F /) ReO" TKO L , 

f) T G 0 (' = I S 1 ~,~ * ( ( P:<. - X I , ) • TAN ( THE T A) - P '( + YO) - .5 

5 (I 
6:; 0 11 

6(1 

6 1l 

fi . 
11 
61;Of) 

TT(,IJ(i = (P>< - 1V) I (!:l\'f'LHO*CUS (THETA) 
TMl = RV~LV0/l2,u 

f< H n r, It T 1 :: 8 V t LV JJ - 1", IJ * T H 1 * T M 1 + 11 H E I G H T 0 
T('~ :: SU~r(bHEJGHT1/16. 'J) 

TG :: TGR + T'll 

IF( YV ELw f\ *T~*C OS (l~ET~) + XU ,GT, 7 ~ .O) GO TO sn 
I F ( " VE L H 'J * T (, * S I : 1 (T ~ ET ;. ) + Y U ,Ii E. (), u) (,0 Tn", f) 

'NRI Tf (A, ,65I)U) 
FOIU-AT(1I11111H , ~IiX ,' PA LL OUT Of I:lOU~d)S') 

STuP 

T r~ = (3 Y ,0 - ~ IJ ) I ( d 'J f L Ii ') * r. n S ( THE T ~ ) ) 
lr(lN ,LE, T11 1) GO TO 70 
IFlT .•• LT. T~) ,; \.1 TO t ,;) 

! f( "'; t i ,, ·' 11 -1 .., • (10 ( 1 ," - T M 1 ) 0 * l "L 1. .5, ll) GO T I) 71 
()t) Tn 1ft) 

If( i<VflV, ; *T ,-ln . u* T " ;'2+ flHf lGHTO , riT, S,!)) GO Til 9U 
Wk, TT~ (h,6 t ,,,Q ) 

F()RMH(/I/I//l" , )5 X, ' f'A ll IN 'ItT') 
S T t ) r 

r, = -4 
li \) T v 1 I) '+ 
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11' U IF(I .LT. TTG()I).l ftG ) (,0 TO 1U1 
C [ I~ " U r Ii i) N 

STOP" 

1Pl IHK ."'Eo 1) Gli TO 1!J 2 

I; R I T E (6,641, 4 ) I, T I "' F ,fi ' I FIr, f' T , A L? H A V, .\ L j.' H A H , P DIS T 

~u Ti) 1 '.15 
WR ITE ( ~ , b13U )r,TI ME , BHE IGHT,ALPHAV,AL F'IIAH ,PDlST 
w K r T E ( f" (> 1 W I ) I F C, L L I) W , I ~j T ERe F P T , 8 " 1ST , ALP H A V 2 5 , ALP H A H 2 S , POI S T 2 5 0 
~~ ITE ( ~ ,bl nJ ) ~u lLYI N ,~DtLP! I " hDISTZ5U,VALPH_V,VALPHAH,pvEL 
.KITE ( h ,bl nJ ) NJ~LYCvR,~DELPCON,bVELV,v~LPHA~Z,VALPHAH2,pVEL2,n 
.• i< I T E ( f, , 0 11 '.! ) ,J 5 C T R , N ~ ~ r. T R , R , B f T p V , " r T r. II , PAC C E L 
~" I T E ( Co , (:, 1 i.J: )) ,,1 U Ii C T K , I I· L A r, , f' it 1 , V 1I ETA V , V 8 E T .\ H , PAC CST D 
.. NIT E ( " , 6 1 2 d ) n T G () , T1 tj (t , P. ETA Ii ~ S t) , 0 " ETA V , A Ii£: T A Ii , V fj ETA V 2 5 
"K I T E (/),61 2 1,) D T G 2~, u, TT GiS (l, I> ETA H? J U, Mll, r A V 2 5, A r; tT A rl L 5, V RET A 1\ Z 5 

1114 K=K+1 

b i 0 (; 
61 111 
6 , LU 
613u 
6 '. 4 4 

IIVELH = fJVELHO 

FuR 'AT 
FVR: , AT 
rUR -'AT 
Fen" ,", A T 
F UR:~ AT 

(lH ,24X,2111,4F11.4) 
(/1H ,L4X,2111.4F11.4) 
(HI ,~4~,6Fl1.4) 
(111111rl ,~4 X ,111,~Fl1.4) 
(lH1,24X,111,)f11.4) . 

c l, ~ '~rf TI i·E - SLICt AND TIME FRO M PkO GRAN ST AR T. TEST TT~E FOR 
C f'L , ~ H Tn!, t GIlj h! S D H : t L eRA Tl () ;-J • I .-J IT I AT f PRO ~ E S S Ifl G 0 F 
C (, E ~ t K A L F I) L L (> 'N M;i) I '" T [ i( C E P T L ();) p • 

1 (1 5 I=T+1 
TI ,~E = TIME + V.Ol 

T T ,,{I = T T (; ,) 0 - T J '1 t 
OTG(' = UTGI)O - ~DIST 

IF (Tl~E .LT. 2.U*TT60U/3.1}) GO TO 110 
IF (!FLAG .~t . 1) GO TO 110 

PACCEL = P~CCSTO 
C PO SI TION AND VELOCITY UF 8ALL ARE COMPUTED IN COURT COORDINATES 

11 0 C.~LL COI1PUTE 

I f (1 • N to. 1) r; I} Tn 11 2 

C SET ST ~RTI NG ANGULAR PllSlTION F'JR EYES 

"E-TAV = ALPIIAV 
t:!ET IIH = .~LPHAH 

C PL.YE ~ EST1~ATES DI~ECTIUN OF ~"TION AND ST AR TING 
C AtCELc:RATI(J,~S F')iI Il UlH ., N D EYE .'iClVE ,~EI';TS . 

11 2 

11 3 

11 4 

11 6 

C 

ALPHAV1 = ALPHAV 
ALPHAH1 = ALP ij 4H 

IF(! .NE. 10) Gu TO 11~ 
ALPHAVD = ALPHJ\V - ALI'HAV1 
ALPilAHD = ALPHAH - ALPHAH1 

IF(tLPHAHD .LT. [1.0) 60 TO 113 
JSJ~ ij = 1 

GU Tv 114 
JSI(,~ = -1 

PA C C t L = A I) S ( ,~, LI L T 1 • ~ L P it ~ It 0 ) 
,\i:lFTAV = AI1S(,",lJ LT2*ALP II AVD) 
AblTAli = ARS(MULTj*ALPHAHDJ 

I F'lLLO 'A = n 
I 'i T f. ~ L cPT = U 

:,l[!lJCTR = 10 

'J U t L Y I~' = i' 
I:DELPI/,< = 5 

IF(I .EQ. 1) GO TU H21 

Up" ~1 t C ()u ~, I tRS 
. .... ~CTR = ' ISUR - 1 
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Nl~CTR = ~25CT 2 - , 
, ., IlJr If' = II 1'IUCTf< - 1 
1' 0~LYli' = NllFLYI," - 1 
;,DEL!'],'. = "'JELPI'< - 1 

NoELYCOk = N0ELYCOR - 1 
hDELPCUM = NDELPCOR - 1 

~ ,', r T L' S C Ii E '., ,~:, .. " l ,( ( " ,J ; " l U T u D I: T t ~ 1'1 I 'I E C () ,I D I T I () II I) f ~ LI ~ M to C T I 0 'J 
C D ~ Aye ,) 1,1 '" T to H S ti c FOR E I I' T EKe E PTA ~j D / 0 H f () L U.J" LOG 1 C seA 'j fj E 
C p" CtSSED. 

IF( "IO~lPC()R) <dl), 21 1j, 220 
IF(NDELYCUR) 3,10, 2~U. 260 

f. C \) i~ K t C T F 0 L L 0 o!~ Ii V ~ M Hi T U I, L Y 
~51) AbET~V = AbETAVT 

~~tTA~ = AGETAHT 
GO Til il2il 

ClIO CURP ECTlOl';. uElAY ST 1 LL OPEf!AT I VE. 
2t,ll G(j TO il30 

210 IF(NDELycnQ) 230, 2IU, 28U 

C C0 QME CT INTeRCEPT ~OvEMENT O~LY 
230 ~ACC E L = ~ACCSTD 

(,0 TO Il<U 

C CG ;" RtCT ,3 01H ' Fl)ll(IW Mi(l lNTtHCEf'T ~C)VE ,"iENTS. 
2iu A ~ tTAv = AilETAVT 

AUETArl = A~ETAHT 
Gil TlI l5U 

C C C'" ~ Ee, ! i'l T f' P C f P T '1 0 V UI E iH il N L Y • 
C ~TILL OP~~.T]VE. 

~80 PACCEL = PACCSTD 
GO Tn tlLIJ 

220 IF(NU~LYCOR) 24U, 290. ~9Y 

F(Jll.OW CONRECTION IIELAY 

C 1.0 CURNECTIO~. OELAY SrlLL OPENATIVE. 
~4U GO TO K3v 

C CO ~K ~CT FOLLOW ~UVEME~T U~LY. INTE~CEPT CORRECTION DELAY 
eSTILL OPERATIVf. 
29U A8fTAV = ABETAVT 

A'iETAH = AtJtT ,~IIT 
GO TO ~21J 

C I.U CURRECTIO~. ~OTH DELAYS STILL OPERATIVE. 
~CJy GO TO 10ll 

C CH~CK CUNDITI0~,UF DELAYS nN FULLO~ AND INT~~CEI'T HUVE~ENTS 

300 IF(NDELYl~ .GT. U) GIl TO 320 
I F ( ;! DEL PI'" • (.1. 0) r, 0 TO 40 Q 

C S 10 P 1 U : G 0 E LAY S NO L (J N G E R () P t" A TI V f., SOC H E C K S TAT 0 S ( I F 
C THr FULL OW AND/ON INTERCEPT LOGIC TI) ESTAGLlSH PROG~ftM 
C SEI;/ji',,'CE. 

IF(IFULLOW .EQ. 1) GO TO 5uO 
IHHTERCEPT .E". 1) GO TO oUIJ 

C (JT~Ek~ISF tCTIV~lE ~ uT~ ~0LL(jW AND INTERCEPT LOGIC. 
l11) IF0LL Dw = 1 

I,HEi<CEPT = 1 

C E~TFk INF0 ~~A TIO~ PRUCES~ING LOUP FOR FOLLOW A~D INTfkCEPT 
iJU TO /l1.1I 

C FO! LOW LQGIC STILL NOT ACTIVE. SrAkTI~G DELAY STILL OPE~ATIVE 

IF( c~ DELPl" .GT. lI) (,0 Til j)U 

C' 1 ' I T to f1 C [ I'T L I) (, leD E LAY ~,IJ L (HI G t: R (> PER A T I V E, SOC Ii E C I( S T .1, T U S 
C (I F 1'. T f ' i< C t " T V' (;1 C T u ~ S 1 '\" L 1 , fI P R lJ G R AI. SEn lJ E N C ~ • 
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[F(T', TEDCEPT .EU. 1) GO TO bUU 

C P'TFtiCEf'T LOGIC "Or ACTIVE, so ACTIVATE A'·IO flE';1'1 f'K{)CESSI ·~G. 
II,iERCErT = 1 

C l N T E f< IN F 0 D" A T I.H. P R v C E S S H. G l(1I) P FOR IN T f q C E PTA,~ D 
C PO~SIULY FOLLO,! LO GIC. 

, ,) y" ' -~ .:: :., , ; 

C "0TH FnLLU~ A~~ I~TEHC~PT LOGIC DELAYS STiLL OPERATIVE, 
C SO NU PLAYER ACrIOrl. 
3SiJ Gu T0 1O)LJ 

C INTERCFPT lOGIC DELAY STILL OPERATIVE, 50 TEST FOLLOW LOGIC 
C STnuS. 
4('1) I f( I FllLl\H • bJ. 1) liO T0 I.SO 

IfvLLOw = 1 

C E!iTEN INFORMATION PROC[SSI~G L00P FOR FllLLOW ANU POSSI8LY 
C INTERcrPT LOGIC. 

(.'J TO 02U 

C F ,) Lt. 0 '4 LOG J CAr T i " F, 5 n E 'I TEfl 1'1 F [lfl~, ~ T I 0,/ "R f) C E 5 ') I "G L () 0 P 
C AS I~ INTEHCEPT ALS0 AcrIVE. 
450 H(N1UiICH .LE, 0) GO T i) ·100 

GO rf) OJ I) 

C FIJI Lli'li LOGIC A,CT1'IF, S'! TEST I'HCfICEPT LOGIC. 
S fll) · IF ( p; T E<; c Ei'T .1:1;. 1) GOT U S 5 0 

1 Fe ., .1.)1) cr R • Lt. l!) GO r 0 711 U 
I r,f to K r. H'T = 1 

C ENTER INFOR~ATluN lOO~ rv PRUCESS F0LL0~ _~p INTENC~rT LOGIC 
~u TO Inu 

C ~OTrl FnLL0~ A~~ l~rE~CE~T LIJGICS ACTIVE~ 
551) GO TO RSO 

C INTERC~PT LOGIC ACTIVE, SO TEST 1UI1 M5 COUNIER. 
MIO IF("lu!'CIR .GT. U) GO TO b5u 

I FOLLOI' = -1 

C EhTER INFOR~ATlnN L00P 10 PROCESS ()~LY INTENCEPT LOGIC. 
GV TO b~U . 

C 1Un MS COU~TER STILL OPFAATIVE, SO ENTER INFORMATION LOOP 
C TO PHuCESS I;-:rFRtEPT~N) FOLLO\j LOGIC. 
/) 5 U I F III LlJ W = 1 

f,li TO ~3 \) 

C F 0 I L 0 ' .. I L (I G I C .\C U V r: MI[, 1 I) C: M S 0 E L ,\ Y TI 11 F. r ASS EO, S 0 
C PR~CES~ 0~LY fOLLOW LUGIC. 
!ii'j I'lTtRCfPT = -1 

GIJ TO /).111 

C INITIALIZE THqJECTORY VELOCITY C0UNTE~S A~O BEGIN VELOCITY 
C AVFRAGIr.S. 

il2 U '1 , ~ T R = S 
N(SCTR = 25 

"1 1 U '.1 r. T R = 1 0 
il21 tiVSliriV = (I 

'iVSU"111 = II 
TnTf,LV = (J 
TOTAll; = (I 

C IN1TI"LIZE FEFnFvR~ARU CUYrUTATIO~ 
C AN~ VELOCITY UF PL,YER ANO LINE Of 

'jtnVST = f1ETAV 
t.) C: T A Ii S T = i4 ETA H 

V"~TA~ST = Vri~T~V 
V~fTAMSr = VdETAH 
" /\ :~ .,. A Ii S T : ALP H 1\ V - ~i F. T A V 
GA'-' :, AHST = ALf'H"H - locT,\1i 
V(iA'AVST = VALPIIAV VtlfTI,V 
ViiA .··,,\HST = \JALPiiAh - ViHTAH 
" 0 1ST S T = I' ,) 1 S T 

PVI-LST = ?Vfl 
PACltLST = ,'ACC~I_ 

~ S r = II 

C7 
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AHi'IGTST = ~HFIGrlT 

T 1 , ~ t S T = T 1 ·" f. 
Ai!f.TAV'iT = MJ[TAV 
AaET~HST = AHETArl 

J S T = 1 

C PEG I N PNOC~SSI~6 FOLL')W ~~n /OR INTEqC~PT l n b lC. FIRST 
C t ~ r: T ., l ", .~ 'J - . ' . • - .- . '! ~ • , l: i"- l : ;: J\ L C' ) .... P ; ,1 " ~ : : r ~) .:: F T " i. J t. C T n R Y 
C Vt:' I I) ~1 rY A,. ,) i\ 'J ei,,,,,c V ~ I1VN ILU '<T.<.L ClJl1hHd:Nrs, 

1:)3 0 H(TTG \) .LE, O, 2~) GO TO 100 

8VSUHV = UVSU~V + 8VELV 
YVS UM H = ~VSlJ~H + aVELH 

I~( N 5CTH .GT, 1) GO TO H35 
RVAV~lV = RVS U"v /5,u 
BVAV~lH = SVS UM H/5,1) 

811SUMV :: fJ,Ll 
tlVSU/'IH = 0,0 

N5CTR " 6 

TOTALV " TOTALV + bVAVE1V 
TOTALH = TVTALH + ~ VAVE1Ii 

835 IF(i~SCTk. IE . 1) GO TO 100 

C C0 ~ PU T E PLAYER'S ESTI~~Tt UF TRAJECTORY VELOCITY 
C r I) .. t' , . ~ I to ' j T S U , I % A V E HAG E: VEL 0 C I 1\' • V C Cl N I SAC II Ii S TAN T T HAT 
C ALL.lwS FON ~ARIA 0 LE ~T~ A TI~G CO~GITIONS, 

RVA VE~V = rI)TALV/(~,O - VCO~) 
8VAV E211 = TOTALH/(),O - VCG~) 

VC(H'f = i).O 

C CO-I'UTE ESTI~~TED VALUfS OF PLAYER'S DISTANCE ATTAINED 
C I ,', 2:' D ,-I S . . 4 ~<D P LAY E R \I E L U CITY A T ~ 5 U '1 S , D A TAU SED 
C F0 ~ UOTH FOLLUW ANo INTEkCEPT LOGICS, 

PtIST25D"PDISTST+PVELST·D~LTAT2+PA CCELST*DELr AT2.*2 
PVE LZ5 u =~VELST+PACCE~ST.~ELTAT2 

C TE ~ T STATU S OF FOLLO~ LObIC FOR INFO rRUCESSI~G, 

IF(IFULLOIH ,cu, -1) GO T') '170 

C P"I'CESS F'i LLO ,>.j LuG I C US I ~ G E STI '~AT ED PLAYER POS I T ION 
C AN~ VELOCITY Ar.o PRtPA NE COWN ECTIUN IF NECt5SARY. 

CALL FULL!)\J 

C TE ST STATUS OF INTERCEPT LOGIC FO~ INFO PROCESSING. 

Y70 IFIINTERCEPT ,ED. - 1) GO TO 998 

C FR 0 CES S INTERCFPT LeGIC uSING ESTIMATED PLftYER POSITION 
C AN~ vELOCITY AiD PAEPA~f C0KREcrIUN IF ~EC~SSARY, 

I F (T I '1 EST , b T. 1 T (, II !I I .5) Ii (I T I) 'i 72 
~rr.L5U = 1.D*IOTG !)(! - P~IST25(i) 

GO TO 'In 
IF<TI '1E ST .(,T, 2.n-TTGI,U!3.U) GO TO 974 

[) TG 2 ., U = 1. 1 U * I I) T G (1 I) - ? 0 I S U ) I) ) 
GO TO '1/5 

974 [) T G 2 '; () = 1. U j * I D T Ii U I) - P DIS T ~ '; 0) 

TT6 25U = TTGOU - lIMEST - Ll.2S 

C P L tY l ~ C I)~ PAR~S ESTIMATED ACTUAL MITH ESTI~~TE[) DE S IRE) VELUCITY 
C "T T Ie E 2 S I) ' I A k r:. 

PV '1 5TI)" 11<.Ll,qlGoi'r/115.U*TTI;<)J) 

IF(TI"tST .GT. TJ(, ·)('15) I,ll Til 'I ll ,) 
f' .HCSTu = j.IJ*l"v"'STI)ITTGOO 
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PVSTUST = PACCSTD " TI MtST 
P V ~TU2~ 1 } = PVST~ST + PACCSTD • DELTAT~ 

If( r,HS( " VSTfJ~) ' J - f'\II:L;~,>r ) .l.E . U.{I)*(f'VSTD~)IJ+PVI:L250»GD TO yg! 
I F( f' V S T D L) U - P V t L ~ ~ U • (; 1. !J. IJ) GOT (1 '11:U 

f'ACCSTD = (l.Ll 

C PA(CtL "IliST 5E SET TO ZERO ftLsn, bUT THIS CAN'T 8E D0"'f 
C I "I; T L 1 -I ~ t) ,.: I :1 V " .~ r ) t- L r} C ' . r. ; FOR P L. A, Y F: ~ COR R t C T I fJ N H /\ S 
C \.,U L": ' I r.) iJ{J~ ,'-1 

9kO 

NDEl.PCOR == 4 
liO TO 'lilt 

IF(TI~EST .GT. 2.U*TTGOU/3.U) GO TO <,is? 
PVSTD~)u = f'VHSTD 

PACCSTU = U.O 
rlDEU'CllK = 4 

IF ( A 8 S ( P V S T [) 2) n - P VEL ?51J ) • L E. 1]. 05 " ( r V S T D ~ 5 0 + P V F L 2 SO) ) G () TO <; R ~ 
If(?VSTOZ)U - f'VtLZ'> U . • LT. U.Ll) GO TO <,i1j1 

PACCSTb = -(Z.O*PVMST P/S)/(TTGOO - 2*TTGOO/3) 

C PA(CEL IS ALSO SET TO TrlIS VALUE, SIJT NOT UNTIL TIM~ 
C EU r,ALS 2*TTGOU/3. 

'l ~ 1 

9 .0 5 
'f r,6 
'1111 

(,0 Tll 'iho 

"ACCSTU = - PVf.,ST il! CTTG(l11 -~*TTGOu/3) 
Gt) T <) 'III/) 

PACCST D = -O. (h'PV;<JSTOf6.LlJ f(TrGOO -2.[}*TTr,OO/3.0) 
IFLA!j = 1 

I"TE RCEPT = U 
1 r ·.)LLPvI = iJ 

,; (J Te; 1 (; () 

I~(IfOLLO~ .E~. 1) GO TO lUU 
I~rERCEPT == U 

IFOLLOw = 0 
GO TO 10U 

END 

END OF SEGM~NT, LENCTH l KYY, ~AME TENNiS 
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S LI b R I) U T 1'/ t C u" f' U T [-

C (Ji1I ' 0" / ;. ALL / Ii, d V t: L ,/, F·, V r L II, T I '" E, ;j H f- I C H T , ~ DIS T , 
* prJ I S T, ALP 'I A V, A L,' H "rl, f' rll, V A L ~ H ,\ V, V I, L P H A II, 
7( X, y, ~J 0 F I '( I '4, F-' f T fI V ~ V r' F. T ~ V, 1) F I. T 1'\ T "J , 
"/<" I:: E T ,,1, H, I.· , . ; . " r· ~ ':. '_' i l , ,", t. ,- f r, i... J' 

* T 1 ~ ~ E::' T, f) Ii t 1 I ~ :; lj , ' . ~1 t. ;. G I :, l, r:. V ,~ 'J f: t... J, U r;" L. TAT ~ , 
* k 2 5 '), K S T, d V A V I' 2 M, e" 1ST 25 J, TilE If" i' 0 1ST 25 li, ALP II .\ V 2 5 , I. 
* ALO',jAh?S, V~L"HAV2, V,'LPHAH2, ,'Vel")':, f.ETAVZ51.1, r,rcTAV<;T, 
* v ,1 ~ T 1\ V S r, ,F. E T f\ V S T, 'J t: T A II 2 51!, 'J E Ti, H S ,., I) 8 ETA H S T, Ai:' ETA H S T , 
• V~fT~V25,V~tTaHl), GA~AV25J, I , A~A"2~u, VGAMAV25, 
~ VG~~AH25, VA~~nlfF, H~~GDIFF, v~~vnIFi, HA~VDIFF, 
* i\f; r: T ~ V 2 5, A ,\ E: TA rt 2 J, M .) ErA V, ~ I:l c T .\ V T, iif' F T .A 11 , A R f T A II T , 
* i'i D f: L f Ul R, T ~ 1, T Ii, T t', Ii , H H E I L H T 1 i, 8 <i E 1. PI T 1, 9 V E: L V 0, 
* 10, YiJ, PX, ~Y, GVELVbR 

C CO"PUTE POSITIO~ AriD VELOCITY OF 8ALL IN COU~T COORDS, 

R = f' VEL H .. T I.', E 
BVELVGR :: .51. .I.'*TGI, 

I F ( rr i'l E • L E. T ,'11) " ,) T Ll 1 3 U 
IF(TI~E ,LE. Tb) GO TO 121) 

bH~IGHT:: 1!>. ' I*(TI ;1E - re·) - 16.U.([I"F 
BVELV = 16. 11 - 32 . 0*(TI~E - TG) 

G,) T) 141) 

- TG) **2 

1 2 ' ) tJ H E I G H T :: li H t:l " H T 1 ,. 1 b • r; .. (T P : f - T '~ 1) * " '-
B \j t LV:: ) ~ • I) ~ ( T [ , : E - T M 1 ) 

G'1 Ti} 11.U 

130 ~HEIGHT:: RV~LV0'Tl " E - 1b.n.TIME •• Z + 81, EIGHTO 
>;lIJEl.V = ;;vELVll - ~2.()'T11~ 

C CO~PUTE DISTA"iCF MJD A,'IGuLAR f'OSITI,)'V AND VELOCITY u~ PALL 

140 x = R*CIIS(T~FTA) + XO 
Y = R*SIN(THFTA) + YU 

8DIST :: SQ~T«"X - ~)**2 + (PY + JSIGN*PDIST - Y)*.?) 
;,Lf'MAV = ATA ,,«3I1FlGHT - 5.{)/flDIST) 

i\ L r> H A ri = A T A" (1'1 - I' Y - ,J S I Ii rh f' D J S TJ / ( f' X - x» 
VALPHi\V = "V~LV/'< OIST 

W = (PY + JSIG 'I*PuIST - Yl/(PX - Xl 
? Ii J = A T A , 'I ( " ) 

VALPHAH = (HVEUI*~i 'HTlinA - PHI) - PVEL>COS(PHI»/BDIST 

C I' C'\iE I"t :1T OF PLAyE,'S L!Nt Of SIGHT (LlIS) IS DELAYEo flY AN 
C· ~,., n u fl T ee, u ,\ L T ,) T>I F P LAY C ~ 'S REA C T ION T 1 '1 t TO {J P P 0 Nt In's 
C STPli'I"G THe fj~LL. 

I r (" D FLY I 'I • G T. ()) GOT 0 11:S 0 

C tFiE" T~E DELAY, ANGuLAR POSiTI,)rt AND VELOCITY UF LUS ARE 
C Cu"PUTbl. 

~ETAV ~ 8ETAV + ~HETAV*DELTAT1 + AeETAV.DELTAT1~*2 
~ETAH = bETAH + VbETArl.DELT~T1 + A~ETA~.DELTAT1 •• 2 

v" E T ~ V = V '! ~ T r~ V + A Ii f 1 /\ V • I, E L TAT 1 
V,jETA~ ~ V3FTAH + Af, f:TA'I*DELTAT1 

C ;'. 1)'/ t ," t f q 0 r f'L A f E ~ J S ~ f LAY F D F' Y A N A '1 [) I) N T f· QUA L TO III S 
C k r I, C T I" tl T I ',f. 1 ,) 'i" f' O,q: 'd ISS T id • 11, G T H f: l'~. L L • 

1xu lFUluELf'I I" .GT. II) GO T') 1<'>1), 

C THE N E I' PO <;[ T I !) I; '\ 'J IJ V" L U C 1 TV (, F P LAY E " I Ij HIS I NT F. k (' f P T 
C PATrl l\hE CO..,I'UTt'D A'i ~')U " i A5 Ti1t fJELAY rlAS COUrnED 00\1", 

1'1U 

P~lST = rUIST + PVFl*DFLTQT1 • PACCEL*DELTAT1**2 
PVEL = f'VEL + PACCEL*DELTAT1 ' 

1\ f T t; R ,; 
E ~.; f) 

E ~J D 0 F S E (i "', t- i j r, l. I; . if, T : I )''' ' '!A ' IF. Co n PUTE 
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SUGRO~TINE FULL ow 
CO d i~ 0 1'1/ hA L L / ll, 0 VEL V, H V ( L 1/, T I ~ f, !-i II E J(; H T , i:l 0 1ST, 

* P DIST, ALPrlAV, ALPHAH, PHI, VALPliAV, VALPIIAH, 
* X, Y, 'l D r: L Y 1 q, f; ETA V, V H ETA v, D U. TAT 1 , 
.. h ETO\It , l/ ; d: r!'I~J' ~ ·._·(l_ t ' t ~ · ~ IJ\/ t:L, ;J~r:rEl.r 

~ r 1:: E: ~ T, l.' Ii ell l~ ~) . ,; , :..J n i::. r G " ~ T, d V ,\ '.; t (: V, ;; E. L T A j c. , 
* RZ )() , ~S T, BV .4VEi:H, tlOIST 25U, THF.l'A, P D lST~~il, ALPHAV25, 
* ALPHA~2), VALPHhV2, VALPIIAH2, P\IEL~5lJ, ,1 ETAVr.)O, 8~TAVST, 
* V8fTAVST, ,H!!:lAVST, HETAH25fJ, FloTI\HST, VFlETAHST, AIiETAIIST, 
• VriFTAV25, V,.;cTAh25, uA r>AV 25ll, GA."AHiSO, VGA<1AVl..'), 
* VG~~AH2'), VAhGCIFF, HA~GUIFF, VAI!VDIFF, HA ~i VOIFF, 
* AGtTAV2j, A~ETA H ~S, Ai:lFTAV, ASETAVT, AFETA rl , ABETAIIT, 
* ~DtLycr)ll, T',l, Tu, TGR, 6HEIGHT(}, GHEIGHT1, BVELIJO, 
* IU, YO, PX, PY, HVELvGR 

C p, (! C l S" F I) I. L ()" LOG I C US I f; G t S T I . \ U E D P LAY c R PO SIT I O!'l A.'J 0 
C VELI)CITY AND PREPA RE CORkECTIO~' IF NECESSARY. 

C 

C 

IF(TIMEST .LE. TM1) GO TO 841 
IF(TIMEST .LE. TG) GO TO 84l 

Bfl EIT250 = ~HEIGTST + ~VAVE2V*DELTAT2 
tjO TO 8"3 

r:l : E I T 2 SO = b fI U G T S T - [~ V4 V I: 2 V * DEL TAT 2 
K<!~ I I = ~;r + HVAVf.hl*OELTAT2 

iJ ul,T2~' i = S<iHT«f' X - K<'~{)*C 'JS(TrH:T,\ »**2 
* + (py + P0IST2~u - R~~U*SI"(THETA».*2) 

to I "JI) A 'Hi lJ U . k PO SIT I O:oJ ~ "I U VEL 0 CIT Y I) F LIN ~ TO" ALL 

ALP,i~V~5 = ATAN«8HEIT2SU - ~.n)/HDIST2S() 
,\L?."AI12'i=.T ' .; « ,'<!SU*Slr< (TIIET P,) -POl~ T l5UJ / (PX-R2~u"COS (THO to» 

VALP,iAV2 = "VAV~2v/BDI$T/50 
W25,) = (PY+P ~ [ST~ ~u -R~~U*SIN(T~ETA»/(PX-R250*c nS (TIIETAJ) 

VALPHAH/=(HVAVr?H*SI~(TflfTA-ATAN(~~)\J»-PVELZ5U*COS(ATA!I(WZ511)j)/ 
* dUIST250 

FI~D A~GiJL~N POSITION ftNV VEI.OCITY OF LUS AND FORM DIFFERENCES 

dETAV2~U = ~ETAVST + V8FTAVST*OELTAT2 + ABETAVST*DELTAT?*-2 
a ~TA~~~{) = 'ItT~HST + VRETAHST-OELT AT2 + A~ETArlST*DELTAT2*-2 

VBETAVZ) = VBETAVST + A8ETAVST*DELTATZ 
V2 ETAI12) = VH~TAHST + 4LETA HST*DELTAT2 

GA :1AIJi'SIl = ~LPHAV25 BFT AVl'>U 
G A ;'\ A ,i ~ ~ n = ALP H A H t" - BETA H l) 11 

VG~MAVi') = VAI. PHAVZ - V8tTAV~5 
VG .AMAH2~ = VALPI"AII2 - V8ETAI! ~) 

C THF. M,(,ULAk DIFFeRENCES AN~ ~",r,iJLAq IJI'LiJClTY vI FFEREnCl'S /",UST 
C r.O~ bE C0~PARED AG~INST THE PLAYER'S STANbA~OS OF MAGNITUDE 

If(~HS(G4MAV?)u).LE.Li.US-(ALPHAV~5 + ,;ETAV2)U» Gil TO 844 
I F ( G A r1 .\ V i) (I • LT. i). II J G ,) TO 1\45 

IF(A~S(GA1AV2S0) .LE. 1).1~) GO TO il46 
IF(A 8 S(GA~AV25U) .LE. U.9) GO Til il41 

C VE II TICAL Ar ' GULAR OTFF IS LARGE POSITIVE: 
VA'lbO Iff = j 

riO TO iSS1 
dL6 VA~GDIFF = 1 

Cju TO il51 
0 .. 7 VANliDrrF = I. 

(;0 TO 351 

C VE~TI(Al AN~ DIFF IS NEGATIVE 

04) IF(A8S(GA ,,,AV 25U) .Lt. r,.,;;) GO TU tl48 
IF(A~S(G"AAV25U) .LE. 11.9) GU TO n'Y 

VAilu1l1 H = -5 
I;'J T U Ij ~ 1 

d48 VANGOlfF = -1 
GLI TO il'll 
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131. 4 

i) 51 

\/ J\ rJ G !) f f F = - i! 
GU Tn il)1 

I/A",GI!IFf = I) 

IF(AHS(GAMArlt)O) .LE. n.(15*CALPHAH?5 + ~ETAH25(1)) GO TO 854 
I r ( : ~ :A, ~ \ ! t :.~ ') ; ~ • L T, o. U) G I) T CI ~, 5 

; , ',,, -- ,; ", ;,, ,, -!.')II) .Lt. O.lil) (.1) TIl 1156 
IHA;I~«('AI1AHt~u) .LE. u. e)) GO TO ilS( 

C Honzut.'TAL ANGuLAR OIFF I:; LA~GE POSITIVE 

HANGDIFF = .) 
I, ,) T () 861 

856 l'ANGDlfF = 1 
(,\1 TO b61 

~57 ~AN(jDIFF = ~ 
1,,) TO il61 

C IIOPIZOI ' H,L ANG DlFF IS ~tGATIVE 

855 IF(A~S(GA1Alj2SUI .LE. U.ldl GO TO 8Sh 

658 

8';4 

i:l'>l 

If(AI:JS«(,A c! AIiI.)u) .LE. 0.'1) GU TU t,59 

;;ANG~ j FF = -3 
GOT IJ I.i 61 

/I Atl G D IFF = -1 
GO TO 1:161 

IIM,GDIFF = -2 
GI) TO 0,,1 

IIA"lr;DIFF = II 

IF(AqS(VGA~AV~51 .LE. U.U5*(VALPHAV~+VHETAV251) GO TO Sn4 
1 H V I; /\ I A V?) • L T. (j. [I) (j U TOo/) 5 
II (Ad~(VGnMAv~5) .Lt. u.lil) GO TO 866 
IF('~S(VGA~AVt5) .LE. U.YI GO TO 867 

C VEqTICAL ANGULA~ VELOCITY DIFF IS LANGE POSITIVE 

VA"VDIFF = 3 
GO fv Ii (1 

066 vA:IVDIFF = 1 
(if) TV 8/1 

8~7 VA~VDIFf = ~ 

c 
/'i6S 

1.;0 TV <Ill 

ftORIZ(l1:TAL ANGUli\R vELUCITY DIFF IS NEGATIVE 

IF(fBS(VGA1AV25) .LE. ().1S1 GO TO K6d 
If(A~S(VGA~AV~~) .LE. u.9) GU TU b69 

v A'J V 0 IFF = - ~ 
G(l Ti) ~(1 

VM,VDIFF =-1 
-;0 TU uf1 

VA'IVOIFF =-"-
Go TO ill1 

V A'J V 0 IFF = IJ 

871 IfCABS(VGA,Hllt'.51 .L£:. d.OS,,(vALPIlAII2 + VflETAH2S)1 Gf'J TO 1j?4 
IF(V\)A"AH~~ .LT. u.,I) GO TO 1\/5 

IF(AIIS(VGA~A~?) .LE. 0.16) GO Tn 876 
IF(AtJS(Vr,A '''i\II~) .LE. 0.'1) GO TU d17 

C fi 0 f' I UJ>, T ,I LAN G II L 1\ R vEL 0 cIT Y D I FF I S L II R G E PO SIT I V E 

,I A '<I V D IFF = 3 
uiJ TO {;Kl 

1576 hA"ivtJIFF = 1 
\)() TU Kg1 

il 7 7 H A'I Ij U [ F F = t'. 
G0 TU MIl 

C Ii ll'l 1 l eJ, ; T ,i L AI. G U L II R VEL () CiTY D IF F 1 S ~j E G H 1 V E 

875 U (,','3, (VI;A 1,\11<'') I .LF. fJ. 'I ill GO T0 lin; 
If\AI'S(V :",-t{,H2)) .LE. (J.')) I,D TO b79 
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Ij 14 

5X1 

c 

81',5 

dil6 

BIl7 

VERT ICAL 

.1"',\1111 F F " -~ 
U'J r C! I'i 0 1 

H""vuIFF " -1 
C,) TO Iid1 

HA~'VllIFF" -t. 
Gil TO 8dl 

hi\ ,· ~..:.;lt"r':: i.J 

L1 " VA~GDIFF + VA~VDIFF 
L~ " HANGulFf + HA~VDIF~ 

IF( L 1 .LT. II ) GO TO 884 
IF< L 1 • E \~ • Cd GO TO 00::> 
IF( L 1 • F Q • 1 ) GO TO 1l6o 
IF (L 1 , f f) • " ) (,(1 TO ,j 13 7 

DRIVI ~ ; ij ACCELERATluN IS L.~ R GE 

M'ETAV2:' " ~O.() 
GO TO 8'11 

t, I:lI: TAV25 =0,0 
(;() Tv ilY1 

;l.fJ!:TAV2j " S.U 
G" TO il'l1 

q!:TAVZ) " 1 0 .U 
GO T0 i,'.i1 

IF(L1 ,H,. -1) (,1) T() !:HlJi 
IF(L1 .E". -~J GU TO SdY 

POSITIVE. 

C VERTICAL D~lVI~~ ACC!:LEKATION IS LARGE ~EGATIV!:. 

A~ETAv2~ " -2D.0 
(,11 Iv /)fi1 

5«8 A<:l!:T.lvi'5 = - -~.\1 
Gt:· TO 1\'11 

8~9 n~ETAV2S = -10 

. IFCL2 .LT. 0) GO TO R94 
IF(LZ .1: 11 . (I) Gil T') <1'-5 
IFCLZ .EO. 1) GO T0. d'.i6 
IfCL~ .E~. ~J GU T0 597 

C liuf~HO'ITAL ORIVl'JG ACCEL!:R;,TIO,< IS L.\R(jE POSITIVE. 

~ >3 t: T A " 2 ::, = I. 'J • U 
(,0 TLl "IIV 

iJ~; 5 A ,1 t: T A H L 5 " (). (I 
1,0 TO 90v 

096 ;'JtrAH2S = 5.n 
(;u TU c.jl)(, 

1j97 A"tTAH2~ = 111.U 
GO Tv liOU 

Ij'i 4 I F (L Z • Eo n. -1) b I) T U 898 
IF(L~ .EW. -~) GU Til 699 

C H0~IZO N TAL DRIVING ACCEL~RATION IS LARGE NFGATIVE. 

AHET~H~) = -~f!.(J 
G') TU YuU 

898 A ij tiAH2~ " -~.U 
GO TO 'lUll 

599 ~nETAltt~ " -10.U 

C DETt:R"lINt 'JALUE vF PLAVEk'S lOR~rcTIO"i TO FYE ~UVE!·ENT. 

9uO IF(A Li S(M1F'r~V + A'1tTA'II.S) .LE. ~li.U) GO TO iZU 
IHAcltT,~V + AI'tT.~v"') .LT •. U.O) G,i TO ',lSI! 

C I-'L',YtR J\PPLIfS,A'I'lUI vt~llCAL ACCtLf.RATION. 
!,rlf'l/IVT = t.1!.U 

(, () T lJ ~ 41 r 

C PL!Yt~ APPLIFS < A~lnU~ VeQTICAl DECELERATION. 
'1311 At!lf"VT" -/IJ .D 

"I ) Ii) Y4n 

C13 
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C <>y, H leT IV t A [, ;) 1 Il l) :'1 i) V E S ,.; 'T t.( C to ~: U '\ \ U :1 U -: A C C t L E HAT 10': • 

~~J AnETAVl = A~ET4V + A~ETAV~S 

~4U IF(A 8S (A8ETA >-! + AlltHHt .'>l .LE. Zo.,j) GO TO ,}'ll) 
IF(Al1l:T~H + ABETAH~S .LT. 0.0) GO TO '16Ll 

c , L:' Y I: r> A,'," L 1 r S ' I " ~ ;, ; :, v , ; rlU R I Z U NT;' L AC C I: L I: ~ ;. r I i) ~ • 

A~ETA>iT = 2l1.U 
GO TO Y6S 

C PL4Yl:R APPLIES ~AXIMUM HU~IIONTAL DECELERATION. 

AFtETAHT = -~i).1) 
Gil TO '165 

C CORRtCTIVE ADDlr10~ DOESN'T EXCEED ~AXIMUM DECELERATIO~. 

<,150 

eNS 

AHETAHT = A~ET4H + AdETArll~ 

~!)ELYCUIl =? 

R f T tJ R ~~ 
E rili 

IfuLLOw = lJ 
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FINISH 

END OF C(l<P1L~Tl!J~' - NU ERRURS 

SIC SI)HFll.~: " .. ;liJCKETS USEO 

CUNSULl0AtED BY XPC~ ,~~ 

PRiJuRM' 
COMPACT 
COMPACT 
CORE 

T F';" 
D A T A (1 ~ A i·' ) 
P Q () ~ ~ A 1-1 (~ l< ,'I ) 

!loon 

SEG 
CUV 
SE6 
SI:G 
SEG 
SEG 
SEG 
SEG 
5fu 
SiC, 
CLV 

DA TE 

TFNNIS 
fPLL 
TAt! 
COS 
S<'!RT 
SI'l 
C u'IPUT E 
'''is 
F(;LLO '~ 
\T AN 
S r> F IL 

C15 
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Appendix D 

Thi·rd Extension of the Prototype Model 



' 10~ av GEORGE 2/~K9F 

fORTRAN CO "'PILATll,', d Y ;/XrAT ' i;; Orj 

LIST 
p k \1 " R ,\ '1 (T E " • I ) 
o ,n , U T r: = L f'l.J 
Cc''''i'RfSs r ;,TEiiER P,,!I, L0GICAL 
Cv'4; ·A L T 
T~ .'. ( f: ~ 
n,j) 

D2 

! j 

., 
i 



",~ST~i< TfN 'n s 

C V r,,~ I) II / ,,,I L L / K, i< vEL V, f· VEL rl , T I .• ; c, t< H F. I G Ii T , HOI S T , 
* P~IST, AU"i"\!' ~lf'H"H, PH!, VALPljAIJ, VALPIIAH, 
'.... ,.( , . Y .l . ': ', " I ~ , ,. ,: -; I~ v, V M t r ., V ~ !) t L T /\ T 1 , 
.,.. 1" , I:: ";" fl,. j , OJ _ , ; . ;, . / " ; L i.... ~ 1 ~ ';.1 P V f L / r' .o.. eel L, 
~" fI"EST, " ~r:lT'~5n, 'l HtIGTST, tiVr,V~~V, DFCL'''AT2, 
* ~ 2 :' f.J , :l" r, HvA V F. ~ H, "D 1ST 2 :, II, 1 H ~ T A , r D I ~; 1 (. <) U , ALP ;1 A V 2 ~ , 
* AL I HAH t 5, VALPHAV2, VALPHAri~, PVf l"~50, H~TAV?~U, B l TAVST, 
~. V ti ~ T A V S T, ,\0 c r .A 'J S T, Q E 1 A H 2 'i u , ,' E T r, H !; T, V f< E T Mi S T, A>" E 1 A I: S T , 
* V i j ~ T A Vi) ,1.H t T A H ~ :;, Ij.'~' , A V 2 ) 0 , (, 1\ ,-; ii Ii t. 5 (), V G .\ ,., A V Z ) , 
:.'" V (j .', ", A :-; , ~ ;-" '-J '\ f~ 'j I) IfF, n j , t;() Ll IFf, V A ( .. I} D J F F, H A r. V I) 1 F .. , 
7: }\ H t T A J 2. 5 , ,\?, t T .~ H 2 5, f\ n t· T 1\ V" :..I~ t ~ r~ v T, A!j f T A H,. A fi ~ TAd T , • ,..l! l. L Y C'J K, T h 1, T G, T(, k, b HE [G II r (I, B II t J(; H n, F1 VEL V iJ, 
* XU, YU, PX, py, 8V~LvGW 

C SET STARTI~G CI) ~ OITION~ FON hITTER 

xl) ~ 5.~ 
YU " 3.~ 

SWITC~ " i) 

C SET STARTI ~ G CU~UITIO~S FOR AECEIVE~ 

PX " 75.0 
rY = 14 .. r? 
f'HEl '; HT" 5.U 

": U L T I " 3 2 u [) 
" c, L1l.r;~ = 4;." , 
" ilL T 5 " 2 .'></ 

PVEL = U.U 
t'ACetOl = d.U 
'jEH: T f\V " !) " U 
\/tJETAH '" () •• J 
MlETAV " 0.0 
~t3tTAH = lJ.d 

VCO;" " .5. t1 

C S~T &r~TUS INDICATORS ~ N U C0U~T~RS FOR RECFIVEH 

1=0 
TIM E = 0 .11 
1~(jl"Lo\.J '" 1 
p, T t R C E c' T " 1 
,dHL Y ill " - '1 
I,Df,LPI\ = -1 
"vI:LYC()~ = -1 
" II to L P C () " = -1 
Ul,\G " U 
I~) C T R '" ~ 
""SITk = 11) 
.';"1 UI .JCTR " -"1 

C SfT I " Ck E>IE:.TA.L CO,"<STANTS FOR REC : IVF~ 

utLTAT1 = ').U1 
DI:LTAT<' = J.<' 

C SEl tEEDFU~~ANQ COMPUTA1IO~ PAk~ MI:T~~S TO ZERO 

f\LPt : AV'2.::..- - ~I. U 
ALrJ i·1 flrI2) :: U.u 
PC.l ~ T2j:; :: iJ.LJ 
;ivl~~T2'd = ,).ll 
,flU >jA V2 =).1) 

I/AL r'HAHt!.~· IJ.I1 
pvfl.25v " (I. , ) 
,j I: T "V 2 ') I.) " ,) . Ii 
IjLT ,\ ~ic.., \ . ' :;: : J.t) 
AC,i: r A V ~ '> = :J.d 
r, f:! t- f A rl i j ~ · ' ).V 
V t: r: I A V <' ~J :.. • I Ij 

V b ,! A :- ! t. ") ::. " :U 
1.11 ',j i ' ~ u =- v .. ! , 

DJ 



r ·i :,Jf.)L' ''::' 1_,. ' 

I F( S ,J I T C H • U.l.. 1) (; oJ TO 25 

C f' ~ ; :-J T T IT L l f' A (j t () Nfl I: S T hI S S 0 rJ L Y 

·..Jh:fi· F. ( ''-; , f" I) 

o :: u t ' r: i..i i< j , i\ T ('i .. ·);,' f ; I Ii " J ;' " / I ! I / ; ,. I ! I / I .. ,. / / l" ~J CI :( ~ I - r E ;"/ 1-1 1 5 _.) 
eJklTE ( ,~, ,6(Ji11) 

6 (J U 1 F (l k , ~ A T (/ I / / 1'" , 4 1 ~, 1 S H ' U L A T 1 ()tol I)F T H f. "I I S U f) -.., 0 T 0 1/ PRO C F SSE <; 1 ) 

"'~ITE (v,O:>l} ;.l Z) 
.; t; U L fu R r .. A T (/ I I / 1 rl ," " .\, 1 T H 1 R I) I'. :<T I: " S ! \),', , I F P HOT 0 T Y P t ,'1\) 0 EL' ) 

'~KITE (I),O:>I)ii3) 
6 i' \J 5 F I) R " A T (/ I / / I I / / / I 1 ,-_ , ~ 5 ;< , 1 h. ,\. f' ,\ P ":l 1 ) 

"I" I T E (1"t,U, i L,) 
0 ,' J 4 F tJ h' .. AT (1t1 ,) ~ X, 1 K H '-' D t S IHH '/ I.: ~ ~;r T Y , ) 

"k l IE (I),bO"S) 
6;;t)) F(}K'''. AT (1" ,.5iIX,'lY-,'9') 

C AFTE~ rR(~lING TITLE p nGE, ~U TO ~EXT PAGr ANo PRINT ARRAY 
C V F P f, R A " t l (R ,I", ,-, <: S _ I; f- -; F " r l ri S, T r i,I E - ~ L ! r. t P 1\ S s, SKI I' 
C F n -ELI .. ~ E S M; j P 1« ' ; T P " >! f. 'i f T f P Ii A L U f S _ ~.: .\" F I V E I' Il R E 
C LI C'E!> M;O PRINT SELV"O PASS ~E~:Jt_TS. ETC. REPEAT OfJ 
C '·;ExT f>~GE. 

2~ WMlfE (o,OOUH) 

ou1fJ 

6 ,; 13 

'.~KIlt (0,oUI0) 
.,KI'I: {(" o,,', l) 
w" I T E «(, , t · "j i ~ ) 
~,qTE «(.,6';-1)) 
"'KITE (~,6dilt.) 
wk!1t « ), t .. I )'l )) 

.... kIT E ( .:, , t, lJ ~i !') ) 

",/r.1TE «(",c. I ) ·;!) 

f0H' :AT(/IIII/////111f, ,31,X,'l',7X,'TlME,,~~,IHHEI~HTI,5x, 
* 1 :~ LP~ ~~ ',jX,'~LPrl 'lrl ',6X,' ~U IST') 

F 0 R ," ~, T < 1 H , I. il x , , ,[ f I} i _ ,_ 'J ',I , I " X, , ) ,j T t R I: E P T 1 , !)~: , 
'ir I r .. 0 1 ~ T I , .):\, I ,\ L P ~ ,\ \' c. :) f , j " , I A, L P tI A H 2 S I , 3 X, I pel S T 2 5 r) , ) 

FOR -. A T ( I ;j , ~ II ~ , 1 , .; D t' L Y 1 ii ' , 4 X, 1 rill [ L P I <4 ' ,") ~ , 
.. I r. 0 1ST t.. ) U t , '+ /.., f ~ ,:\ t, jJ 'I ""' V , , 4 ,< , I V .:\ L PI, A J.i I , 7 i\ , I P VEL I ) 

F (j K I ; A T ( 1 H , ~ I ~ , , "f) f LV C \; R 1 , 3" . , I il 0 eLf' COR' , t·/. , 
~ I : ~ V F. L V ' , .) ,X , , V f\ L P H /. I} Co I , .~ x, I V ALP H A H 2 ' , 4 X, I P VEL t. 5 0 J ) 

F l) K ,- A T ( I 1 H , 3 u ;<" 1 :'< :; I; T k 1 , ~ t , . i'i < :, C T f< ' , 1 I) x., 1 Ii 1 ,ox., 
.,. , o' E T.I, " ' , "X, 1 i> E T h H , , ~ ~, , 1"/\ C C t- L ' ) 

F V to{ i . A r { 'j ! I I' (; ij .". , , '.,. 1 ,j..l C 1 ~ I , 6 X , I 1 r LAG I , 1) X, I PHI I , 5 X , 
"J( I \; ~i E T ,~ V I , :) "" , V h r. T "1 i I ,. , 4 :~" ! i-' i\ C ( .s T IJ I ) 

F 0 j.I: ! AT ( i ~1 , .J 1 ,\ , I :> 1 LJ •.•. 1 " l ).. , , T f (, LI I , ) X , f Ii E T .; V t. , U I , ') X , 
.. I !, r3 E T f\ V I , ") X, I )..~) t 1 ." I j I , !> '.( , 1 \I ti E 1 A V (. ) t ) 

r lJ ~ .~, A T ( 1 ,1 , '" " ).. , t D'r G . ~ ~, \,' I , ::. X , ITT li '- ') l.i I , j X " I h t; T A H t. S r J ' , 
't j .x , I At: t T ~ \J 2:> I , 3 x , I A e f l t. ~, t. ') I , .) X , t V tJ t: T 1\ i ~ 2 5 I ) 

CHI T H ~ StOll, (1 S F 1 r" E k r;" lJ S S - C 0 iJ i, TOR I) () '.' N - T " f - L I ,J E S 40 T 
C PV ~~TI~ATj~G COU~T A~~LtS TV [~FT (IF ~~U TO RIGHT OF 
C J f' ? I!I-. f. ! ; T ,\ ,.; Il C I j () v S p, U -. 1 v - f' (I HI T () f L A I~ (j ~ R (' F T'" 0 ARE,\ S 

.'Su 

TAU = '. T~ '.(<?i' - ".l)/(3 ', - Xi! )) 
S 1 V = A 1 A;I ( ( p Y - y, I ) / ( P 1 - ;; l., ) ) 
HIIl1 = ATA - d(Y~IJI(.)'; - Xc: ») 

I f( TAU - S I 'J • L T. <; I (, - K ,I ,») G C. T C) 3li 

i .j [ T I.. = (5 I G + T ,; Ii ) / " 

GO Til 3) 

IH~r.; = (~lG + KOiI»/2 

t', f, tl'..itl ·r:: -~.~ 
d I' :-.: L oj ['J = 1 f.. a :J 
~1'Jt:I.'1'': = >1.'.;) 
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41 

4.=, 

42 

S (I 
f) ") . II .'. 

6 i, 

6r, 

7il 
7 '; 
" ,) 'I ..,. 

i. = ;, ':. ~ l ( ,-" - "\ i J ) ,.. T "' ri < T rl t: i .; .i ) 
V = '~llS(VC; - l''1i 

' 1 F ('lO .ljO. PY) lin Til 41 
If<THF.TfI .U~. L' .U) (iO TO ,,2 

If(1 .(,L v) Gll TU 4i.1 

J " J I, .... : :::: •• 1 
\ill '[I) 1,'1 

IF(T HETA .GE. 0.1) GO T O 44 
1fU .St:. v) I~ ( ) TI) 1,7 

IS1G', = 1 
GIJ TO 1+'1 

I f (L • G E. V) (j I! T 0 47 
..,,, TO 40 

IF(L .Gi . V) GU TO 48 
GI) TO 47 

0TGU0 = ISIG~.«~X - XIJ)*TA i,(THETA) - 2Y + va) - 1 
rTr"j u = (f'x. - XU) I (pVELH"*CI)$ (l HETA)) 

T~l = ~'/~L vJ/j~ U 
11Hcll;llT1' = ,JV l:l'J i'j' - 1". 'J *r ·~ -I.*T (11 + 13HEIGHHi 

rG N = S'i~T(~riE:Ghil/16.u) 
Ti..J :: T ':ip. + ";·"! 1 

I F n< v d," \J'K T G * CO '; ( Pi ETA) + ;W • Ii To '7:1. (1) (j 0 TO 50 
If( : .:VcU; . ) ·"i,j*SI · ~(Tdf:TA) .,. Yu .f,t. 1;.0) GO TO hO 

'.: R 1 T t ( 1J,6)()11) 
F0H ,OAf(II//111H , ~OA,ISAl L OUT O~ 80U~DS') 

S T l)f' 

PJ = (:5 'I • i) - X lJ) I ( "V r:L H U .... ; 0 S <T H n .\ ) ) 
If(nJ .LE. T '~l) \ill TO 1(1 
IF(P4 .LT. TG) (;1) TO 6il 

I F (;j ,I to ll.i if T 1 -" 6 • U 'k ( T f< - Till ) .. " 2 • LT. 3. 0 ) GOT 0 7 1 
(;,) TO 'II) 

1 f (i; II:: l v IJ * T r', -1 I:> • ( I" T ,I .... 2 + i3 H ;: 1 Ii 1-iT 0 • G T. 3. ()) GuT I) 90 
\,ii [TE( .~,b6 "Cj) 

~O khA TIIII/I/1H , ~jX, '8~Ll IN N~T ') 
STOP 

9\ ; t', = -4 
GO rv 104 

., (.j J IF (l . l1. T T Co n I) *1 tJ i I) (j 0 TO 1 i) 1 
1 F (S ,/1 T C H • t i.l. 1) GOT () 1 Ii'! 0 

S'NI1CH = 1 
IF(gV~L . GT. P~~~TD/3.G) GO TO 105 11 

C SET S ToR T I , n, C 'l 'J () I T I 0 ., ~ H) R k to C F.. l I} F. R T (J H IT A r. j 0 P P (J fJ H T 
C T \) H ~ C i: 1'1 EO, lJ 5 I ', G J S I (, "; f i) R C;)"~ T R I) L 

, i J ') r:~ 

61'.' 1\, 

AX :: xl) 
A Y = YI) 

'10 = IK - P. ~{ 
\,1)" 3'7 - Pi - JSiGN~f'IJIST 

~HtlGrlTIJ = ~HE 1GHI 

P'. = fd - ,\X 
PY=!)1-AY 

P~fl:'HT = 5.6 
I' i> 1 S T :: I). Ii 

'-'Il l T1 = ~ 7011 
,'Ill T< :: 1,.2~ 
"U LT5 = <0 \ 1 

,R IT I.: (c, hiiljlj) 
fON~AT(I/III/lh , ~1x, 1 ;1I S~tD J~TERrEPT') 

S10P D5 

, I . 
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" 
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"" ITo ( 6 , b '. 4 " ) I, T I " f. , 8 Ii E I GilT, !\ L P H ,\ V , ALP H -'Ii , P DIS T 
r: = -'j 

.• ,-" 1 : ~ 
',)k1TF 
' . .,.R!TF. 
'..I" iT E 
','k ITE 
~kiTE 
\'ik ITt 
"kITE 

h i' ~ ; \ . ) .., 

~ .', , I i I )) 

( .,;c 1 ":Ii 
(. f, , b 1 ')i l ) 
(f, , "l~'u) 
(o,c'11,)) 
«,,01 fl . )) 
( 0 , (. ~ ? i. 1 ) 
«("r, l~J) 

1. ~ i i "_ ~ ,Ji, t IGHT, '\l.~~1,\VJ'ALr·tl:\H, P[j 1 S r 
: F 0 L L ,) '" , 1 >iT E II ,; E" r , 8 ') 1sT , •• LI' N " V ~ ') , ALP h ~ H 2 'i , ~ D ! S T 2 'j II 
N 0 to L Y ! ,\ ; .; u t L ~ r ,~ , b U 1 :; T " 5 () ; V ALP H A V ; V ;, L P II A i1 , P VEL 
" D i: L 'I CU R, 1'1 0 ~ L " C 'Ji, , U 'J f LV, v A I. P H A V 2 , V ,\ I. P d i\ HI., f ' V ( L 2 , u 
,; seT .1 ; " ~ ~ C T R , ~ , >I t T A IJ , IJ 1: T 1\ H , P ,~ C eEL 
II l lJ U ( T" , 1 F LAG, Pili, V II ETA V, \I il E T ~, H, PAr C!; T 0 
e T .~ \J , T T G (I , "E T " V,~ ~:.J , ,\Ii ETA 1/ , /\ 8 e TA H , V '.I E T 1\ V 2 :> 
D T G 2 5 ,J, TT G £ 5 !.' , u ~r A H ,~s IJ, A! ' t 'r A 1/2 5 , ,A ~ r: 'I' A H ~ J , VE< ETA H 2 ~ 

11>4 K = K + 1 

6 1 iJ ,) 
6111 ' 
61~u 
c " .h1 
6 4 41. 

'j VEL d = 8VtLHO 

F(; ~ , AT 
f (, K ', ~ T 
fuR ',AT 
f(jR ," AT 
Fu~"AT 

(l H ;~4',2!","F11 .4) 
(/.11 ,~4X,~111;4F11.4J 
(111 ,2'+t,6rll.4J 
(/////1~ ,24 ~ ,l11j~Fl1. 4) 
( 1 111 , Z" X, 1 1 'I , S r 11 .4) 

C UPcATE TI ~E -SLIC~ AN~ Tl~E FRO ~ PKUGRAM START. TEST TIM~ FUk 
C ~ !or t i \j F ,~ T ,'. h t ',; j ; ' Ii I S DEC ELf ~ A T ( (."'1 • U<I TIl<, 1 i: I'R () r. t: S 5'1 N G 0 f 
C !, I E;· ::;..( A l. F u L I. !) ri A ,'~ U I ~" r ~; ~{ C E f .. T L (I :) .., • 

1 ; 'j J = 1 + 1 
Tl"~ = rI l",E + <l.tl1 

TI G0 = TTL0U - li ~I E 
OTG u = 0T~LG - ? DIST 

I F (TI .- ' i' • I. 1. C . \l'k 1 T (j ,) (, / j . ;J) Ii I) TO 11/J 
IF (If LAb .hE. 1) GU TI) 110 

, P ,\CCEI. = I'ACCSTO 

CPO:, If 1 Y" A I" 0 \I E U) CITY I) F fl ;\ L L ,4 il E r. 0:'1 f' UTE D III C 0 U H T C U 0 R 0 1 " .or E S 

110 CALL CU~PUTE 

If(1 . ' It. 1) ,; ,) TO 112 

C SET :;L,\i<T 1 ",G ANI;UL.AR f' OSJ T lorJ FilH EYtS OF PL :'\YEk "~" 

8f.~ f,v = ~LPHAV 
h to ... 1\ " = ~ L f-' 11 A " 

'C i, F.nlVi:R ESTU)Ht:S D I RI; C1IU ,'J (IF 'l'.lfl0tJ AND STARTlNG 
C ~ Cr E LE RAT ll)~~ F0N RUDY A~I' EYE .iOVL~ENTS. 

11 2 

,1 " 5 

11 4 

1 1 b 

ALf-'h ,'\V1 = AL" HAV 
AL"' .' l\dl = PLr'H ,\" 

tf([ _ . l[;. 10) ~I) Ti) 116 
ALPHnVD = ALPHnV - ALPHAVl 
AL~HR~D = ALP"~H - ALPH ,IH 1 

IFU, LPIiA:IO .LT. I).OJ (;0 TO 113 
J~IG'>j = 1 

,,0 TO 114 
J SI"rI = -1 

f'ACCtL = I\RS( '1Ul.l1~~, LPH t.H") 
~ ,if T /1" = A C, S ( :1 e'l. r,~ • ,~ L P II 'I V II ) 
,\6t:TAH = AdS ('1UL T ';* ,4LPH"IW) 

1 F':'LLO,; = (i 
rll,T cii ctPT " 1.1 

,, ', : , llCT~ = 10 

:1 00 L Y I Ii = i.: 
', 0 t L i' I i, = .3 

I f( I .01.; . 1) lJU TU ,-, ;'1 

C iJPi'ATt cr,U ' iTlRS 
', CSl T~ = "::'CT - '! 

~,~cr~~ = -~~. ~C; ~ 
i, 1i ".IlTII = "l'-',ICI - 'I 

, , 



c 
c 
c 

·~'IFL i r : . -
' , D t L " {" = 

~~)ELy, l l ~ = 
:~ j" t L P ( IJ , = 

. :r' L,i '; - j 
"'.>cL~J , ; - 1 
· i)FLYC<i'~ - 1 
dVoLPe,," - 1 

~, T .~ T!J S C~ ; E ; ~ ~ ~, ~, t· Q r /: ! I ~ :.:. ;. "j T i', ~ f' T L r. ' : I , I r U' ',' D 1 T 1 (1 'J (l F 
' i t , '\ \' I~ U II '! ; i, '_ 

t'R ,;CLSSEO. 
~ . ' ::" 'l. ~ , Ji ": , . / :,,, r , 'dl.V ' , l_uG leS 

IF('j0~U'C0K) <'0U, 211), ~2lJ 
I F ( i, iJ ELf ~ I) k) .5 t Ii) , 2 ) \.), I~ (, i ) 

C CO I: AECT F0LLIJA '10Vf~[~r O~ LY 
251) A!,ETAV = ~~~TAVT 

A~~TAH = A~~T~HT 
GO TO b~U 

C riO CuR R E C T 1 (If, • IJ E LAY ~; 1 j L L. 0 P U; H -11 V Eo 
lb.,) Gu TO 630 

t 1 iJ I n ,J r, ELY cuR) 2:; I), 27 u, ;> ~.rl 

C CO r. RtCT l;;rE"CF. ... T ; I)Vt ;iC',T i,JIIL. '{ 
23u PAC[EL = ~ACCST~ 

GO Tn be;) 

C (O ~ ~ECT ?(lT~ F';LL.u u A~D i'ITF~CEPT ~OVE~E~lS. 
27<1 A " r.T~ \ = A2tT:,\f1 

~~E T A~ = A ~ ET~HT 
(] \) r ,') L .J \J 

CUH>ll'rT 10',1 
C :'::~ 'i I:' 

C 
C 

rr' k'K "tT 1!" Ttf<~f;,.T ;lI)VE', t,',T (l h LY. 
S 1 ILL (, P f. R ;, T 1 V ~ • 

FJLLUU c rIRIIECTIO~ DELAY 

f" ,\ C C t L = 2 AC e S T !) 
(,:J Tli b.:!IJ 

Irl~bELYCOA) 240, 2Yu, ~9~ 

C hO CURRECTI ') ~. DELAY STILL OPERATIVE. 
2~n ~0 TO o5U 

c C ,) -~ ,de C T Ftl L Un' " V V fl.. f d r u " I. Y • 
C ~TILL IjPt:R:..TlvE. 
2';i) ~bETA'J = A8ETAVT 

AGETA~I = ,; .ltTAHT 
Gtl T,) 621) 

i '~-rERCr:PT Cf>K/lEC'rIO ~1 DELAY 

C tW C I) R i/ E C T I 'iff • Ll ', iT HOd, A Y $ S TIL L <') P f I? A T I V E • 
2'1':1 G" TO lUl) 

C CrtF_CiC. CO rJDJ T ) ')'1 UF iJtL"n 0 1' Ft:l,L',l.l 1\'10 r"TEI!CEI-'T :~O\IE~ENT' 

'5 [, \) 1 F 1 "I!J t L Y ) . ~ ' • G T. II) G \J T" _, ~ D 
If ( , ;!)~Lprl' , h I. C,) Go, T0 "1)0 

C $ T , q T I ,; G II f, LAY S "IIJ t.lH Ii t R C. P E II A '1'1 V to, SOC H f. C f: S T A Tl.1 S 0 F 
C TIIF rOI,Lv~ ANU/~M J~TE :c CtPT LOGtC TV ~&TA~LISH PMOGk_M 
C ~ 1:>' II ll'>i C " • 

I I (1 F ,i L L u '. • E 1.:. 1) (;0 , T I) 5 n lJ 
I I (I , n E.l C U"'I • F", 1) ('1I TI) bUO 

C IJ THE I: ,.J I S F. C I J V:,T F. 'JIlT II F (J l L 0" ,', \ il 1",- ERe E P T L 0 (j 1 C • 
51,J (",LL ,,>! = 1 

( " T F. k C t r' T = 1 

C [ ,' I T E k I ,', F iJ" ' ,,\ T I IJ :'1 P V. (l C c. ~ S I ,0 (; L OJ' ' P F') ~ F (j L L 0" A/; 0 l~' T f' K r. F P T 
liV TO n~[: 

C F :) ILL, ,I L I,' G 1 CST ILL '; (1 i A L T I '1 f • 

IF( ' ~I'E:LP! :~ .GT. ; .1) ~;I) T I .») 0 

C 1-', ; i: " C F f' T I .. fl I. 1 C u f L 'i Y -, co Lt.: h,(j F ': !) I' I' KAT I V f', S f) C 11 ~ C , S T t, T U S 
C t , F 1 i j T r' k C E r ' 1 Lit! J 1 ( T (: ~, ,, r ;\ r-, L ! Sci PI'( n G r{ ,'\ ~1 S f. L: u ENe I: • 

l~ (I lrl: ,: Ci..P ":' .E' i . 1) (;, ', TJ biJlI 
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C l :dt' I'clPr i. •. I ' · Le '''.I I AC l i 'Jt, Sf) ,\C"U ,.": A~. C IJE Cd': P·<lJCf: SSI · , (,. 
1"'TEKC tl' T = 1 

C ~ "i T E k PI F ,) " " " T {(H; Pi< (J C f, ~ S II. (; u .. ) P F UK l Id ERe [P TAN D 
C ~ Os Sl H LY F J LLU~ LOGIC. 

\; U T () 8,' ~ ) 

C i , ".I i i, F '.1 L l I). . ,". J 1. -, ~ :: r.·~ ..: ::- r L ( I U I C V r L ;' l~; S T } L;'" u I-' r. RA T 1 liE J 

c . ~0 ~O p LAYER ACTION. 
550 GLl TV 100 

C ~TENCePT LO~lC IIELAY ~TILL OPE~ATIVE, so TtST FOLLOW LI)GIC 
C STATi.JS. 
4 ' ) , ) I F( rr" L L v .,J • r.<,. 1) GO T" t. ) () 

I F'JLL O" = 1 

C t:'lJF.K UiFU ~:~ f, TION PRVCr:SSr,-,G L(;()P FOR FOLV':.i A~D POSSIRL.Y 
C I ~T tHC[PT LOGIC. 

(iIJ TO OciJ 

C fO :. LV ',J L"GIC f,CTIVe, SO dlTfR 1 '"O;<.,';TIOI. PR clCESSlrlG L li OP 
C 4S If IUTUC f PT AL SO ACTIVE . 
4Sil H('1IU.1CTR .LE. u) flO Til lua 

GO TO tUG 

C FOL LVW LOG IC AC TIV E, Su TE ST 111' EHCEP T LOGIC. 
5 (l!) I F< I " Tt R C E PT. h I. 1) GO T oj ):i : I 

I I (;j 1 U 'J C T k • L E. 0) G oJ r 0 (0 (l 
I '; T t i< C E P T " 1 

C EN T H I N F 0 ~ ' I M T I () I, L 0 0 P T U PRO C E:, S F 0 L LO ll A:<; D 1" T ~ R C E P T LOG I C 
GO TO 65u 

C ;:, n r Ie F () L LtJ 'n' /, II ~ 1 'n ERe I: P T LOG J C ~ A, C T I I} E • 
5 5;) ,,() Tll I.\ ~V 

C I ·I f E i< C r: P T L I) " I C A CT I V E , S 'J T EST I () U .; ~; r 0 U " T E R • 
6 L' (J I Fe ,',1 U 1 ) C T R • G T. U) GOT 'J b;, U 

IFOLLOw = -1 

C E ,n E f.. 1. r~ F l) I' "!,\ T 1 O!~ LOU P TOP ROC E '; S 0'1 L YIN T ~ R C E P T LOG Ie. 
GI) TO lUi) 

C hI ; , ~lS cnU ro TFH STILL tl f'tl( ,HIVF., Sf) F inER !.'I F()R~ATI()N LoOP 
C TO f> k'J C E S S 11" T F. ~ C E P T .~ " v F 0 L L" W L 0 Id C • 
6~1J 1 fi)LLOioi = 1 

_ (jU Til 85(1 

C hIli. 0;J L !'>(;( CAe T 1 V E A "I " 1!J U ,., S ;" E I. A Y -r 1 1'1 EPA $ S E l> , S 0 
C ~~ 0 LtS ~ O~LY F0LLuW L O~ IC. 
7 (I i) Hi T Eke t p r = -1 

Ij\J TO oSU 

C INJTIALIZ E T PAJ~CTOPY ~EL0CllY C OI)~TEMS FUR NECEIVER TO BEGIN 
C V~LOCITY A V ~kAGING. 

C 
C 

:,) C T k :: 5 
rJ,:5CTN = 25 

"1udcTR :: 1 ;) 
d V S UW = l! 
r3VSU ,"1 '1 = ( I 
TOTAI.V = l; 
T O T ALII = (I 

I '; ! T I ;\ L I l to F t H, hI i~ ",t k il C i) ,1 PUT A T I (r , 
A~ !' vE LOC ITY 0F PLAYlR q~D LI NE O~ 

li ET,\\ ST = ,1 FT ~J 
i1 1:-T ,\'isr = btYAH 

VRETAVSr = V~Er~V 
ViiETAtlST = 'J i ;tT"rf 
G ",l;,.~ It ST = r.LP ii,\ V - lItTAIi 
ijf. '·, '; \i !ST = ALl'riAH - i!f:T~'! 
V(~A. I ;"\.. ST = VA. L ~ , lA. \; , - VRr. ""AV 
v t', A ." A " S T = Ij~. L i' i! ~ " - v f:j f: ':' A Ii 
,'(J [ 5 T S r = P D I ~ T 

t' \, E L <; T = P" E L 
Pft L CbLST = Pt\CC~L 

. ",,'S T :: ~ 

il it F. I t, I S r " ., H E i r." , 1 
T 1 :.: t ~ T = r I . .., E 

D8 

li S I" r; CUR II E r;T V ~ L I I E S 0 F pi) S .l T I v ;; 
SIGHT A ~ D LI~E TO BALL. 
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1\, '1,\J';i - ;' ~:;_TI,\I 

A i It, '!ST = {,t'tTAri 
1 'I = 1 

C bf"Jr· ;:'R('C l ,)~i.'jG F0LLOCI A'lI.)/IJ~ [r,Tt~CEPT l( , GI(. FIRST 
C v fJTAP< ~'vr. or,GE Of vrRT.lCAL Cu i1P ' HI~ ·'ns or TRAJECTORY 
C ': r : L· C J T Y t ,.... ; \' ~ i ~ ~, C, r ,); i -H) .~ I Z n ~~ T A. Leo tll-' (J jo.~ F. N T S • 

0 ", 11 IH TT b'.l , L ~, u,2~) Gli T') 1110 

i3VS U',l\: = t"J5Ui"lV + ilVF. LV 
RVS I,,",H = b\lSu"'H + f)VELH 

1;35 

I F ( \ :; ( T K , G T. 1) I; i) T (', r.. 3 ) 
"V ,'.Vf'IV = 'iVSIJ "v /S , O 
j,VAVt1rl = HVSU'f!/~,O 

!:iVSU .4V = (1 LJ 
8 V S U,., H = Ii: U 

~j"CTR = 6 

TOTALV = TOTALV + bVAVE 1v 
TUTAL>~ = TuTAUi + "VAVE1H 

I f (,125 C T R ,'/ t'. 1) (,0 Tel (j 0 

C Cf), PUTE PLAYER'S ESTL IiI T" OF T~ /,Jr.CTOI{Y VELOCITY 
c C'),PvI.C'iTS LI~!;:li AVi:h ll (; E VELOCITY. vCo~: IS 1\ CONSTA~T TH~T 
CAL L () w S F [j Ii V 1\ K I At' L EST;. R T I " G C In D 1 T I \J r~ S , 

HVAVE2V = TUT~LV/(>,n - VI:ON) 
aVAVu'H = rOTALIi, () ,(J VCC,N) 

C Cu - PIJT~ oS [I"(,Tt:~ VALUES ,OF PLAyt~' S IlI$TA"'CE AT rAINED 
C I" 2 ~ 0 '1 S A ,'.j (J P LAY t R V t L \I CIT Y A T (. 5 iJ "1 S , 0 AT A, LJ SED 
C f<H tOT,1 F,'LL"" '\ "ID INTEoilF.PT LOGiCS, 

P D rSTi50=pnlsr5T+f'VELST.nELTAT~+PACCELST*DELTATl**2 
F VeL 2 5<>:: P VEL S T ... p" C eEL S 1* DEL TAl ~ 

C TE s T STATU S OF FULLO~ LOGIC FOR I IHO PROCESSING, 

IF(IFOLLO~ .tU, -1) Go 10 910 

C P[;" CESS FOLLlI\~ LV'3rc uSI', G F:STI ' lATt:D PLi\Y~R POSITIO!,; 
C M i:' VEL 0 Cl T Y A Ii i) P k EPA IH: C I' R K E C T 1(,;, I F N Ens S A R Y • 

C T Es T S TAT U S 0 F H. r tR C E f' r li' G I C f (> H J '~;: I) P K U C I: S :; I N G , 

Y 7' I I F< Ui T ERe t P T ,til, -1) G (, TO 't 'I ,i 

CPR 0) C to S S PI T E H rEP T LOG I C (I S I 'i G Cq( HATE D PLAY t K POSIT ION 
C A '" ii V E u) CIT '( I'. ; . 0 P R f- PAid' C Ii ;.: k t en IJ " IF', E r. t S ~ Afi v , 

IF(1t',C:ST ,GT, TTGil" 'IS ) ';0 TO 'r?Z 
n T il ~~iJ.: '1.1)*(ll T(iOlJ - fJ[Ji:;Tt~)~I) 

tj(, Tt) lll,; 

IF(Tl ~lt ST .uT. ~,I)*Th()(J!3.;) GO ' TIl ')'14 
r)T",~~fJ = 1,1 lj*(vlG(,J - r'DlST~~U) 

';1) TO Y'13 

C; 74 D T G ~ 5 I.' = 1, u 5 * ( L'T '; 0 IJ - P lJl ,; T <: ~ <! ) 

973 TTGtS0 = lTG0U - rl ~E ST - IJ.~S 

C K F " f'l V t R l (, "1 f- P,;l E'.i f S 1 I ' 'f, T Ul A C1 ;J ,; L w iT II EST 1M:; T I, D D ~ S r RED 
C v ~ ,: (i CIT Y A T T " t: i 'i Il f'I A ;.: l( • 

P/f !S T ~ = 1Il,()*')IG ()"I /(1,), U ~lr(i(l,) 

l F( T I .. , t S T ,(>T. , 1 T I, ' 11.1/ j) 'i» T (l Y /j d 
;:·i\C f.~T (! == .s.[ \ .. P\j ·"~TDI : rfj[)i l 

I'"VST!JSl = l)i\~ L)TO If 1 1 ' 1F.:':'1' 
r'VS,cl~'>LJ" "V:; ',',_51 + ,' .\ Cl:orD * DELTA"-' 
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lr<.'. ~::.,<: V"' :"-;<,~ , - ;" .. : :....,!~, ' .) . iJ· ~ : ' . , 1·1 ... ·(1 \:\~· :I ~ :·l tJ +rvt. L?) . j)) (,l : TI) '/ 1,,. 

IF( r'\I ~)T :; ~~ . J - P'.' t L2:'J , . 1.lf . d . ·. J) V i) Tv r .J~1 
t-'~r. CST t.' = 11 . U 

C f' r,( CtL ,~US: L E S;:T 1 U LF I' ll ~LS;" ,' uT ·iJlIS CA I~ 'l 81: [>i)'iE 
C 'J j., 1 I L HI to u E LA Y, ' i U f: L P c [) ~ , . F C, ~ I'L e n k C () jj R f C r I U Ii HAS 
C Cil l ti T tl' .) \ ,1 ... "4 

r' j :, f L t-' C I) >< = {, 
G () T (J 9 II 7 

IF\Tl . .j~ST . (d. 2.".TT<,U lJ I3. iJ ) GO TO '107 
?VSTuiS <J = PV,\ STIJ 

PAceSTv = \t.i) 
'~)I:LPl0 ~ = 4 

I F ( AilS U' v ~ r D ? :>,) - P v H , 'o " ) . L [ . u. t)) " ( P v S Hl(: :;!1 + P V I' L 2 ~ U ) ) GO 
i f (P v S T D" 5 < 1 - '" vEL;~:' li • LT. < < • II) (; U .,. 0 Yo i 

P H C S 1 0 = - ( ~ • 'J ~ f' '" " S T CI I j ) I ( 1'1' G " U - 2' ... T (j () (J I 3 ) 

C P i\ ( C to LI S ~ L S (j S d T O T h iS V A L II b b <JT r, U T u I IT I L TIM E 
C !:U U A L $ Z.T 'rG0J/S. 

'it'S 
'11< I) 
'h, 

P /' C C S n' = - p v ;~ S H. I (, T T S" J - ~" ; ';" <; 0 lJ I :s ) 
Gv j ; 1 I ... H6 

l'ACC,rD = - () . l' ''PV :' '~ TPI/).!J)/(T7 'ol)t) -2.IJ*TT r, IJIi/~.(j) 
IFLA C, '" 1 

I ,' IT f.CJ: ,) T = li 
I F UL L ·)" = <', 

(.=(1 :I,J 1 ( 'I.I 

If(!FfJU,N .EG. 1,.. GO TO 1 00 
. 1,TFKCC.'T = u 

1 F')LU' .. = Ii 
Gu -;-" 1 DIi 

E rJ I) () F S E G to'l tNT, L [= r·~ t1 T ;~ l r' 54, N A rl t . TEN H 1 ~ 
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CU ('1:::)'J/ :.";AI.LI J( , :iV~LV, ' :- ,. vcL;~, "tl"'l:" i')rlE:l. l.i JiT,dDlST, 
"" P01~T, r,l"'~i\\f, hlf'''/lil, Pdj, V~. Lr'· H,;V, V~. I.PIiAH, 
~ - X" y, -.~ I" r-= L '( 1. ", ;.: t':'r t\ 'I, \/ ,~. ,~ T ., V " 1) ~ 1_ T ..:. T 1 , 
;.:. ' .. L ! .\ :. I ' .,: r :" " I: r ; . 1-· i ,",~ i } '.. . 1_· .... , I. \. t.: L , 
~. Tl " , t~T, urtLi.It..)LJ, tIHtiG-(!)T, b'J.-\VtI..V, DtLT/\r~, 
,.. f.i2ji), k~;T, HV,\'.Jf:~H, UIlJS TZS " , rHtTA, PDl~;"?~lJ, ALPHIIV2':i, 
r A L? H A rl i ), V p, L P f!,1 V ", V ~ I. Ptj A:i ~, ;.. V u. 2 :; n, il ETA V 2 ~ (), H F T A V 5 T , 
k v 8f-TAV:,T , A'ofTAVST, ,,~rl'<i25", ,, ~T~HST, VIIETAHST, M)c'fAliST, 
.. V '" l T A V", :" II l; E T ,HI ~: 5, r, A" ft V ? 5 .J , G ~ "" ,\ H ! 5 I) , 'J lJ " ." A V L ~ , 
7: V G /' .. ~1 A HI.), \j I; (l () f; r F F, d A". (j i) If;:, 'oJ i\ ': \/ r:. 1 F F, 11.\ ,~: V D IFF, 
* h'" I. T A V' ,.:.:,>, II" r T A H <), "'i I: T A I}, Ad t T i\ '.iT, Afl ETA H, A:'l ETA H T , 
"*' r. D t Lye IJ h:, T ,\1'l, T!' ~ 'r ~ i n, () H t: ( (i i1 T U , L~ H E 1 ("1 H'r 1, !3 VEL V~ .. , 
-k AU, Yt"i, PX, f-lY~ l!Vr:LV!l~~ 

C CO,;PUT~ l'u3ITll)'l Alill VELUC1TY dF il.4LL IN COUP-T COOROS. 

II = (1 V E U; " T I n ~ 
t1\J~L"Jf.l~, ;;:: ~~ .. i l~TG;';'; 

IHil ·'C ,Lt. r~'i) '0<; T" l.)d 
IF\Tl~E ,lEo IG) GU rul~_1 

b" ~ IG IIT = 16.0.(TfMf - TG) - lb.Un(TIME - TG)*-2 
::lVtLV" lD.!.I - :i2".I ',(TI"',: - l~j 

(if) TO 14U 

1 2 (i " h EI (, H T = rl ,I F lfd T 1 -1 J , I:> '" IT J til' - T '11 ) - * 2 

1'S1J 

C 

1 L, Ij 

8VELV = .5<'.0"'.0)"11' - L,11) 
~o Tu 11.0 

tJ H E 1 G'iT = i1 VEL. 'i (J • T 1 11 E - 1 b • () * r :c ,-,; r *,,2 + k H rIG H T I) 
;ovf.LV" fl'li:LIIl; - j~.l)dI -' E 

eli ,PL'Tf ';IST M JCE "'10 '\',GuL,~k PlJ'LTION MJD VEl.ueITY OF t1iILL 

x = .R.C0S(TliETA) + xn 
y = w*~lN(Ti~ETA) + Yll 

D D I , T = S Ii K T ( \ I' X - ;,). * 2 + (P Y + J ~ 1 G N'" P D .r S T - Y) *." 2 ) 
',l p" ~ II = Ii r A "j ( ( ( , d ~ 1 (j fi T - ". I I) III DIS ',. ) 

,;l"rl,dl :: H>\I'1\Y - I'Y . - JSIG" '~PuIST)/(P;': - X» 
'i.',LPillIlJ " 8'.JfLO)If<~ISl' 

'~ = (py + JSIGMftPJIST - Y)/(PX - X) 
Pt11 " ATAN\';; 

VALi'iiA,1 = (HVtLi;*SL~\HIE1A - I'hl) - PVFL*COS(PHIJ) '/IlOIST 

C ,., ',) '.1 E r ~ ,..r i) 1 F- L A '{ EI, " Ii " I S II (.j f. 0;; ,; I G H -r (L U ') ) 1 S DEL AYE 0 fl Y A" 
C ".""'Ur,1 Eq ,),rL T,) T',t: PLAY t>< '~ RE.,\c TIOr;.l!"'E Til ()f'POr.t.'lT'S 
CST .,; lfd ',ti TilE 8AI_l. 

1 f ( !! iJ ELY I ', ,\j r. I) (, 'J T 01 ;'1 U 

C A f '1 t" f H l ,1 F. LAY, A ,'~ G U I. ,\ k I' l:' Sl TId N ,\ '<0 If I; L (j Cl -r Y 0 FLU S A H E 
C CCI"IPIJTf l) , 

HfTAV = ~ETAV + VUI:ThV*DELI.Tl + ,IGETAV*DELTAT1**2 
b f, T A Ii = f:' ETA H + V to L T A H * ,) f L r ., T " + ,I f< r. TAt.; * r, E L TAT 1 •.• ~ 

VbET~V = V~ETAV + A~El~VwDELTATl . 
V~ErAH = VSfTAH + ~~ETAH.D~LT~T1 

C '" (I ''f: r: ~ ! T I) F f" L ,\ Y t R I S ;J E LAY ~ l1 3'! ,\.'1 r,.'10 lJ N T E qUA L T lJ ,., I S 
C HE~CTIIN Tl4t TO vpp()ijE~T'~ ~TR :K 1Nij THE BPLL. , 
1 r, (I I F ( N !' E U' I 'i ,G 1. () (, (J T 0 1 S> 1I 

C TH I~ hE l , rr)!dIILl'J AIJD VeLUCITY Or l'lHI'~ "!i" J.~ illS I-Hf-HCtc'T 
cPt,. :- H A ~ E C <)1 P iJT E IJ ASS" '.J ,', A S T H ,: 'I E L A 'I II A SCI! U Id t 0 D ;j W 'J , 

f' C' 1ST = P " 1 S T + P V,; L • D i L TAT 'I T ;' A t; C r L ." tlE.1. TAT 1 • * t 
PVEL = PV~L + P~C~~L.DELTA1J 

R;:' TURf.; 
[,'4 ') 
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ell ,H'I 0 :,~ I ,I II L L I K, d VEL V, [) VEL tl, '( I .... E, 'i H E I GilT, B DIS T , 
• P I) 1ST, ALP H 1\ V, A L l' H II ,I, f' HI, V A L r'" A V, V ALP H A H, 

'I>' X, Y, ' :Ii: I. Y I ~ .I, :- E -;- ;\ v, \J tl t T 1\ \' r ,):::1. T 1\ T 1 , 
r t· 1 ,';!! / " " . "t'~ " ;> : ~ ~ ~ ' I \~ , P "/ f· L , .' ..... r" C I-: L '" 

.. ii',EST, tlHEITr:SlJ, tlH~IGTST , H'!~I/E~V, ~FLT~,T~, 
* H2S0, KST, BVAVEiH, ~DIST2~ 1 1, THETA, PPI~TiSU, ALPiIIIV2~, 
" I, L,'!iAH2'l, VAU'H"VC., vALPtl".Hi, PVEL~~u, H~TAV2)'!, BrTAVST, 
~ " 'l i: T A V ~ T ,A d t T A V, T, I; ETA H ;> ,), I, "t T A f1~; T, V I If: T .; H S T, A Ii ETA H S T , 
./ V I:i ETA V i: j, V'" to T A H ~ 5, G !I /\ A V 2 ') ,"I , G !\C' ,,\ h ;~ 5 (I, V G A ;1 .4 V l.. ) , 
.". 'Ii G :\ r'1'\ H t.~ 5, V A. ;J G i) r F r, 1"'1 ,:,~ . (; (1 ifF, V A f! V [) ! F F ~ H A I'~ vOl F F , 
,. A;j f T A V ;: ~, .~ h ~ T .~ He), A IJ ETA V, A i lET II V T, A 1< ETA H , A:3E T A H T , 
.. ~DELYCuR, Tol, Tb, rGR, bHE1GHTU, Dit~lGHTI, 8vELVO, 
* AU, YU,. ~~, PY, bVELvGR 

C p ~ , , n s s F 0 '- L 04 L \I (j leU S Ir< G 0 S T C1 A ToO I' LAY E R PO SIT! 0,'4 AND 
C vEl (IC lTY A:,(\ PRE~ARE CllRkECTlO ri rr ... EI:ESSARY. 

I ~ C T I HE ST. L E. T M 1) Ii 0 1 i..l K 41 
HcrF1EST .LE. TG) Gd TV 042 

H41 BH EIT2~O = 5~EIGTST + BVAVE2V'DELTAT2 
GI) Tn 04:5 

8~2 BHE!T2~O = uHEIGTsT - AVAVE2~*oELTAT2 
IJ 4 .) R <: :> U = K ~ T + 'J \' A. V E i It * 0 "L T i, T 2 

t1uj:3TZ) '.l = St.lKT(CPX - Ki.~)IJ*c " s,rHtTA»)*"2 * _ + (py • PDl~T25u - Ri~U*SI~(THETA))*~2) 

C FI ',[J ~" G UL\ R PO S IT I <) N i\ "I U VEL 0 cITY 0 F L! NET I) fl il L L 

c 

H.I'IIAV~) = q~', (flHEI TZ)1) - S.U) IYDIST2'i11) 
ALP II A H 2 S 0: '\ 'I '" '.J ( C M ? ) <J" S 1 ,'oj ( T 11 f.T M ) - P 0 1 S T <: 5 0 ) I ( P x - R 2 ~ IJ * cos ( T II ET A ) ) ) 

V A l. P H A V 2 = '11} I, 'I l: 2 v I iJ ry ! S T 2 5 {) 
W~SU = (PY+PDtSli5U-NZSU*Si~(THETA))/(PX-A~j0.COS(THETA)) 

VALPIIAH~=(BVAVE2H*Sl~(TIIETA-~TAN(W~)l))-PVELz~u*cns(MTAN(W~S())I 
• b0lSTZ5u 

FI ~ D A ~ GUL~A POSITION ~ND VELOCITY OF LOS AND FORM DIFF~RE~CES 

~ETAV2~1) = ~ETAvST + VRETAVS1-DELTAT2 + A3ETAVST.Dfl.TAT2**2 
i.> ETA II 2 :, Ii = ;l t T ~ H S T ... v,, ETA h S T " D E U- A I <. + II ti E " A H S T % 0 f L TAT t.. .. * 2.. 

v~ETAV2~ = VdtTAVST + ~E~TAV~ T.OELTAT2 
Vb tTAt>2) = Vi3f'TAHST + ;,bcTAH:;ThDELTIITZ 

G A "I A V 2 5 J) = ,; U' H A If 2 5 H t TA'/ 2 5 0 
GArlAHZ5 0 = /IU'HAt<L5 - liETAI 12S0 

VI;ArI ,A V7.S = VMYHAV2 - V2UAV~5 
VGA~AHZ) = V4L~HAh2 - \/a~TArl~5 

C T Y j- M l S U L ~ k f) IFF E ~ P! C b i\ " II A N (, ' I L "K VEL () CITY D rr FER t fJ C E S l'1 U S T 
c N0 '1 ~E CO~~A~~D AG~INSr lilt PLAYtK'S STANDARDS Of MAGNITUDE 

If(A8S(~AMAV2SU).LE.U.US*(AL~HAV2S + BETAV2~<J)) Go TO 844 
U((;iHiAVc5u .LT. '].(1) GD TO ~45 

IF(A HS(GA~AV250 ) .LE. U.l~) boro n4b ' 
JF(~ 8S(GA~AVZ5U) ,LE. U.~) liJ To 647 

C VE ~T IC'L A~GULAR DIFF 1S LARGE POSITIVE 
VA'I(jf)IFF =..s 

Gil TO 851 
b46 v~~GDlfF = 1 

GUT Oil:, 1 
H47 VA~{iDIFF = 2 

GIJ TO 6'i1 

C VEk r ICAL ANG DlFF IS NEG~TlVE 

,') .. 5 1F(AAS(iJA",~V~SO) .Lt. n.l'l) GO Til 84" 
IF ( i\ l2 S ( (, A"1 A V ;:: ~ " ) • L E. IJ. lJ) G ,) TO ij 4" 

V~ r<(;D J F F " -5 
(i1J TO 0)1 

M4~ V~~(iOlfF = -1 
GU TO i:lS1 
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liS 1 

v'\ ,'~(,rllrF:: -(~ 

Gv TO 0)1 

V,\NGDI FF = 0 

IF(AtlS(GAt-iAH~5() .LE. u.nSk(ALPHAH25 + 8I:TAII250» GO TC il54 
( !- (.; It :'! .~ ~. ~) ~ I • LT. U.' ) Goof () d 5 ~ 

; :', . , ,', \" ,' ; ,,:" ,) • L E. U, 1 d) G (l TO I:., 6 
'1 F< A!l S( G ~" A II 1. " U) • L E. (J. 'I) (i 0 T 0 ~:. '1 

C HQi-ILO r; TAL Ar!GULAR DIFI' IS LARGE f'OSITIVE 

856 

flA,,,GDI F F = ) 
I;'j To b6'1 

HAt-/G0IFF = 1 
GO TO 861 

:IMjulJ! r F = Z 
GO TO 861 

C HOoIl()',TAL ANt; DIFF IS'JEG.ATIVE 

IF(AI' SCGAMAH25U) .LE. U.16) GO TO 85b 
IflAtlS (GM'~AHd~u) .LE:. il.~1) Gil TO 1l5'J 

HANGDIFF = -5 
GO TO Co>'> 1 

fi ,A ~,(,f>IFF = -1 
GO Tn b61 

f' A " G l) iFF '= - ;) 
I, I) r tJ 66 1 

HA'~GDIFF = 0 

IF(ABS(V0~ ~ AV25) .LE. O.U5*(V"LPrlAV~+V8fTAV25» GO TO Kb4 
1 f (V;j A1 A 'v ~ ., • LT. (J. I::) u 0 1 I) 06., 
If(AHS(VGAMAVi~) .Lf. U.18) GO TO 86D 
IF(A8S(VGA~nv~5) .LE. (1.9) GO TO H67 

C VE;r}CAL ANGULAR VELOCITY DIFF IS LARGE POSITIVE 

V~~jVDIFF = 3 
GO TO 11/1 

do~ VA~VDIFF = 1 
GO TO ill1 

ij67 VANVblFf = 2 
' GO TO d'tl 

C ~OcIZO~TAL ANGJLPR VELuClrY DIFF IS h~GATIVE 

IF(A~~(VGA~AV2~J .LE. 0.181 Gu TO ilhO 
IF\AI)S(V(,A',A;;2~) .LE. U.Y) liU To 8,,9 

VJH~VOIFr = -3 
':'0 TO 811' 

VA.-,VDlFF = -1 
Gu T',) bll 

V~r;VuI F F = -t-
, GO TV 1j(l 

V A '4 V D IFF = II 

1\ 7 1- IF C ; 'l S ( 'J (,,\ -i.\ H (. 5) • L f'. iJ. Ii' * ( " A I. " H A ii 2 + Vb t:T ~ H i j » G \) TO (\ r 4 

C 

H7b 

1>77 

c 
"" ~ " ( , 

I r ( V Gil,., ,\ H 2 ~ • L 1. (J . ,1) 6 u T U Ii? S 
IF(A 6 S(VGAMA'12~) .LE. 0.18) Go TO ~76 
IH~8S(VGA~'~1I2~) .LE. (J.Y) ';0 TO I!d? 

Ii 0 ': !L 0 in A L At. r, U L ,\::; If t l C' CIT Y D IFF b L II R (; E PO:; IT 1 V E 

111I ' :VI1 IfF " :5 
'..; ,) T 0 (\:~ 1 

fL~!'JVJI F F = 1 
~o TO ,;(\1 

HA'dD IF I' = 2 
~o TO 1\>:\1 

H 0 ", I L U,~ T '\ L Vi I" 1I L A k ' VEL, 1 CIT Y I) IFF r S "r: G 1\ T I V E 

r f( i, lJ S ( v (; '\ ", .' H (. 5:, • U·. {). 1 c\.' G ',I Til ,,7 Ii 
1 HA "S \ V(;A"1A"Z) .LC 1J.'i) IiI) TO 61Y 
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i} 7 ,\ 

d 7'1 

~j II ; 'J i,. 1 F;: = - "":I; 

(,t) T') .\~1 
H>\ ',VulfF =-1 

(") TO ,\'~1 

HA'il/lJIFF = -<-
GO TO ,i~1 

h/\,"-:VOI r F = (I 

L1 = VA~GDIFF + VA~~DIFF 
L<! = HAr;GUlFF + ! L~ : ~VDlI'F 

IF( L 1 
If (L 1 
I HL 1 
If (L 1 

• LT. 
• E () • 
.. E <1 .. 
• f Q .. 

Cl) 
U) ., ) 

2 ) 

GO TO d () 4 
G0 TO ; ~b ~ 

GO TO i l il h 
G0 TO "'151 

C VEkTIC,;L DRIVI'JG ACCELERATION IS 1.f.f1'ji: POSlTiVE. 

8~.5 

8';"7 

AflETA'/2j = ~O.<l 
Gil TO 1\'11 

A"ETAV" = Ll.u 
GO Tll 1i':l1 

AStTAViS =' 5.lI 
G·.! hi ,>';11 

A8!:TA\j2~ = lO.\) 
Gu TO il<J1 

IF(Ll .EU. -1) GO TU dod 
If( Ll • £0. -n GO TO /)I\Y 

C 1/ E!Z Tl c.; L D" 1 Ii r;~ 'j A C ct I. ': R A 11 () 'I I ~ I: A R G r: nEG A T ~ V E • 

A~!:TAV2j = -20.0 
G,)10 &'11 

HAa AJETAV2) = -S,U 
(j 1I T I) b'l1 

8b'l A~tTAV2~ = -10 

13'11 IF< L2 • LT. 0) GO TO il'J4 
IF(L2 .E~. U) GO TO UY5 
IF(L2 .EQ. II GO T,) ~~6 
IF (Lc • tll. 0 GO Tn il'1l 

C HORIlU~TAL DNIVI~G ACC~LtRATION IS LAHGE POSITIVE. 

ASFTAi12~ = ,tl. ' ] 
GO TV 9GU 

AHETAhi'~ = iJ.:) 
IjO TO 'JOU 

A8tT~H?'5 " ').Ii 
(,0 Tv 911LJ 

A,;t'TAH25 = 10.1) 
()IJ T ') Y DO 

H [, 4 1 f (L 2 • E Q. -·I.l (,\) T V r~ 'J 8 
IF(L~ .f:Q. -~) GO Ti) ,1'19 

C H 0:; 1 ZlH TAL iJ i< 1 'J I ~~ (j Ace a i:: KAT I 0 rJ I S L i\ " 0 E N f GAT I V E • 

A8ETAHZ~ = -20.0 
GO TC) 9(1(1 

d~R AdtT.~~~ = -S.u 
[Jf) T(J t.;\Ji) 

a~'1 A~ET.H25 = -1('.0 

C i> E T E R I·' J,'H '/ A L 0 E 0 F P liiY f. K 'S COR ~ E C T I U I, TOE Y ~ ,',0 V E'I E Ii T • 

'i u II I F ( ,\ " S ( i'f' ETA 1/ + ~ ;" l T ,; If 2 J) • L E. ;> U • U ) G () T 0 ':I 2 IJ 
! r ( ~ '.1 E r "'J + '\ \j E T ,\ V 2 j • LT·. I I • I I ) GOT 0 'I 3 'J 

C ~L'YtR APPLltS ~AX1~U ' ~ V~RT[CAL ACCELEPATJON. 
Ali c TA'1T = i'I.U 

liu TO '1lt l ) 

C F' L~. Y '= H A to f") L 1 C 5 -.t;\ .,,;; J.!" u "1 V t R r r ( A L D~: r. ELF: RAT 1 (, ~ • 
y q! [~ : I )"' )\ Ii T = - ,( ( I • U 

, ,,) T c ':/ 41! 
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'120 Af'ET4vT = ArJETAV + AlltT/l'/l.'i 

<,ii.n I F( ~ tl S ( A HE T A H + A H tT A HZ) • L ~. "11, tJ ) GOT i) 'I S (I 
) F ( .; ., i.: T I, II + ."1 ' ; l: T A;" <:' 5 . I. ':" . J r ~i ) r. ( ! y \) " 6 LJ 

C, f' L ~ Y 1: K 1\1-' >' LIt S 1'1 A K ! r'lJ II H URI Z 'J N 1 id. He E L r; RA T 1 (1 N • 

Af:H'TA>-iT = C'),I) 
GO TO ')65 

C f'L '\ Y to R A f' P LIE S ,1 f\); ]t',IM Y () R lZ I) 'IT ,\ L D to r. E L ERA T I () 'l • 

YUJ ~~ETAIIT" -<'!l. () 
(;0 TO '16) 

C CORRECTIVE ADDITIO~ OOES~IT EXC~EU ~AxrMUM DEC~LERATION. 

Y50 ABE TAII T = AB~TAH + AHETAH25 

Yo, '.OE LYCiJl< = 2 
IFOLLU;oI " U 
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F Itil S H 

E '" D 0 F C 0 ~ P I L" T I 0 (Ii - fj I; ERR 0 Il S 

CONSOLIDATED BY XPCK 12K 

f'~OGYAM 
CO '~PAr,T 
CU,~PHT 
CORE 

T p,N 
DATA (15M") 
PRO (, Po "11 (U !:J ,., ) 

b3!l4 

SE G 
CUV 
Sf:G 
SEG 
SEG 
SEC, 
S E (. 
Si:G 
Stu 
SEG 
CI.V 

DATE 

TttlNIS 
llAL L 
ATAN 
ASS 
TAN 
CoS 
$1" R T 
Sl~ 
C(;('IPUTE 
FI.l L LO\oi 
SFF IL 
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THIRD EXTENSIO~ OF PROTOTYPE HODEL 

Ii. A. PftyPO 
!l HI) D l; S IJ ';1 V E R SIT Y 
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I 
IfOLLfJli 
rJ'l ELY I '" 

tlvtLVCOK 

~I)CTR 
N10C1CTR 

[)TGli 
:n f; 2 5 0 

1 
1 

-1 
-1 

5 
-1 

14,3161 
n. (JULIO 

2 
1 

-2 
-2 

" -2 
14,3'1/)1 

O,UtH.10 

3 
1 

-3 - -~ 

,~ 

-~ 
'11,.,:5161 
~J.uUCJU 

4 
1 

-4 
-4 

2 
-4 

1-4."1'1~1 
'.:. ,1,)I}(l 

T !tIt 
I!'iTF.ilCiPT 

N!lf.lf' I N 
NDELPCI)~ 

N;~5cT;;: 
lFLI\G 
TT~ O 

TTG~SU 

\I.u1,)(1 
1 

-1 
-1 

1 f ) 
q 

1,46:; '1 
O.Ou()<J 

0,(;':00 
1 

-2 
-2 

'i 
0 

1,4131 
1J,IJvOU 

u • 0 :HJ(l 
1 

-3 
-3 

h 
(I 

1 .4631 
U. tJUUU 

Ua U 4\1 11 

1 
-4 
-4 

7 
l 

1 .. 1.~~1 
LJ .. ' I \. , j} (; 

d]--l r: 1 I i H T 
,; 0 1ST 

R ,) I ',; r 2 ., 0 
'IV E LV 

H 
PH! 

8 I, T " V 2 S () 
8 .: T ,\ t-r t ~ (J 

!l.11/St) 

'>~ , 53:) Ii 
o ~ i)OUO 

'I 1 . 6,~uiJ 

C .. :-; ; 'hll) 

',: , 1 ~ "; d 
(l" UqUd 
L' ,.0UGO 

C1.2331i 
f)';. ,j4'-i 4 

C'.uuUI) 
1 'I • .36(1) 

'1 .I)()fjlj 

U.1S(\'1 
U.LJlJJO 
U ~ ~JCJ;)I) 

0 . .34S0 
olj.)::'.3.: 

(l. UOUu 
'I 1 .u4:Ju 

1 , )UU'J 
\I - i " t~ 4 
I) .. I)\J t .. :U 
(1, lIC: t..) 1j 

l! 4)44-
f)~ ,l lll 

t': - L JL' ,J 
' I C . '( 2 L: ,j 

" I".) JI} 

ALP"AV 
~ L fJ Ii A V i ~ 

VAI.PH/IV 
'VAU'rlr,'U 

flETAV 
VliET/IV 
AllETi\V 

A!H'[AV!'5 
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-(l.U't)l 
O.DUOD 
O.lI)du 
O.O(JUO 

'-U.l1tUl 
(1.IIUOiJ 
(j • Ij () IjlJ 
O.OUUO 

-0.0639 
O.O()UU 
U,16"~ 
O.OvUO 

-0,0701 
O.OULlU 
Ci.OulJiJ 
O.uuOO 

-0.U6'18 
O. UClllO 
O.1b10 
o.oeuo 

- " .Ulu1 
{) ~ l) (;1) l) 
(j. VJUU 
C.(II,I I)(1 

_f; , ; It;t7 

;.. 'f .J.l )\.! 
. 1, 1)'(; 
l. _ (j1~1.)1J 

- '" ... ' ~L'l01 
~J ~ jI.J')U 
' ) ~ ;.-} '.1 ,~ I] 
'J. ::.;C;UC 

Ali"HAH 
/,Lf' H I\H 2) 

'Jl,Lf'Ht,H 
VALI'HA H ~ 

!JET~H 
'J d 'E T ~ rl 
~ilET:,H 

", ~Jf. TAH~~S 

-U,15ib 
0.00(;1) 
i).lo(.(1 
('.00'-"0 

-,).lS '1(j 
iJ .IIU"ll 
J. v(h;u 
1.7.UOi.· P 

-(1,15U1 
\j. 0 U(H) 
:). 16 i)3 
(), un,lo 

-:,1.1513 
iJ .. UOilf} 
'j , UO",ll 
(J. UIJ'./C< 

-0.14 P, 4 
.j ~ lJ(hJ ( I 
:) ~ ~I "7'.;7 
~l,U(" I O 

-i.15111 
,: ,lJU':(l 
"; • VU ~ . l.' 
',1. UI) . ' ) 

_ CO, 141( 
J (J i "j ' f ~ 
_ ,lr~1. 
] . ')( ) " ' ; I 

- ,: .1-;'1>' 
.: - (: \ I I ' \ .' 
_ .• I.;;! . C 
.\ • '" .J', ·I~' 

:'!lIST 
PDl,T2)O 

J>VEl 
PV:,L2S0 

P,\CCEl 
PA':CSTD 

V 8 E T i, '/2 j 
VlJn AH25 

(j. l)t)ljU 

() , () elll ') 
O. (JiIUU 
u,OOu,J 

O.dlld f) 

I) .1"cluU 
u,U0UU 
U.I)(>'11I 

O.Doon 
U,OOUli 
v,IJl)')U 
O,liOOO 

O. OklO 
1).IJ\iOU 
U ,IJr}uU 
<J. fI,)O:) 

0, (lUJU 
<l.Ul)!!(1 
U .U(,UU 
O.L10:!U 

lJ _, U.otJ~ ) 
:.J ~ i. . .il~rJIJ 
;J ~ i) l,.n) iJ 
:) ~ U 1.<1'.J 

' J d\·.~~n 
'.) :_' l: ' J r: 
G. 'j ( ·)I) 
'~I _ ,,; ' • .' i ..... r~; 

u ~ '.:.' . .il::"j 
v . :..J !'''; J 
'] . ....... J ' •• 

' I ' 

" 

" . , 
\. '\ 

. :1 
;1 
" 

, \ 



s tJ • ;):;' v(, I)" S',UIJ -r;'. 1J6~6 _ . ,I ~ I i~ ... , !..f ,) .III } JU 
1 1 (1 ( .. ) '1 I . S U. \lUlld II • l J d i I CI 1).IIPUtJ 

-s -5 () • l.)fJUll ().1~dY ;) . '1/';7 II. ( 11)01) 

-s -s '1\i.40 UI) O.ouuO ~) . UU ·':() ,J .lit)UU 

(:, 6 2. ) l) i ) l ) -0.0701 - ;'.1518 o .11t1U() 
-'i ' I -: it '. ~) " , :: ,\ ,-: 

I • 'I i )' : ' i i) ~ ~J( ; ;_' .J 

14 . 3':c'j i . 4~,..)' \' ~ , ; J(! U l J. d i.: vd ; ) . 00 , ~~j d . lJ'JUU 
IJ, uO tlll O,OO()O Ij . UOQll 1l.OUUO Q . UUI;fl U,U () U') 

" 

'1 U.O'iUO o . Y 5111. -(1.0016 -0.13 n O.nouu 
1 1 1)5. c5u;i 0.(01)0 I). UI)r ,0 o .IJI)U') 

-9 -'I ().00111) 0.13 d',J i). 111 <,, 2 O.uI)OO 
-'1 -y Y. 'I 21)1) O.O·)uO (J • I YO.': · IJ o .IJllUIJ 

2 ? 4.:'000 -O.i)7l)1 - i' . 1 :> 1 b O . !JO'JoJ 
-"i tl ,1 . 1 371 U.UULJU f.i .lJ(j t , U U ,IIUUO 

14,51 6 1 1.4U3, (I. 'JU fJll O.OI; UO '{I • l ,Ii.l :: (I 0, (JIJl'U 
1'/ , 1)1 )1)0 i).'JuJu O.'IUU() U.UUIJ!I p.UI) .. e, ll, (WOO 

1<1 u.10Ull 1 ,;J4IJO -0.0611'( - ',I • 1 '3 :, ~ O,lliWU 

'.I II lJ ) • 1 0:; (, (I,UUUi) ".IH) 1(, (1,111 1'.); ) 
1 Z (). i)')'Oll 0.15 ,'>d '-'.111"(' 0,1.'1):)0 

-Ii) -lU /j ./lUI)I) O.O CI I') il .UU 1(1 o ,IllJ0'.) 

1 1 S • \) i) (i/J -0.u7111 - ,'I • 1 S 1 II 51 ,Ou(l7 
'J (I C' • 1 I'>R O.lI ' I'W "' . U U ' ·LI 0, WH)I) 

1 4 • ,)'I /; 1 1.3'1:51 iJ. i,I'JU Il L 7) Ib \.~i("1 O.lll' UI' 
1 1 . L._ \ JI ) U U.i.lUUl' U. (;~ )<.J!) I). u0dt) ·.I.LlU ,d ,1 0, IJII'JU 

D19 



1 1 u.111JU 1 .1<'0" -U.\l~'ill - ,J .1 3 'Y U.UU<J') 
1 0 ,,4.0011 U. iJ,)>)il ~j. :j\),i(! U. ()1) ' )O 
li 1 O.UUilU 0.1 5 1 1 u .'1'I1(-. U. ULIIJU 

-11 -11 o.41l!l1) U.OUljU n.oU(Il' U.I{liUC! 

5 25 S.5 IJI)1) -0.0701 -0.1511< 51 • 1I 1'1 ~ 7 
" , ;;, :5.59 u.'JU!)U , I • ' )( I .(1 o . (; ~_ /, )I I 

1' •• ..;161 I • .50,)1 U"LJuu\) 3.7576 3 .>'8S1 o .lJllUl) 
1,1.I..;OuU u.Olj\lo O. UOI)O (i.OUIJO U.UOiJ() U.IIOUU 

1 2 ll.1tilO 1.20Yn -O.O~90 -(1.13 21l f).IlU()1) 
1 1 64.196/\ O.OUI)O l!.lICUi' o.()UOU 

-1 1I O.U()UII 0.101 J.1'1~7 O.lHJOU 
-12 -1<' 1:\. 16.01J u.OUOLJ U. uu!" .. u U. UljUO 

4 24 6. uOUI) -0.06.'1'1 , -0.1514 51.UfJol 
'I 0 1).1321) 0.03'(6. fl.u3'f9 O.liUOLJ 

14.3161 1.3731 O.uUi)P 3.7':"'6 3.9;;51 O.IJUOO 
().OiJ'Jtj 0.01100 O.,)fjU() U.OUIJO IJ. DOl,In () .(JOOI) 

, ' 

',1 . 
, , 

, , 
13 G.15un 1.t);9t, -o.OSllz -u .13f}1."1 u.IJI,I51 

1 1 ,,3. '(1 ~d O.OUIJI.l O.OUI,O O.PUll,) 
-2 -'I G.()UUIl 1J.1t.S1 G.1977 u.!J1U1 

-13 -13 7.b4UI) O.OUI)O !1.U{)i.lO U. tWUO 

3 23 6.~U'JI) -U.06!){) -n.15 i '6 51.!{()iil 'J 

il i) 0,'13UO O.t)752 i.l.tJ7'J7 n.II'_\UI) 
" 14.3161 , 1.30 ,31 O.Ull'UU 3.7516 3.'18:,1 v.(Jono ' , 

n.uuf)O U.uuOO O.uOUU lJ.OlJO() U. UU.IV U.lllIUU 
'. \ 

, ,' j , 
-,\ 
, 

14 0.14(J() 1.3664 -0.0514 -fJ.'12~'\O 0.1)155 
' , 

1 1 (':).22')', 0.01) ')0 ,). uOn(l J.l!CiUO 
-3 -2 O.UOOO U.l1.39 C.l'1l.? 1.u2Ul 

-14 -14 7.5211tJ V.OUIJO O.uQ;;L' I). (JlJ'JU 

2 22 7. (lI){)U -u.0678 -().14y4 ) 1 .flO;; 7 
7 t) 0.1261) IJ. " 1 I.. '1 1:.11'10 D. UUiJIJ 

~4.311I,1 1.3551 lJ.U'Jt.JU S.75/0 '.'f"~1 U .')'jl)(i 
\i.llono O.Ou()U u.uUUiJ I).Oi):W q .. OU ~ jLJ O.UCilJ(J 

15 0.1500 1.44lJil -(), 05" 7 -,').12(,1' O.1l306 
1 1 1,2 • 14 S 6 u.OU'.JO ~ ).UO : }CJ V. i)I)U'J 

-4 -3 V.Ufjt.lO u.1'147 ".1817 1. 53U..I 
-15 -15 7.<'liuO " .O{JI)O "I.UOIAJ O.U[1V{) 

6 ,1 1.){!GO -0. () "',"> 3 -0.14'18 51.llutl7 
6 (J (). U loll (1.15 r)3 n.15'14 il.UIPJIJ 

1". ,',Hio 1.34..11 U.cII)UD :5. '1~(6 5.'fb~1 U.IJUUO 
li. U(I~JIj u.ouuu tJ.I)UUU O.OII{jU :).uo"!O u.uOUf.t 

16 ' U. 101)U 1.)1<)', -u.(J~r,1) -0.'121.11 U.II" lU 
1 1 h 2 • 26 !.I. 1I.G'Ii))) 1I.lH),:U (J.(j lju() 

-5 -4 U. '.JUdll 1J.111)S ~ I • 1 1\ ~ I) < .1)4']5 
-16 -16 6, r,o'.!u IJ.iJi.JtJO ·j.U\JI .' (l O. f)IIUU 

S 20 Ii.urjl)() -rJ.f}64'i -).14;1\ 51 .(J1.1~7 
5 [) (l . 1 t. !,. "f J (J.1tl7~ ()~19' . .J.3 O.llfJU() 

14.(hSS 1 • .1).31 lJ .. uiJfJI) 3.1)/6 '}) • 'I X "·1 I) • I)') /.J' I 
: } • 1.Jl.:Jll ~) 1]. UUUl' :' " 1. .IUllrl 1.1 • () I) Jj tJ ,). ,)() >\1 I). litJUi) 

D20 



1 7 (J • : ( I J :: ., • ) 1 I" - O .. ~J5;)3 -' ~ • 1 2 1 (I iJ.()7"~ , 
1 1 ') 1 . , l lll~ O.O'.lUU ', ,I .. l1i) 1!(1 () .. (j'JL) f) 

-6 -s (J . 'IULI rl U.1U6~ :).17i·~ 2.~)~1)4 
-17 -17 ().S6(JU U.O(; uO O . (JO(.(1 U. !.luurl 

4 19 8. ~U\JII -().O622 - (.1. 14 )4 S 1 .POo7 
4 I' (j "' 

., ;> '1 ') r.~ _ £ :! ~l lj ~J.c .s ·.; 1 0. UPU') 
lL. ::: ~S l i .. _, ~_ :: 1 '.1 , .) • r' ~ .- :. < .. 'I ~ ':J 1 , ) .. I I (iUU 

1I .lJiJC) ' ) U.UUUU . U • LI l! tJII O,UdUiJ f]. UU '.I (l O.(JUUU 

11:) v.li:lUll 1 .b 41l> -'J .U~4 7 -0.11 9 7 /),'1071 
1 1 01 .c.'f6:' O.O!)(JU ('I. Jn~ d) O. tJui)(J 

-7 -6 . 0' .0,)'.11) 0.1v'l~ 1!. ·17IS J.tJt>()~ 
-18 -16 b.~4UIJ II.I),hlll :).OOu(J .).III)OU 

3 H 9. UOUrl -(/.05'.16 - .j .141'6 51 • 1 Hi d 7 
3 0 (J • 'I 1 'I? 1).263 i) !.'.27 0 (! I). 11IJI) 0 

14. d'l.., 1.3131 [).0(11.11 1 :5 • TS 16 L"'Il~1 o .IIUOO 
Ir .u 'JGU J.uUU0 v.;;U0\l LI • (J<.; U U i. .... i.JiJ,JU O.LJDtJO 

1'1 /).l'iOU 1,70 2/. -(I. O~ 1.2 - ,) .117f) O.11.21l 
1 1 c' ,\; I b 1 '. :~ O .. J(JlJil :1 . 00'>/ 1 0.11/IUU 

-tl -7 1.1. U!)!)I) 0.U'l15 ,;. 16 /1) 3.~7ll6 
-19 -1 ;; ). ')20U U.vUUL' IJ .. U\J I]O o .lldOU 

2 'i7 I.J .. ,IJCin -0.0566 - ,).13,( 1, )1 • il,)ll 1 
2 .) i', .: 1 7,) 1J.3U()6 ().3 1 ;:. ~ o .IJ [·~O!) to' 

1 ',,2 UI)II 1 • 3 I) 31 ll: l:i (~J}(l 3.7)7b 5.'18)1 ll.'lUOU 
(l .t/or,o ", \J. J.)uOU (..UOdO o.nOOi) ,) • lIO ',.lO 0.1!C'OU 

2i) 1.1.2:.)1)1) 1.16111J -0.05.17 - ' 1,11)4 IJ.11:l3b 
1 , :il! • . n a O.uouo :I.U U, ; (J IJ • 0 r 1f.i(J 

-'1 -8 LJ.OOU() 0.0928 1: .1617 4.lJhUl 
-20 -2CJ 5. ()QULl U. UUIJO ',1 , uu<)() :). (lllLlIJ 

6 1 I) , U • U '.1 '.)() -t).O~3Z - U .13)x S1.1.I01l7 
1 (J 0.11~4 0.330c ~1.3~ i, 7 I). !J00U 

'14. '1/52 1.2'731 (I.OIJOII 3.7':)16 3."'8', 1 ').W)0lJ 
LJ.LJU {iO tJ.l/utJ0 'J . J )(JI) iI.llUOli l'.U O.,J() IJ, (/'JUU 

21 0.210(; 1 • b 1 ~ I. - IJ • 0 ~ .I Z -').1152 (J. n'l~ 
1 1 ~J9 .6 , tr;; 0.0000 d .. ULhfll /). i)!lUU 

-10 -9 O.UUIJIl U.ObI\2 U .15b3 4.)',10(1 
-21 -21 5.20(;1) O.OuOO J .UO'I(j 0, IJt'lll (J 

5 1) ~O.51j.ji) -U.0494 - 'i .12 7~ S 1 • IIi) 17 
/) \) f.l.l1~ ;~ U.H:io '1. 3 '1,,) iJ.IJI~IJU 

1:..1324 ·1.~o31 O. Jf) ')/) 3./516 ~ S."'8)1 iJ.uOOf) 
u . l Ji Jl) U 1I.uu')U U . UU UlJ 11.l.lCOO (l .lll) ·. I(J IJ,LJl.'JLi 

22 O.2~ 'J() 1 . ~1i5() -1l.1)')U -1/. '1 1 (' 9 O.r.IHl5 
1 , 'j ''; . ~ '" (H~ IJ.I} ' /I)O I~ " ~JU ' Jl .1 i) .1),1\)1.1 

-11 -1 0 ' ).II ' PH) I), ()o,)) i) • 1 S:: I:< ) .. "j llt)Y 

-22 -n 4 . 'if",) 11 \}. ()fJl)(1 II.I!U d ) IJ. uuJU 

4 1 4 1 1 .lll) <)[) -1.0453 -i). ·12',~ 51 . 0;,' /j 1 
-1 U ':) .11 ' 1'1 1).4133 ,', • I. :3:,4 U.IIIIUt) 

1~.1-,6;'S 'I . U,; 1 " ) ' jl) 5.7~76 ~.')" ;.. 1 ~) • (); J'). I 
\ ' p " 

: I • \ 11 Jd t) Ii. ! J\ JU C. '.'.:·) .J1l ,1.0\.l1)\) 1! .i)U: 1U (j .lJUoJ ·,J 

D21 



2 ) ·).25 1.Jl: 1 • <) 1 )il -'. ).~))c.4 - , . L H ~ fJ . :i51>1 
1 1 '" d • tl d I I) O.O ' ;fJO ,1.iJ 'Y 'O U .lJt 1 ;.IU 

-11. -11 U . ()UUI) iJ.07dH n ~~14 ':" 5 <; • I, 1 1 u 
-2J -23 4.04 1)11 O.UuUU ' J. U ~) · ~ O O.liuUO 

3 13 1 1 .;U'JO -U.0408 -0.121 : 7 51 .PUhl , 
-2 r, \1 . I :) (\ " ('I . l. ~ tl<; " • 4 " -J, ; (J.I, I') U'I 

·1~· . v ")'J i • j~ (.) .:> i '.J . ,_J~j0 1J 5. 1') 1 6 ~ ~ '·ir. : .. 1 · (J.'j ' )J:.J 
,1J.UI)Ull U.f)UUU (). ·juUiJ O.()UU'J n .()O , IO U. (JU ')'] 

i 

24 O.24no 1 • Y '5 "', -O.()52,) -0 • 1 (I ,~ 3 0.3Y79 
1 1 ~;i:\'''U67 O. UUI I O :l. UU C, ['J U.I)II,-):) 

-1.5 -12 u.GOOn U.0740 r..13~7 6.1~10 
-24 -~4 4.~2UO O.OUuU !l.GU : 'I) tJ.(j(J(JO 

2 12 'I 2 • ' JI.l\) 0 -0. ,]5';9 -(I.11~5 51.001:$7 · , -3 !) (J.1'.lo :~ O.4 :~85 :).;1"01 (J.()UUiJ 
13.'i794 1.2~dl U.dUOU ~.75'!6 3.111:$ :; 1 U.OI.1U t] 

U.U\lUI) U.li0()O O.iJU01i v. I)UQU O.UU;}O IJ • lJ l' \J(J 
· ; .. 

. , 
( 

Z5 U.25JiJ ? . t'P l t.JlI -0.0517 - [I.l0Y ; o .',6 .. ~ '.' 
1 1 ',7. '12 0 1 iJ .(JUI)O :) • OJ!J :'.:1) o ,rHJ IJU 

. -14 -13 Q. () IJUU U.06<;1 0.131.1 6.rdl1 
-25 -Z5 4. U'.JOIJ I) .OUllO ().0u·' v () .1!(1)0 

6 11 12. ~ 'J ill) -0.011)6 -i). 11)'.) \I ;1.{J087 
-4 lJ O.l',d\! 0.5261 u.'>5?9 O.()f)uU 

1::>,'1 '11)2 1.243'1 U.OUUO 3."1-;'lI> 3,Y851 o .lIljUlj · : ~ 

(' . I)IIOIJ U.OllUU (1.:Juon lJ.O'JI)O (). iJO "'lJ u.nouo ' , 

,' , 

'.1 ., 
26 (1,201)0 2 • I) 3 d /, -Q.0515 -11 .1015 U.!>356 

1 1 ~7.i,4SIl U.OUllO U.U() · IU O.IH.lUU 
-15 -14 (I.UOUu 0.1I6',l o .12 ~ 3 7.141<' 
-26 -~6 3.6!lUI) 0.001)0 O. U , ) i1 U I) .IHlUU 

5 1 (I l~.UoJ()O -i).OL5u - ~).1039 51 • lllH!'7 
-~ U (, • 1 ill J U.So56 l!.'>9(~ U.ljl)UO 

13.0'>1'1 1. d 31 (J.OUUIJ 3. 7'>76 J ."'b',1 o .1I'luf) 
L' .UU(IU U.OUIJO U. UUU/) t}.O " iJU il.UD' i(J u.uuou 

27 O.2f'JU 2.u7S" -0.0513 -'J. U9'J1 O. b121 
1 1 ~6.1165Y O.Od()O U. \)0 ';0 U.uOUiJ 

-16 -15 O.uO l),) 0.0:;':/U 1},1226 '1.0513 
-2/ -C!.I 3.3t>UIl O.UIjOO 0. 1)0'. ;0 0.111)01} 

.. q '13. '> ':lUO -0.0190 -O.UY/6 51.IIOd7 
-6 (i Q.t.l9'il U.6 ')12 i ) • 63 I I) () .IIUUIJ 

1 j. nus 1,2<31 O. ~1i)J(J 3.1'>76 ' .~.'n.\~1 O. UU·JlJ 
( '. u i l ~ IIJ (J.I]UOU O.JUUI) U • .) ·.IUO ~.l)U ;; ll U.IHJtJO 

2i1 O.2()U(l 2~1 1.1"6 -J').1)')12 - '-J • (J9 ,.", 6 U. 6Y 57 
1 1 :i 6 • 4 '16:1 U • () '. lfJ(j ~.UO '·'(I I) ,lh)i)IJ 

-17 -16 U . IIUdU (J .')).5<1 ;,) .11f.7 h. 'I I) 1 4 
-20 - 2 il 3.u41)1) 0.0·)1)(1 ". UU ' If I U.O'-'Oi) 

.s h 14.unUI) -I). 01,~6 -".U9 ·1 >:\ 5 1 .U'lo7 
-7 (j 0.'J'-I6f, CI.61-i1l Q.b1lS fJ.IJfj[)1) 

15 .. (,!II.i1 1 • ~ 1 51 II. ')-.)'JII 5.l,!/) \."'K~1 I) • I)() ,'J'J 
L •• i) II I }l) li.I)I.IUI1 i.j • ; ,! , )(Ill I) .I) •. : !)u .. ; • ldJ .' II LI.lIl i u n 

D22 



2" u.tvuu ~ . t 5 4 j~ -0.0)11 -". U~ !.,.(; IJ."1i\()4 
1 1 ~i6.uiJ(' IJ.OtIiJO (I.UIjI'\J U .UiJUU 

-18 -17 iJ • .JUIJI) O .U4 1\6 ,).1 1 l 'ii 8 .071'l 
-2'1 -c9 2 . UU ' ) O.UUIJO ;.J . Uq~iU J) .UilUI) 

2 '7 '14 .)OUI) -O.ll 'J~3 -Co.UiUt> 5 1 • II t J Ii 7 
-il .. '. ' 11) 41) U.6/64 i) ./n:; J. I;",y} 

1 J . c, t..l..j " .c: v ...;l , ' . 'J · JiJ(J 3.7S16 3. ytl", 1 '.J . tllJUiJ 
:'. uOUI] D. (JUllO l).u,)I)O o.ouoo 'J • lJ 'J ..J IJ (). (Junl) 

35 O.j5iJO 2.217" -0.0514 - I) • (Jl:1) 4 1.17d5 
1 1 )4.0941 (I.OiJllU (1.0QfJiI iJ . lli)U') 

-72 -~1 n. (I c) '.J I'J U.0266 Ll.081;J l '.!.'llll 
-33 -.33 1 .44 :)1J ".0000 [J • UO ;" () I).OUOO 

3 3 '16. ) ()',Hl 0.02511 -'J .U)(: 9 ':i1.I'UIl7 
-12 (1 O.U>\i4 U.i3c67 IJI. 07 t:. 7 IJ. [IliUIJ 

H.l449 l.lt·51 O.JUuil 3.1':>/6 ~.YI\~l IJ.O OUlJ 
ll. l) I)O(J O.IJUllO (J. (,IUJll O.uf.:OO 'J.0U'.10 ll.PUUO 

34 U.34(H) 2 • C 3 '.i" -[).U516 -').IHI1I7 1.<''I()) 
1 1 '}:~ .f)1'>i\ 1) .011(10 O . ~.ll)~;O 'l.iJI!UU 

-n -2;: u.IJi)(J1l J).O~u9 d.IJK:!l.l 11.121'J 
-34 -34 1.1~:JIJ O.I1UUO Q.U(j I, I(I U .I)U'JU 

? ? 'j 7 . (lOU IJ tLLl~36 -d.U4~~ 51.IJu>S7 
-1.) 1,1 n. U '.\ • .1 '; 0.b643 ,; . 'I 1 ' I:; 1).1")')1' 

'5. ·1,)"11; 1.1~51 () . ; )i I JIJ 3.7~/6 3 • .,. H :' 1 O.IJijOlJ 
l .• L. I)dtJ U. OUIJU U • ,JI J l)') I). ulli;ll 1/ .. LJI) :' P iJ. \JUlIO 

D23 -, 



55 t..J • .5)'_1" " • ...:: 0+-1.' 1 ) - ( J .\101" -" .1l'??Y I • ,~I t I ;..; 
(1 ,I ~ ) 3 • 1 5 I'i -!;.O~37 ~'; . i ) :J I,. J.'li~,'jlJ 

-24 -23 '.1 . J').5 J O.U15 1 :J. U.,-j 7 1 1 .1:1 "fJ 
I. I, 0.60UU 0.21<23 ().~il12 l?.l~U 

6 1 17.5 'JOO I) .0426 -1).0322 51 .\)11131 
-14 . I i (, • 1 ~ I~ ! • 1 ;1, '\~'1Sc'-4 II ~11CI)(1 

1:> . 1, ;:») 1 j . , .> • ! ... , ;, .. ; " / {' ,:', ~·.'I<.i')1 (J.,)j-l4 

1". '('J7Z 1 : 1 B1 0.0'11:5 -cO.OUllO -S.DO(lO I). ~I \I 6 ,3 

, " 

36 f) • 36 U (I 2.2 1.64 -0.0522 - 'J • u 7 5 (j 1.~3IJ5 
IJ 0 52.(6):; -1).UI.:57 fl. 1.5 34 3.10dU 

-25 -/.4 .. 1.11'15) U.orJ91 n.U672 12./4;:1 
1 3 O.4:lUiJ f).2~23 'J. 5<\ U 12."!5U 

5 0 'J h. i)'lUn 0.057.0 - : j.lla2 51.0(11)7 , 

-15 (l l).J7)() 0.9:5',1. 'J .. ~ 9 .:.:3 U.ll0UO 
12.9lHl2 1.1531 u.1641i 3.1576 ~.Y~" 1 (1."394 
1~.1'in. 1. 1 '>:51 0.091:' -ZU.O(JUll -~. tJU,I(, U.')965 

37 tJ.31iJ(· ~.2.49/) -(J.li52r -,) .U??1 1.t'l57K 
U (; ·,L.1Ml:) -0. un ( :). ~5 54 3.1i11l0 

-26 -25 41 .. 0935 (I.IL':)1 ~1 • I) C,( 17 12.75U 
0 2 LI • )!)1Il) :J.2Cl25 'J.'>h12 12.lsn 

5 25 1 f · ~ 5(JU'J 0.0618 -1'.0119 51.I1Cl1:l7 
1 !J t..'l u.u72 1 O.Yl7u l.tJSf,1 U.{)UtJl1 

le./dSH ,1.1 d 1 I) • 1 t.-4 r1 -16.2424 -l.U149 u ~'nY 4 
1':.l'J72 ,1.1,B1 U .\J''; n -20.ll000 -S.UGiJll 0.9 '/63 

,'j , , 

3h 0.5000 9.71. '16 o..(»116 -fJ.0()Y1 1 • 79 () 4 
. ; 

0 0 ~;1_712() -0.0237 c) .2554 3.11:ilO 
-27 -26 ,, 'i.u9 ,3<; u.00,51 c, • U 541 13 • .!f>25 

-1 1 (1.16')0 O.2bn U _,812 12.·/sn 

4 24 'I 9 • (HI U 0 O.O7()() -{1.0016 51.flOd? 
9 iJ (1.U69'1 0.a146 1.U2I',(1 () • IJ (Hili 

1~.bSii3 1.1151 O.164,J -16.24.!4 -1.UI4'1 ll.Y3'f4 
1"-.1972 1.1..:>:51 {J .. ~!Q'I~ -iO.o.OUO -) .Ul)I;(j O.'N65 

39 (J. 3';1 ,J() 1.)./464 0.0974 -(1. Lii>c, 1 1 .'iZ!l1 
U G ~ 'I • "- ~ 0'1 -0.0 .<37 (1."-554 3.11l1l0 

-Zg -27 f~1_t.i";.3 fj U. U09 4 O.u4·14 1).(724 
-2 0 U~4Kl.ln C'. 2d L3 ll. '>61.! 12.l'>2.2 

5 2'> 19.'>OUI] U.t)765 ,) .oon (J.CJl'Ol) 
10 (I (J. t )f)6 '1 0.05'!1 1.0ne) O.IlU.JU 

12.5.<57 '1.111j'1 0_ 164i\ -16.2424 -1.U1!.9 o . 'I 394 
12.7"72 1.1)31 II .. ',Y-i ? ~) -ZO.OUtlO -5. 1)1)"0 u.'/9/).5 

4,l O.4uLJU ';.14LI!1 n.I.1'151 -I.-j" 06.~11 2.LJf>:iY 
1 1 "U.762, -·).UL37 rl..!534 3.11l>;() 

-29 - L f.' .. '\ . u Q "j:'; U. ,)1:;il 0.1)4,7 n.171.4 
-3 -1 Ii. "'JU'j O.2bn 'J. )1;1 ~ 1t.lsn 

s CS ;~lj.uniJll '1.0il14 () • iJ 1 1'/, f, O.(,(HJI.I 
1 iJ il !; • (I f:. 3 I J 'J.46')7 1 .UiI)., U.'JP'J(! 

1 c. • ;:H9 1 .. 111.1)1 (: . I I:: 4}~ -1 ~. t.4~~4 - 1 .U1t.t; l).~51.J4 

1 c. • r u I ~ 1 • 1 :; .7. 1 i}.u'17j - "). 1,1!,II)O -).U(J i IIJ U.<;Y05 

D24 



41 iJ.41;:)(, '1.1 '51),. 1) . , "/31l - \ ; ~ L' ~ 'J H 2.1.1 ! 51'> 
1 1 'i ( I 4 C. ~ (,~" ~ -<1.1)257 \.I .iSH .3. 'I <lO I ) 

-31! -29 I'~ 1 .IjY3~1 UJJ223 ;~ • \J 4 4 q 13./72,+ 
-4 -2 1 .1 21)1) 0.~t,23 !). ~i\1<' 11..'!Sn 

4 24 ~().50UU O.U846 ().02 >' S O.ljOU(j 
,. 

J il :. ) • l.t '; '-/ I~ I ' ° 0", ? 1 :~ "' .Y<)"~ n. ( 1(1( 1!) 

1(.~) \! 2 i J f J:"; 1 , : ~ ' I 64 ,j - 1 'J • ,! 4- ;~ 4 - 1 • ,)'1 !. Y U.',15'f4 
1, <'.7'i72 1 :1.331 u. u97:5 -20.0 11\)1.1 -5. DO' ) !) 0.'1965 

42 i.I.42UU 9.7176 (l.GY44 - i). 05(,6 2. ,~41.s 
1 1 4'1.1l1 .. 6 -lJ .'J257 (J.~554 S.11: 6U 

-31 -5(; '.1. U9 5'; ().(J~1l9 ' 1.1)4 7 1. 13."1724 
-5 -.3 1.44UO 0.21)23 O.~ij'12 12.7Sa 

3 23 1-1 .IJrJl!I) 0.0/<.63 ').031' 1. O.I)O,]IJ 
,~ lJ >l.OS66 0 .1649 <).9854 (J.ljUOU 

12.1125 1.0131 0.1'>48 -16.2424 -1.U14'l O • ."W4 , 
12.7'172 1.1331 0.1).,.75 -2ll.0UUO -S.u(Juu u.'1Y6S 

, , 

I • .3 0.4.300 Y.1'J1n 0. 1.1'150 -1).1)5~4 2.41'" D " , 
1 1 l~ Y • .5 4 1 5 -O.U257 n .i:.5~4 :5 • 1 o8u .. 

-32 -31 I,,1.DY35 0.0357 O.Usn9 13.71£4 I ' I 

-6 -4 1.7oiJiJ 0.211<'5 f) .)1l12 12.1Sa , 

2 2Z ~l.~ ')OI] (1.0863 0 .U4 >,, 1 n.I!Ooo 
1 (i 0 .05:5,. 'J .tJU2" CJ .'J7 S 2 O.UOO!) 

11.'1i48 1.0031 (,.104<1 -10.2424 -1.014'1 {). 'I 3'" 4 i .' 

1 ;~ • l'Ft 2 1.1531 ('I • Ij') 7:l - (' O. (JIH .. O -S.llWiO U,"''16.3 

; ,:; 
'I ;,. 

I 
44 0.4400 9~6~2/+ o .O'/SS .n.IJS iJ u 2.;''-'7 

1 1 4d.66'/0 -0.0257 0.;1554 3.18!!1J 
- '~ S -5;1 I,l.09Y; 0.0426 lJ.US41, 13."I7i!4 
-7 -5 2.(JI:IOI) O. 2~;n (1.5812 12.7~2t. 

(, 21 ;!2. unUIJ 0.i)ii47 c'.lJ5?!> () ,IJU\JfJ 
6 (] 11.,J~iJlJ - I) .16f10 i ' ) • Yo" 1 () ,1l'JUIl 

11. t.,HO 1 • ()~31 U. 1 ,., 41\ -16.2424 -l.ul'.'" 0.'IY/4 
1(..7'172 1.'1.331 U.v9n -20.ul){JO -5.0U' ;0 Q.\1965 

45 ,).1,)00 9.f~6tJII U.O'160 --O.d4tA 2,'1545 
1 1 4K.~"'7il -V.i)2:$? 0.c)H :'.1t<~1) 

-34 -33 lt1 ~l.i9:)'j 0.04'" 6 J. OS "I. 13,1724 
-8 -6 2.401)() 0. 2111.5 u.,',n2 1~.'!5a 

5 2 {J 1.2 • 5 (lOU l!.')815 ().U673 (J. nC)(JI) 

5 (; lJ.U466 -u.S2t'4 " ,'154'1 U.iJlld(l 
11,/)'193 l. LI431 C'.1 "'t() -1/).24~4 -1.U1 4 9 U • " Yi 4 
12./(;72 ;'1551 U. uY n -20. lJlIln) -~.JU':ill 1).'1'1'>5 

46 il.461JU Y.634i. 0.0'164 - 11.u4." 2.1lYi!<! 
1 1 ,.7 . 'I i:' ~ ,i ·~).()n7 "'.i5 )4 :S. 1 X '; , ) 

-55 -54 :.1 .Ll"' j~ U • ,J'''' J:S 1' .1)013 1:;.lli4 
-'~ -7 <'.UO" u.N.c:, :1 • ) b 1 2 12.7Sn 

4 1 c, :>3 .cI' JO)'1 I.' • il7 f) " (1.\J7 <, X o ,1J(lI,l i ) 
4 iJ C' . :; 451. -U .. 4 \~4~ ,),Y4/~<' II ,1!'.hJ(' 

11.)1""116 1.1J551 (J. " h4K ·16.1.4/4 -1.1114'1 0.'1 ,'1',4 
12.I':U 1,1331 (1.\1'1/3 - (: U .1) :.1 ,)11 -).:.JU "lI IJ .<1116.3 

D25 



4'1 Ll .4(UU 9 ~ ~ 1..1) n (j.D 'ioJ - ;, . Uj'.' 7 j. lJ/YlJ 
1 1 It 7 . t, ~ 4 n -u.i)c57 II • .'»)~ 3.1!ldU 

-~6 -35 4 1. u\l5i !L Ut- I, 1 l) . u(,64 B."!U4 
-1 ,) -6 :;.\.J4 I)U u.2d?.3 ,) .)/:1 12 12.?'>n 

.3 1 1' 1.3.'>OlJl! o.0?fJ2 fi.iJ~ ,'>1 O.i)Unu 
< '-

' \ \I ., -'Lo473 .. ~ • Y .~ '. A t\ , . r ', . I ' , 
.j • , ; , • • 

·i~ . ... ~j ·7' I . ' J '- .J i ~ J • ' j f.' 4 ( ~ -16.241.4 - 1 • iJ1 4 Y 0, '1 5'-14 . , 
1 2 . '1"'72 1.15.51 U.UY/ .S -cO.OllUO - S . UUc: O 0.'1 9 63 

, 

1.8 U.41:100 9.5?31) o • 09 I U -().03i>1 3. H i'6 
1 1 / .. ~.YK,+~i -0.02.37 11 • .'554 3. 'i KIlU 

-H -36 1,1. u93~ U.Ui"i5 U.u7(!6 13.n24 
-11 -9 3.560i) 0.2b,>3 :J. )b1~ 12.·'SU 

2 17 r~( •• U()Ut ) 0.061.1 0.095 4 O.I)(lUf.l 
2 n I).U501 -u.bUYI Il.Y2'-S (f.IJUlllJ 

11.201')2 1. :) 151 r, .l'>4i -16.2424 -1.014Y U."5'14 
1(.'1'112 1.1j31 (J.U91J -%O.U!JI)O - 5. UO()f j 0.\1',>63 

, ~ 

' .' 
4 ', O.49f)i) (1. '>3 84 U.OY7.3 - (1.1)3 2 4 3 .:51, )4 

1 1 c. 6. :>1 /•1
) -0.0237 ~L ,534 3.1Kili. 

- .10 -37 i~ 'I ~ 093 :i (I.Ll?Y1 0 .,)751) 15.'/72'+ 
-12 -1(; .3.o80fl lJ.2023 ~j • '> III 2 12."1522 

" I) 1 n 1. 1,. )0 0; ) 0.051.4 ' .~.lU45 fJ.ljuJU 
, 

1 ;j t1.ll.3c l• -O.Y Ul 0.'1143 '.I.I)O UCi , 
11.14 1) 4 . 1. I)u 31 il.161,;l -16.24~4 - 1 .Ull.9 O.<J3'14 ' , 

12.1Y72 1.1.551 · (J.f)913 -20.UOuU -5. J()1I0 o • 'I" ~ ·3 I. , 
.': 
i 

50 tJ.5u Oi) 9.)U01) o • 09 14 - li .U2r.6 3. 1, 4.31 
1 1 ',6. ill,.? I] -O.O~.5? () .2S34 .5 • 1 1.\1) 1) -,'I -38 . 1, '1. :-> 955 0.086\1 (, .07 "15 13 . 7724 

-13 -11 I, .l!O.jIJ ().2l:l~3 0.)ij12 1~.l~2~ 

5 '15 ;! 5. u()O !) Ll.O'+l,) 0 .1136 i).ilfiOO 
0 11 0. 0 2/lr; -1.15 i.5 Li .')f) L 2 (J .1)110'1 

1i. f) 1~)~ 0.9931 (1 •• 64,\ -16.24 ;'> 4 -1. 1)1!.9 !J.".~'I4 
1 <:. . 7Y7 1.1.551 U. ~I Yl:I -2 U.O UI)(I -5 .00';(1 I J.Y 'Jo~ 

51 0.51(1) 9 • 4 5 til, fJ .0'115 - ,J • U 21.& 3.~H()1l 
1 1 I. S . '> 7? 7 -(J.O.')? [j .~~ ~ 4 3.1/'\80 

-40 -59 '+1. [IY35 U • n II 1,0 :I.U8~2 n./U4 
-14 -12 4.j~U() 1.. 281.3 U.)812 1c.7~n 

4 14 ~5 .5IJUO (I.lnHO 1.1 .12(5 U.110u:J 
-1 () u.lJ?4b -1.2<)1)9 n . tS~ l.. () Ll.IJ (JUI) 

1 :.1 .l"<l\'1 U.91>31 O.164!) -16.,4(4 -1.U149 ,1.'/3Y'+ 
lc.7'172 1.1j.31 O.U"7~ -21).OUOO -).1)(1 <'10 0,':''16 3 

52 0.5.:0u 'i.413(, (I.l1975 -n.(l2r)9 j.11h~ 

1 1 1.5. '11(11) -U.U'.H iI .<514 L1/\1l1] 
-41 - l+ i:J 41 .1.1(n ~ U.1U<9 :) . U::l~ 1 1L(1<4 
-1 S -13 4.o4QU O.2!l23 v. )(\ 12 12.l .S2C 

I 13 ;~('> • (I rill 0 O .. UU4 ').1314 (1.'ll)0!) 
-2 " ( I • lj ( i ,t:J -1.4'>94 1).0 ,'1 : )<} t.1 • 111.11.)1.) 

l ;. I .(~)j 'I.YI31 U ~ 'I I) !,. Ii -16 .. 24~4 -l. u l"~ U • f.j ~ "f 4 
1 2.'1<';72 1.1j.31 (; . <.) ,(.\ -?U.O'''JU -S,(JI.l"ll ~) • ljl.) ., 5 

D26 



, ) ~ J. ~ .J'J ,: ~ . ~ ') )~'1 U. 1J'I,') " " . ') 1 ( , <,- i.'_,,:..:> 
1 1 i. t. • 0 4 !J 'j - I) .O~ 17 u.c.5j4 .s ~ 1 I'" '.1 

-42 -41 " 1 .LJ'I5J U • 1 111 ' j . !J9L2 15.lU4 
-16 -14 4.<'-IiO ,1 U.2 1:i Z3 iJ.)il1(, 12.l5U 

2 1 2 N , . , 00'1 -U.O')7.o f1.14. U1 U •• J()OO -, I ••. , ~, " -1 .... ;. ~ . .4- -',/'o( S 7 iJ. q/j 'JU 
1 , • ~,'-J 7S I) . ':' '--' J ', ;.' - j .) "4 1 ) - ·10 .. ~-+ ':' .... -;'U14 '1 U. 'I )94 
12."('>'72 1 .1 551 U. 0 <)73 -2 (1 .IJ~luU - 5. (JIJ P n O. \J\l63 

54 U. S 40U 9.3141. O. ()9·f4 -i).Ol?" 3.'1'140 
1 1 ,.4 . 1 (6 'I -(J • 0 2 j 7 r) .. 2.5 ,~ I ... 3.1MI:i~l 

-43 -4.2 ".1. u9 )~; 11.11'15 ,}. u'i'; ~ 13.1124-
-17 -15 5.ZoUt.l (J.2d~3 0.)012 12.7522 

6 1 1 n . (1)00 -/).1)206 ".14".7 O.llilUJ -I, 0 O.1I12" -1.76'.2 () . ,% :'0, o • IlflOiJ 
1 " .4')'18 11.9 '> 31 () • 1 f, './1 -16.2L~4 -1.0149 U • 'J y" 4 
12./'172 1.1531 o.u'}?:) ~I.U. IJI)UO - 5 • lll_h ' fI 0.\1\163 ' , 

'-' 

" 55 U.S) ( j( 1 9,2 f, i,j <l u.u'i"!/. - li .(JO r 7 4.131f 
1 1 'd,I '11) -U.OLj7 O .~554 5.1 tl 1iU 

-44- -45 1.1 . l ' '-I ,3'; n.12<11 'J ,lU :; (1 1 _~ .77 f. 4 
~111 -10 5.",.);)0 O.2f:S1.5 'J • 5 a 1 '2 l~.-rsn " 

5 1 r: ?1.S :i ' 1I1 -O.J4i11 (1 • 1 5 7 3 ,'J.IIOOU '; , 
-~ ( ' U.\_·'J~\l -1.'1401i ' J .1l5~\4 Il.Wi llU 

H : .)221 , 1) .'143 -1 IJ. '115411 -16.24,4 -1.U14'1 IJ:'13\!4 ! ." 

12.1'172 . 'j • 1 j 3 1 u.'J'II :~ -lO.I)UI)O ~:; ,\)(1 "' 1) O.,)Y6 _~ 

, I 

' / 
:.1 
,'; 

S6 0.,000 'I • ~ ( I ~ 4 b.iJ\I/)9 - [) . UO~S (.,Zb'}4 ' i 

1 1 1.3.2400 -O. i)Z;7 n.~S54 3.1~>\1J 
-45 -44 '.1 . J'I3~ 0.1509 0.11 (; 1'> 13.'17<4 
~,.. ~1l ) • 'J l. fJ 0 u.nn 0 . 5812 1,,7522 

4 '-I t! <3 • ~-J(HJ IJ -').0612 ().16~7 U.UflOu 
~6 () l1. Litl 4', -2.1 ')91 (J.b4B I) .IH'un 

1 :'l .'lil44 i). 'd31 u.1b4 .-\ -10.~4t.4 -1.0149 0 . "3'-14 
1 2 .7'172 1.1.}31 l ' .IJ'ln ~20.0UI)() - 5. OU I, O 11.1i\l .. d 

57 U.S7un 9 M '"I I~ 1 () O,!)9b5 -c,.on')1 4.41111. 
1 1 42. n<:'1 -tl.OI.57 ~) • £ 5 ~ 4 3.11>00 

-46 -45 ,~ 1 .li-i3 :; 1).14:;'1 (; • 1 1 C ~ 1-, • .'/,4 
-ZO -1~ I'l , ,4;) ll 11. 21:1/.5 (J .5612 12.lsa 

~ j ~ Ii . );lUII ~(l. fJ~· 59 () • 'I /1,,, I) • lio II, I 
-7 c' I I .. ( I .J-. ~ .. ~ -'.2115 , (; . (\-'~1 11.III.l UIl 

i i/ . ( ~ 4f)6 q.9~:5 '1 l l , '16 L./I -16.24~4 - '!.U1 /,<i U.':'5'14 
', (.. 7'-172 " .1jS1 U.U'lI ~·; -l.l!. ;)I)UO -5. LI(J -J() (1.'.1\163 

, ?, II.,nUL' 9 . ,1 17{o U • 0",1,1 :' .<11143 4. ~ /.4'-1 

1 , I~ 2. .. j 1 Y (~ - I:'. 'J2J 7 i r . CS)4 3. '/:\0;) 
-47 -I. t. ;,1. '- .I ';5~ CI.15',O '_~.12 1. 7 1~.1724 
-21 -1" f,. :,6.JU ().2~23 :.).)012 1 • I~n 

? 1 ? 9 , " j'JU!J -:).11.1112 ' _'.1Ilt-, () .lill'JIJ 
" 

~ '1 :} - ..:..~ • . ! '14 .:5 -<'.433'1 (J.t<2;'rJ fl. \ )U ;JU 
"1 .Y,jhY 'J • Ci 1 \ 1 " . lr-.4X ~1".24l.4 -1 • t.11 L c; u.{,15 I;14 
1t..i~n 1 • 1 .:> 51 1I. , I'U5 ~2J.i)IluLl -'>.()iJ " ll I) • 'I !,I /) 5 

D27 



5'1 oJ.S'tUll ~ .. lI101. U.l)~:)f) ". UU '. ~ 4.,,;;~" 
1 1 ',1.b57o -L1.UL51 ' ), ~ 5 \ 4 3 .1 X IF) 

-46 -1,7 I~'i .ult '3~ ) U.1641. <!.1~ ';IJ 15./U4 
-22 -20 b •• liiO ,] IJ .21i~5 n ,Sl\12 1~.l ')a 

1\ 6 ;:9. ) 01.111 -fJ.15i;Z 11. 19 ;, 4 n.fJ(JlJil 
- ' J .. , ··· i' . qJ ~ .. ~ - ; . oJ:') (, :~ ' -' n'i1 ;'~ (J • ! J (~t j : I 

'i ,nl~ oJ.'!.;.)1 \ ' . )64;"\ - '10. ~L,~4 -l.u ')(.',1 (J.')~',/4 

lL.7Y72 1.1331 0.0'173 - t u. OOlJl) -). L10',!0 0.',)963 , 

6U U.6UOI" i\.',/4 ;) t) n.I)',/49 () • U 1 .15 4.1) ?l.n 
1 1 <.1 .59~3 -v.O?:)7 '1,25 :'4 3.1iiilO 

-49 -4~ '.1.l' ',/3S V.l,(59 lJ.13"Jb 13.7724 
-23 -21 7.7.0UO (1.267.3 0,)812 12 • ."sa " 

s 5 ,,0. 'lO OO -(J.1618 0.1'1"<. O.UOO'1 
-1 0 U -0. :J13:; -2.751\11 I) .hOl7 (J.UOJlI 

(; .6335 1l .li 1/31 O. 'I 04 d -16.2424 -1.u14Q 0.YSY4 
12. 7Y n 1.1551 O. i.J9 7.:i -20.001l0 -S.OO dU O. 'I') 63 ' , ' 

', ' 
61 £1.0 10(' 8 . 606 •• (j. fJ" 1,2 0 .U1 ·-;', 2 4.')560 

1 1 4\). '/35i1 -11. fJ2.S7 ".c)~4 5.'11\8U 
-sn -49 ,.1,()"Yj ll.1:U7 11,14.:5 13.i'n4 
-24 -22 '1 . 5201) L1.28?3 0.51112 12.7SU ' , , 

.. 
4 4 ,,> (1 .) ',Hlil -f).1,)1;) I •• ~,)t. 3 O.lllIu,J 

, 
-11 n -U.Ulbr. -t.'}tli:! ') ./9(5 lJ,tJOJIJ 

9 .4':157 0.3031 O.I64il -16.241.4 -1. Ul 4r; fJ."Y;t. : ,'. 

1 2 • 'f ~. 7 2 1.;531 u.uY7:5 -20.0liI)0 - 5. (JO I. ,) ().~IY~5 

" ,J 
) 
': 

1:>2 u.lllUCi ;:'.7:).6 o . OY :s4 n.u251 5 .!)95~ 
, ! 

1 1 1,0.4761, -u.02.57 n. i:!5 51, 3 • 1 c\l:1lJ 
-51 -50 41.0'iYi 0.1'137 " • 1 4 ~ 1 13.7U4 
-25 -d 7 . ,~ 4,)Cj U.2il~3 C .~1312 12.'1522 

3 3 :i 1 • UOfJll -U.U1f1 ' ).ZI1.2 I.! .1.0:10 
-12 (; -Q.u;n l - ,LuG.56 n.1874 (I. ()(''lU 

0,' . 3 ) 1\ 1) U.ilf31 \1.'11'>4 1\ - 1 '" • 2 4 .~ 4 -1,111(.'/ 1J.() '~':I4 

11..7':172 1.1531 v.U'Il.5 -cfJ.l)uIiO -,,()O ;,Cl u.".,,~,~ 

63 0.63U(l i!o.7')'If> U.O"~4 :),02,:"" '.23'~~ 

-d 1 ',n.01'111 -(1.02:57 ".i:!~i:\4 d:H~2 -51 1+ 1 . U Y 3~; U. 2'-'19 f~.t • '1 5 / 1 
-26 -24 i:l.1aOil O.2~~3 'I. S'i-:1 2 12."'S?l 

2 c 51. ;i1un -(l.25i>3 u.1.21(; o .fIOUt) 
-13 ,I -(J.1I2 t1 !) -~.2,+olJ u. rnz u.IJliDel 

'1.221)'5 U.db31 0.1"41\ -lb.24~4 -1.U14<,1 D.'I3'i4 
' ,: .1<,172 1.1531 tJ.u':I(3 -20.0:,100 - 5 • (Jo,WlI 0."1;63 

64 0.6<.1)(1 K.b 2a i, 0.0'114 'J , I' ,3 , 1 '.:i71~ 
.1 'J '',I.)f) ' d lJ.dl ll S C .14/'1 5. ~)Iui'l -.,3 -52 l~ 5 • 4 Y 't l o • Z 1 i,4 ~'."I~~~ 13.'17<'4 
2 -~) 1l .4ijUI) O.ludl - fJ .U6 " C! 15,nzt. 

6 1 :;C'.'J:Jull -\).2~il4 C).~Z'-i5 lJ.iItJO i ) 

-14 U -().1<551 -). 4l''''l ::r • (1) :, 1 26.6751 
':1 • i. (i 2 .... tl.6)51 - IJ.,~ 11<. -16.~4(4 -1.<J14Y -3.)71;'1 

') ., • 'I c ,", ~ J.j4;;1 \..., ~ t.. : ) ~)6 2 U .1j,)IJU - 2". ,) I)':() IJ • '( '>1 'I 

D28 



f) 5 r) .6:>iJ Li l~ ~) 4 :'.1 1.) t) • 'J'!I,! 3 , ).I} '5 - '~ 5. ~i(jdt.; 
U ( ) "I) • ·, 1) .31.) U • () ( 1\ ~ 1) • 1 4 i Q 5 .. J I.t K ') 

-54 -5.5 " '> • 4'1 Y "? O.?<~II I j • 1 UY 13.n~4 
1 -.!b 1) . 0Odl) 1I.1li1.U _n. Uf) (j t"! 1:5. /12 4 

5 0 :'2 .~ll U il -'J.32I,1 (, , ,37 0 0.1)()011 
-1 'j !i .. ', ' ~ ( •. S 0 :~ - 3.5 71)Y <".1 .151 9 26. {)l3 1 

• ' -; j~ L., :; " , \ .... :. ! :, 1 1 I, -1o. t4? 4 - 1 .. U l l... ~J -). :}/ ' J"..J 
l ' l.ll..~ e ,0 .0451 1l.2061; <v.U UIJO - 2 :,l • U;) '-11) U.lSl'1 

i' 

66 U. 6O·J(J ii.4'U/, O.(Jd'lO O.U416 ':i. I,i,,, , 
() U SIl .64Il'; fJ.Of'l5 ,1 • 1 47- ', ~i. ~;I )b Y 

-55 - :; I, 45.49'1'/ 0.2560 ("1.11:113 13.n24 
() -n if. 'I 2 Lit) O.10?U -(j. U6 :,1fi 13.ln4 

5 25 53.LiiJUn -0.3614 tl.2444 (l.nouo 
11) fJ -(J.i)436 -3.73:13 0.141/:'0 2b,.o"l"j7 

b . 01l71 U.8.531 -1l. 1l 114 3.7~76 -2 1! .UU Ot) -3.~)7LJY 
' I ;J . l ~ .:i Z U.c<4.51 u .. t.. iJ I) () 20.UUUU -2 0 .UU 'JU 0.1:;1'1 

I ' 

67 0.610[, i\ . ~ 5 7 Ii 0.011 n O.04 'IG 5.71;44 ',' 
1 1 .1{\ .. 1";4;~ u.0765 U.147'i 5. :iuoY 

-56 -:;5 I~ ') .. 4 t.} l) "I 0 .24/2 () , 1 ') () tl 1j. 'I 114 
-1 -2(, '1 .44 1) 1) U.l0<'U - (I . (J6 ~; l' 13.nZ4 

5 2S 'i:I.'(JO Il -0.3'184 n .. "l. 4 'Jr.t 0.1)1)00 'j 
10 Ll uu'O U4YU -L6Y:;7 1) .~41 ~ 20.<>737 ; 

". f>6'i 4 (J.B.:::}1 - () • I) 1,1 4 ~.7~16 -20 .. UO ~i () -.).)7l)Y , \ 

1',). ') ~i\2 ' 0.6451 u .ZU6o 20.0UOO - 2 P • () ll'.lI.i d.1S1Y 

:, 
.\ 

68 U.6hU O tl.Z1:>16 O .OlJ 62 U.U54b J.Y221 j 

1 1 ~ ; 7 • /41 1 0.0/b5 [1. 14!9 ~l .. ~;t)iSli 
-~., -50 i~ 5 .. 49"1"1 0.25il6 U. 1 '1 'Jll 1 ,3.'1724 

-2 -2'1 9./600 0.10<'0 -0. U6 Z1li 1.5,lU4 

4 24 :;", U'JLlIJ -0.·;550 (). ZSB o ,1) (l lJi1 
'1 Ii -0.0:>46 -3 .6 5/s2 ().3411l 2 f> , (, 7"57 

b ,5 3 17 U. 'S'l51 •• (I • <) 1 1 i. L 15/6 -2'1. 0W'C' -~.)7v'" 
' i; .1£ <i 2 0 .0'+:;1 <).2')61, 21) ,['IUI,U -2;1. U \. , ' ILl '1.'1:'1'1 

69 0.6'100 iL 1624 0.01:146 rJ ,U6(,3 6.1)5'1b 
1 , ,il.ZJ:l91 U.Ull)) ,) • 1 4 19 S,5n~l'i 

-So -57 I,;.4'tY7 (J. 27!):) (1 .2:)15 n.?U4 
-.5 -.5u 11). UiiClil ;' . h)~O -c'. U~ , 'O 15./724 

"5 Z3 '; ". ~ 'J lh ) -0.4712 i). eSt.? V ,Un,)U 
8 u .... l) . !)6'J] -5.(,1.116 (). li.1 ~, 21>.07.57 

:~ .. 3Y4 1) U.hu31 - 0 • h 1 1 '. 3.7576 -<"0 . Jf)('tJ -3 . )71)'1 
1 t1 .'il. 1l 1. (J.i;431 1.1. Z')6ri 2 () .1)OIlO - ( 1) .01) ') (1 n./51Y 

70 O . 7r;()iJ il , I!6 uJ) lJ.uoZ9 I) . Ll.~ .') 1 0.1'1(6 
1 1 :-; ~ • ~) 50'i 1J.(71)5 iJ .14 /9 ~i. ~i-IJdY 

-5<,1 - ~ 1\ ,.~, 4'YY l ('.2e2.3 (\.Z 1 :d lJ.1U4 
-4 -51 ': U . ," '.l Ui) U.11J20 - n.U6"U 1 :S,n1.4 

2 22 ,".;J ' }')II -o.,u70 " .I.S41 Il. tW OU ., • I -:J .. IJ I)!') : ] -3., 1> 30 -,-, .1J5~( ('i>. !, 73f 
(\ . ~~)67. 0,1'/.51 ·· ;1.~,> 11;~ ).1576 -2. (; .. ,Jf1(,(, -5.~II!Y 

1 !.1<!'I2 V.(\ldl i! . ~ 1 16{) 2D'O ,'j un u - 2 \ \ • Ij U' : ,') li.l:'l 'l 

D29 



72 LI.7iUG l.84S6 (J.0790 (). 1J7?3 () • '.7 3 IJ 
1 1 ,).')4111 U.U7K) U.147'1 ~; . ~i CJd{j 

-61 -f)~ j'~'j .. 4'-;[';'/ f). 3 (I U (\. ~ ."3Y?' 1 .; • n 2 4 
-f, -33 ' 1 . ,J4Ur) U.102fJ - U .. u6 L!l; L;. n24 1 , 

5 20 it.iJf.lUO -f).S7fS ''''.i4,,9 1).,10,)1) 
5 ("i -C,.d/»:'; -:3 . 5r;l ·~ - ') • 4 S '. " ~".6737 

7.\11103 U. 7/.~1 -0.dl1'. 5.7516 - 2(J .. ('U ~ 'q, 1 - :;. S70Y 
'1" .1i82 U.8'd1 u.<:ll6r\ 20.0 UUl! -~ " I ~ u(Llt~ ,) • '1,1 9 ; . 

, 

73 a.73U11 7. 1 $3" U.I)169 P .. U8.~5 6.()1G'I 
1 1 .S j . l • ...J 4:'i U.0165 ;).11>79 ).~JOb'l 

-62 -61 r. ~ " (.Q97 o . 3 ~;) '1 II . ,,~,'4 n.17t4 
, , 

-7 -54 -: 1 . .)?Uil (! . lU2 0 -I) . UO II!) 1.;.77,4 

4 19 .'i c . 5 'JUI) -0.6122 (J.i4 f I4 U.'liJU fl .'j 

4 ( 1 .... 1, ',. Uii 4') -3.4/03 -d.b' ~' 2 2". ()1),1 ; 
, 

7.h431 f)."~31 -0.';1-14 .5.75 " 6 -2').OU(11) -.~;~'lU'1 \ 

H. i i:&2 ·U.b4S1 l .' .. t.u66 20.UDOO -2 " .UU()O 1).7519 

'/ 
.1 

74 0./400 '1.0111" 0.0746 (/.0'110 ". ·{41l) 

1 1 :, ) • U 49 " O. I) 7 115 (). 14l9 5. ~(Jlj'l 
-63 -62 i~) .. ;. -) Y? O • .3,D2 n. "6?O 13.l1i4 

-8 -35 -. 1 .6(\1}/1 U.1Ui:O -(1.1)6D(1 1:5.l724 

3 1 /j ·,7. ,.l i1Uil -1).6465 0 .<:318 !). d(j(ilJ 

.5 lJ -(I. ( Ir,. '111 -3.4327 - f.J.05:--:2 2 f) • [) 1 .$ 7 
7.7 1155 u.7jS1 · ·u .,>J11l~ 3.1)(6 -2 " .1)1) ' 10 -.$.~71)'1 

1 U. ·' "b~ 0.,,'>.51 u .. 2ucu 20.uUilU - 2 i). LJ()~ .I U 1).1)1'1 

7" .l O.7)Li{; 7.)0011 O.O7?'1 n.U'J16 0.11.-)62 
1 1 }4,(0)~ 0.0165 " 147'-1 5.)('b)/ 

-6', -63 (~).4':"i7 O.34b8 r;: Z741 15.1 U 4 
-'I -30 12. u'YJI1 1) . 1U20 -n.06 i HJ 1:5./724 

, 1'1 .)7~)u r)r) -1 ) .61..11.15 ;;. U 1 i' () ,111 j U
'
I 

" ' J U .... 04\,1..;(1) -3.3'01 -1 • U 5 ~) 2 7. 6, () IS 7 
" 1.'>676 <i.7431 -1} .61'I4 3.7~?6 -2~.l .1l{f :, f.l -3.)'1,-1'1 

l' l . i ~ .~ 2 0.0 431 J • ~ 0 b (i ell.OUOU - 2 'J • U 0 : (, LI • 'I S 1 " 

If> U.(Cn) f) 7 .5704 LJ . 1J6YS (1.1U L 4 7.lleYI 
1 1 "i4. '16j.! 1J.(JTJJ5 P.14(9 5.~)n~'1 

-I:>~ -r,4 .• ., • 1, 'i 'i I 0. 36L16 ". 0; f, I 1 5.l114 
-10 -57 ' ? . 5? till O.1U(O _f"l • 11 0 : 1(1 13,l71." 

{., 1 r, "jK • . }()Utl -,).'1141 ·).lflr, 6 U • ()I) 1;' J 
1 , , .-. i \ • i t 1':' it -5. 35.'S -, • <:.5 t 2 ?'o.h137 

;- .. 4 c. 'J (; , I • 1 ) ) 1 " . ; . . :" 1 1 I~ 5.7)16 - 2 'J. IJrI ' 'Ii - j • ~ ) 1 elY 
1 . J . 1 ~o2 [J.d:..)1 ..... . i. 'J 6 t) ( iJ . 'Hiil!) -~ : ) .lP) ;: !) 1 I , I) I<J 

D30 



7>3 IJ.louU ".12,6 (]. 06 38 0.1P,5 1.1.995 
1 1 .\3.'-1:\5/ G.O/clS 0 . '1,+7<; S.~Uil'; 

-67 -61> ·,5.,+Y<;7 0.)69 /+ 0.515.5 13.7'124 
-12 -.3,} '1 C. 'I 6CiI) O.lUI.U -0.U6()O 13./724 

4 14 ><; • UUI1U -0. ni,)1 ().177~ il .I)(j(){1 
-1 I) -0.110:; -3.2824 -1 .b~"2 26.0757 

7 .151,,+ 1).7151 - 0.d1 14 3.?'j(tJ -2f,.Ou<'lu -3.:>71)'} 
11J.j~1l2 -).1;'+:>1 t).2()bl) 2U. !hJdU -Z lI . OQ,Ii'J 1).l51<,1 .. 

-, 

79 0.7'1<)0 t> . 'J'J4/, 0.l1bU6 0.12:,Y 7.'+371 
' .l 

1 1 :~2 .. Oltuf) u.U7dS J . 1 479 S. :"jll'l 
-61\ -",., '. ) .4') <; '/ 0.4043 n.521Y 1~ rU4 
-1:$ -4i) '13.2bLiil fJ.lu20 -U.U6,'0 1:$ :'171.4 

:~ 1.5 ,9.) I,)LJO -0.1:\125 n.15.'.9 o . I)(J ,)() " 

-7 u -U.11.)" -~.2448 -1 • Ii 5 , ; 2 20.,,7')1 
" . u167 u.7u."1 -O.b1 1'+ 3.7)76 -20. U(/, ;u -:S.~70Y 

. . 

-1;) .'12~j2 Ll.6431 1).2066 211.0000 - 2 (1 .1Jt) , ,() ii.!519 
. , 

I 
\ 
': 

130 o. ';UUII 6.66 (JIl ,),0573 1.1 .13:14 7.':>7415 
1 1 .52 ... 11:1 \LO/IiS O. 1 479 5. ~')iW 

-6'1 -6 0 ' ,5.49<,11 0.41'1b 0.54;'0 D,IU4 
-14 - 41 13.6 '.)(JlJ O. lUI.U -:J.U6\1U 13.'177.4 

2 12 1,0. U0U() -0.1:1446 0 .13 [' 3 U .1J()ull 

-3 iJ -a.l.BI. -3.2072 -2.U5r.,2 2().()nl 
I). h 'lY · , 0.6'13 '; -0.1>11" 3.7SII) - ~ (]. ()() ' ;,.1 -:.s . " 1(''>' 

'111.11.02 IJ.>l431 CJ.2lioil <::0 . 0 :)1)0 -L t'. t)U;-'p 1./.'151'1 

~1 U.0100 0.,(221, 0.0)38 11.1411 7.l12S 
1 • .~ 1 .'tllt) O.')71;~ P.1 4i'9 5.SlJbY , 

-/0 -oY '. 'j ~ '<t c.; Y ',' 0.'+3;3 O. :S5 ~ ;4 13.'!124 
-1 5 -/t 2 i3.'(21)1l [1.1 u20 -n.06.)0 13./7'4 

6 1 1 ·.I).)0U-) -u.571)3 \; • '1 1 ) 7 1l.IJljf.JlJ 
-4 IJ -!J.1411 -,~.1 6'17 -c.tS>7. 26.(,737 

6 • r 415 (1.6,)31 ~O.iil'" .L 7S1f> -2li. i)O ' l \j -3.~70'l 
1 !) • '1 I. 0·2 u./l'dl (1.21)61> 20.UtJuU -' U.iJU :l(' ii./'1'1 

ii2 u.C\,;uo 6.~i)1" 'LUS,)l I ! • 1 "'J 1 '1.;)502 
1 1 ~1.)4b4 rl .U7 1lS '),14',y ,:1: ~~n -11 -7l1 ;~ , . '. y y ? 0.4)14 (; .5'1'7 

-1~ -Id i4.!.4UiJ 1l.1L120 -d.'J6 1 : (i 1:5.n~4 

,. 
" 10 :.1 • UIHJrJ -;).'J f: 16 !1.u'f11 tJ .1j(1\l!; 

-~ 1.1 -n.l l.'ll -3.1S~1 - ! . '+ 5 ~ '. 2 2".1>757 
fJ ~ 6 ~ I .S ~ ().h/ 31 -(I.,~ll4 5./)/6 -(I i ) ~ ; lll :, l(i - S. ~lil'l 

, II , 'I !·,2 O.d4$1 1} . CUbb 111 .J ll()U -;. ' \. U{./"U 'J.;'>'<; 

D31 



ti .~ '.J • i;') :.It, o.'d/" (1.IJ41>2 c' • 'I 5 I .; "I.l)l\KU 
1 1 .i 1 . 1 1 "( U 0.1)1 0 5 r' . '14 1 ~ 5 • . '; Il lS'l 

-72 -"(1 t~ S • l.'1 Y "I 0.467'1 0 • .5'117 1").'17;:4 
-1 7 -44 '14.56JIJ 0.1(J~0 -f). OMI!', n. tn4 

4 9 ;.1 • 5 0i l ll - lJ.93d6 [) . IJ645 f). 'JO(IO 
- ,~ . I. '! ')1:5 -3.0'14) - ~ .65 "\ ? ? .., . '0 'I S / 

( ' • .... /J·) ;) oj . :)(: ~i · · \; ~,) 114 S.7~76 - 2:J . IJ U i) U -'>.)1,)'1 
l u .1L H2 O.Il'>31 O .2'j6n 21).OCIIJO -2( I .1)0 ·.1U 11./)1'1 

84 0.8400 b.2'f1J't O.()420 1).16<;7 0.'125/ 
1 1 ,11J.6>j'-J! 0.0765 ' I • 1 4 19 S. ~'UIlY 

-73 -"12 l~S .. it-Yc.;' lJ.40411 ')."1)';5 1:;."17<4 
-1 ~ -45 1 <t.'}f.\uO 0.1020 -li .06 CII) 13. rU4 

3 ,., 42.I")Ouo") -U.96'>2 11.03/0 (J.(jeUfJ 
-7 u -O.1~5" -3.'J51l'l -2. ~ S ,' 2 Z/j.()731 

<,>.::'281 1l.;,) :51 -f).1I1li. 3.7)76 -2fJ.01J';() -.\. ~'t!l'l , 
1 u . l l.ill L1.8451 0.L(61) ?I).auo" -2 :1. 'JO ,I U 11."151'1 

" 

. , 
115 li.h:>1l 0 6.14Uil O.O5l6 \).1743 d.~6S4 

1 1 :; !) • (, 6 4 ! 'J • 0 7 LIS [1.1479 :;.~ (\ CS'1 . , 
-74 -n ;.5.4(/91 1).5U22 P.4? i:, (j 13.7724 
-1'1 -46 " :i. 2 (1l)IJ 0.lU2li -O.U6 lJ fJ n.7724 

2 7 '.2.5" iJI) -O.9Y43 0.'l(I')4 f).IJlil)t1 
-d " -0.114 .'; -3.01"'4 -3.0) 1i 2 21>.6"/57 

6.1'104 0.0451 -!J.o1"1'. :'.7576 -20 .IJO ~!l·1 - 3 • ~ l ,)'-; 
H. 'i~ ,~t 1).04:"1 (j.,06(, 20.01JUO -2i).UU()l) O.l:;l'l 

'/ 
i 

ij0 L1. C)ofJO S. <) IS,> !. Q.0530 11.1>:1 3 2 iI.,.1'11 
1 1 hl. ;; 4~f) o . ' J705 11.14(1) ~ • :l 0 ~ I,J 

-75 -74 '. ~ .. 4- ~ './"! O • .5ZlJ1 U.£t.474 13.1(24 
-20 -47 15' . :) Z(JIJ V.l O~O -1).06 :) 11 13.1724 

6 /) 1,3 . IJ '-lU I) -l.i)l92 - ' I. ' J272 U;uOOu 
-9 (, -0.1 3 .)i -2 . " ~ 11l -.I.!S iI ? 7 1,.,:,75/ 

",1'527 lJ.oj31 ... n ~ () ·1 1 ,+ L/'J/6 -2;J .Utl '.,l i -5.~IUY 
1 " . 'UI3~ O.~":Sl u.~ .' )u6 ~IJ.n(llJO -2'1.1)0" 0 n."1)1'1 

iH O.Il!UII 5.,;211/, 0.I.J2;;2 n.19n b.S38'i 
1 1 2 Y.,+217 o . 07/; 5 tl.'i4r9 ~.S[,61j 

-76 -7~ ".5.,,9Y '/ U • S 31s 4 il • 4610 13./(1'. 
-21 -4~, i5 • • :l4UI) I.l'-,UJ -d. u6; ! \.1 1:S.17~4 

5 5 '.3. j :Jillj -1.05Is6 -'1.061(\ ().I)Oll!J 
-10 U '" 0 . 1 'U .S - 2 • 'l .. " 2 ~ '5. 45 ~" ~ cO.!)?3"! 

) , 9 14" U.I)~31 -0. /\ 114 !'.75/6 -2 ' i.l}i,I ; lf.) -3.~70Y 
11', ' I ~ iI2 G.old1 U.C(II>t> ?u .0·JIIO -i.;,).J 'Y ; ("> U."!S1Y 

>:1 0 O.>:\O()d :i. (J6Y" U .1.12 .11 lJ.e !) I'! 6.1>71)6 
1 1 ? 'i. U'J5'J (j. ()7;\5 ".14 7'1 5. ~ iU~l,I 

-71 -'It, L; '" .. 4 :; y . .1 1).5)1Z ll.4i11oo~ 15.1'11.4 
-n -4') ",o. " bU<) 'J.l i J~~O -'J .1)6 ,·'(i 13.1124 

4 '. .~4 .. fl : I(;t) -1 • ,)IF 7 - i ) .uli " 4 ~. 111l')/) 
-11 II ..... (l • (. , I 1, · -I.. .YU r')o -). O)t,:( (: , ."(51 

:" -U 12 lJ. h 1 ."'i 1 - i ,I • . \ 11,. .).1~/6 -l ;J .. dUr,;j -5. 'J 1')'-1 
1 I • 'I !. I< ~ U.»'.31 'J~(.rH.") 2L' . U!)IIU -I.·. I.U~ ' \ (I J./)l't' 

D32 



}) (; 

1 
-78 
-23 

,3 
-12 

."' . t , .) ,,\ j 
1'.1.'1:<>:\2 

\10 
1 

-7<.) 
-l4 

2 
-n 

5.)0113 
1 ,: . 12&2 

91 
U 

-00 
2 

" -14 
5.::'640 
).5'175 

92 
II 

-31 , 
5 

-15 
5.<26~ 
'>.5"15 

<;3 
tI 

-d2 
() 

5 
1 !) 

5.ubil':l 
:,.5975 

94 
(J 

-t;3 
-1 

4 
Y 

..... t,5()'-J 
" .~'775 

'j • ,~ '; , , 
-/7 
-:iu 

3 

U.9LJIHI 
1 

-78 
-51 

2 
f; 

J.5'131 
U.b'd1 

(J.Yl (J(j 

', j 

-79 
4 

1 
1 

u.50:;1 
·. U.~(:S1 

lJ.'~~UO 

C' -Su 
5 

I) 
1 

0.51:'1 
U.S/51 

li.9.\oj() 
I! 

-Ii 1 
2 

25 
1 

U.,0:51 
1.'.5111 

U.'i41It) 
u 

-d ~ 
1 

t. I .. 

1 
,; .. ~ .J j '; 
1-' • '> ( j ': 

:, :i l ,: ,;, ,~ 

/h .. .) '~ ('I;~ 
.. ).4',1-11 
16.4i',;)11 

5,541Jil 
1.1>.176:-
,,5. 49'} 7 
"6. (lUUI) 

.. 5. UU(If) 
-U.~2l'. 
·-<).b111+ 
u.~!Jo(') 

5 , : It) l., 
(~7M,'61,J 
32.94 S'l 
'i-I, 'I" '.)'.) 

1.5,. :-".J')i') 
-:.l,,~ ,~16 
-1 .1)1>14 
-u _ ,~61"t 'I 

/ •• ') '-110 
,~/. 56LJ~.; 
52.'l45 tl 

'i -r . 441)ll 

',6.ulllJIJ 
-0· .!4a 
-1 .Uill., 
-u.\504/ 

4 ..... ,210 
" b • '1 '> 'I ? 
,).!.t/4 ,5(} 

i?Ir,iHl 

1.0 .. ::;'(IOi) 
-I) .. ,!'J-S", 
-1 • r.l'" l/~ 
··tJ.h641 

4.r)(+2i~ 
I) 6 • 5 :> 7 1 
,'I ~ • tl L .:> ~J 

': (). :.i >1 U i ) 

·.7~UdUU 
"1 .1 • ( .:.., h ,) 
- 'j • llr) ll~ 
-01, ', ... ""11)4/ 

DJJ 

, I • ','I 1 , I 
C • l) 7 ;' j 5 
1I.571J4 
1J.1lJiU 

-1.1104 
- ? • ," f " ', 1 (j 

,5 • .1) .:J 
2U. l)lhl(J 

0.·111.1 
O.()l ,SS 
u.5'!"'/' 
U.1UI.U 

-1 .14{~7 
-2.il\'I) 

3 . 'I'J ! !) 

2U.iJGUU 

O.UutJ1 
U. uu 1'1 
O .. fJ1ub 
U • ',Cd 1 

-1 • 'I (;~ 6 
-2.7\15'-1 

:5 ./S-If) 
20.11U00 

-ll.OUu1 
O.'1Jll 
1).~374 
rJ.40:;1 

-1 .201]2 
-/..1~o5 

S.7,O'tJ 
?O.OOt)l) 

-(J.OO,,6 
v.QUi1 
I) • :, ) is il 
u. 4 'J:~1 

-1 .2274 
-i'.71t17 
2lJ. (HltJI.J 
?O.U(;i)U 

-0.1)1:55 
[1.uliI1 
U.OI\IIH 
U • 4 u _11 

-1 .2:'~~6 
-!.~1il7 
?(,.or)!)o 
211. (j~"JU 

!1 .~1 1 4 
( ). j 4 (q 
,) • :> 1 "'Y 

-':'. U,, ' Jil 

-0.'13'1(· 
- ,0 5 ,< Z 

·_(.· : : .,Jl), : t) 

-/.(1. VU'.IU 

I: . 22 1 4 
', ).14l9 
:1.:>.5I.(J 

-U"(601) 

- r) .'1 7 -, 5 
-4 .. u5 (~ 1 

-2 '1. UU 'I U 
.. I. :.1. fJIJ , IV 

'1.~316 
(.J • L fJ. j 4. 
(0.»)1'.1 

-0.1144 

- ,).221l1 
-4. <5 i.',2 

-2(;.IJOI,1) 
2~). UOliO 

;; . <4a 
iJ.<4~4 
U.'>b:'I.. 

- D. 1144 

-U.t!647 
-4.45.'-2 

-2~1~ nUI1U 
20.u')!JO 

!J.tS)1 
L'.<4~4 
(,.fJ(}')7 

- () • 1 1 I. 4 

-r;. 5113 
-4.65,",2 
o. ()1.) I:)t) 

2 11.(1,1 ~ C) 

;).(6C~ 
".('4-l4 
(I./;~(-~ 

- (1.1 144 

-:.1.55('1 
-4.05 ,,2 

'\ , lH I: . !: 
2 ;,; .lJU :,l) 

(\ • ;) 1 4 5 
,.:)I)!l'1 

1:S.ll?4 
13. F1i'.4 

O.U(I(lU 
'''. '''I,~I -3.) 1,)'1 

0,l5111 

d.'i5~O 
5.:)(1,1" 
13.n~4 
13 ."17Z4 

fJ. f,l)i.lU 
2" . fdH 
-5. ';;-rJ9 

U.IS1Y 

9.iliWK 
'!.n.1S 

1:5.'17(.4 
13.1724 

(1.1)<1:)11 
-2i..2i:ll 
-,;/S65 
-i •• itSb< 

Y.ni'~ 
'1.IUS 
13.17~4 
13.n~4 

(J.ij(jdG 
-z.!. (.~il1 
-i'. -/5"5 
-4.1.51>< 

9. 305~ 
9.7.<'75 

15.1i'~4 
13.1724 

ll.lillU'1 
-22.i(,~1 
-2. /~td 
-4.4)01. 

"I .. ~)/I.?)I 
Y.ai') 

13.:'114 
15. rU4 

I,) .IIOd;) 
-(7.. nC<1 
-c . 1)'>.1 
- 4. I,) 0 ~ 

1 
:1 
i 

I 
' , 



C' I: , , 1,1. 'I:> lJ U 4 ~ 4 ..... U t) - ,) • ,'\ t.: :) 0 : I • I.. ./ .... {., l} ./)41)6 
() I ' /b.1f)(} : ) I). VI)'; 1 ~ ,.~/,54 '1',/1(') 

-Ii 4 -'i.l j ~ .. i} 4 .5 (~ o. 7 ~ J :i/t fJ .1)1) ,)1 ·15. /1.4 
-2 l; ', r..4fllJll 0.4U :Sl -11.1144 15."1724 

5 25 '.7.5r)(JO -1 .2"1'57 -Li.4lJ!.4 -22. n~1 
1 ,] ' j ·"· '~1.~ 7S{J -1.) ', ;17 - 4 ,1-.,) ", / -I.;'. ""«1 -. ;) .: S 1 ' j .. ) L~) l .. , • . J d I t~ ~ Ll ...... ' i U J . J • IJ-J ' .IU -I. ./')05 

~.')\'75 U.5(31 -U.1l647 20.0:)00 2fJ.lJl)r<n -'" 4)1l~ , , 

'16 L1.9601"1 4.2744 -CI. (l;~~ Z ',.!.i;lil 9.7761 
1 1 '~5. 71>75 O. UII'I1 (1.1.431. 9.1.21'> 

-as -ii4 '\2.\145'1 0."1(1)5 :. ,L. 69 ,':. 2 13.)501 
- ·s -1 11i. 72 lJ!J U.4CS1 -().1144 13.n~4 

5 2~ 41l.1J001,) -, • 2 L} fl4 -P.451(1 -22. no1 
10 1 -0.21;10 - 2 • 11 in -4.65 ~ ? -22. Dbl 

4.0754 U.';351 -, 1 • V ~ 7 ,. 20.0()1I0 I j • (JJ)f" 0 - !. • l Sf':' 
5.')'175 0.5(31 -U.~~4"! ?O.O(lULI 2u. U(J :) U -4.4Sil~ 

,' . ' 

' ,' 
Q 7 0.9l01 ' 4.1)1-\5(') - oj • 0.1 (, 0 :J. ) ,)(,(, '1.':JnY4 

1 < " > . 3 7 ~ :s 11,()li11 fJ.24 .S4 Y.I.27~ 
-<:16 -tl~ "i 2 . 'i 459 O.7SiJ2 n,l3f·(j 13.32i'6 

-4 -~ i'l • U4Uil O.4!J31 -!i.11',.4 13.7724 

4 24 •. 8 _ )I)UII -1.3'161 -:,.4Y76 ' - 2t. • n H 1 
9 < -().5 ')I)I) -1.<,11117 -1 •• bS ;1t. -2<' • I. i >:11 , 

4.)599 U.S~j' -1.0074 ZO.OI)OU U.OO:.) 0 -2./563 
:i .~'n5 0.5/31 -0.1)04"1 2U.uUUU 2d. UO,.I0 - .. , I.) 112 

I 
.! 
,; 

'iii d.-Ir.UU .5./)yjf) -f).0',42 fl.j1i7 1(J.tl40~ 
. ; 

1 1 ~4. ')9 30 0.01/11 (J.24~4 Y.'27~ 
-i!.7 -db :5 2 _ ." 4 :s <) U.77i,6 n.1"174 13.10~~ 

-5 -3 ~Q.36fJll U • 41! .S 1 -P,1144 13,"1'124 

3 ~3 ":; • ililUIl -1 • 3~ )3 -1\.~41.2 -u .1.'~1 
~ 1 -0.310 -1.71117 - 4. 6 S I, 2 -72. a>:l1 

!".4() ·~6 cJ.~131 -1. ;11171. 211.rl u I)O i. I. I) ~ J : )i.} -,.15,>5 
).S'n5 d.Sf31 -(I. ,104l Z(I.Ul'1I0 2o .. UU: )U - ... ,.5 d 2 

99 tI.9YLlII 3.6'104 -Ll.05?1l (I.52S' 1f1.16'13 
1 1 1.4.bl1H 0.0:.111 1J.1.454 1).1.215 

"'8A -137 i2. '14.5'1 1).7'1'16 !1.tiZI14 1~.l\03Z 
-6 -4 '19.61:l(lU 0.4UJ1 -O .. 't1!.1.. 1 :j • 17 (4 

, n 1.'1.51)01) -1 .54 <15 -il . ~ ') U b - t: ;~ • I. ~ II 1 , 1 -0 • .52')/ -1.)1<17 -4.oS r.,2 -2;>. ail1 
1..2(56 O.5v::ii -1 . ' J~7'. 2 n .llUi/O n.uD c;U -l.. '/~63 
:, • S':' 7S (l.St:'>1 -I). ,~64. ·.' 70.0000 211.00 (' v -I,. 1,~I.l< 

10U 1.fl,)tI() 3, ) OUII -O.d(,)lli (", • ~ 3 ' I t 10.~Y)'1 
1 1 (:4.~~40 ,1.iJ ,)11 :"1 • ,: 4 '> 4 ~1.c.II~ 

- 1) 9 -d(j ,; ( • 'i 4 5 '-I U.cS/~.5 ().:~(,)1 1?.l>oO') 
-7 -S ,)(1. UUdC! U.411.51 - (: .. "I 1 !.. 4 13.7.'<4 

/) ~1 ',(I.lJfJJrl -1.) .~17 -/l./) :~/4 -ze. /.?1\1 
6 1 -II • )3 'II. -1.51,,7 -4.1 .. , ··', (. -21.. U(\1 

L .. 1 4 () K 0.4\151 .. 1.Llo7 .. ?d.t)IJuU 1.1 • I) ~ J ' ; I " -~. 1~65 
':".~' ~/,) J.5131 - U • ~j () 4 '1' 2(J. 'j'JU<" Z i.J.UU ~. U - I, • 4) I) .: 

D34 



1,; 'I 1 • ' 11 III , j. 2 '7r\1~ -n.lil1~ ... j)~, 1 1 I) . i, i II S 
1 1 ? ~ . 'J0 1.11 U.lJ LJ1 1 \J. ~4'\4 lJ.l2f5 

- ~l Q -dY ,'2.'143" U.6) 1 5 C' • 'I 1 1 5 1 2 • ,>:; tl 7 
-II -6 i(I.32UII 1J.411S1 - '1 .11!.4 U.'1U4 

5 20 ~1).)nUII -1 .37C.9 -q.o6~9 -22. <281 
.'i 1 - , , , ~ 3 'I -1 • 11 II 1 -I..I>~ ," ? -0. ;''',~1 

'. , , " 1 . ' . ., , I Ju Ii. 2(1.0 lJlILl ". elU ' 'li _~. ~/ ~OJ . . .. ' ~ '.' .' 1 ,i 
),)':115 U.5/31 -0.H647 2(J,UUUU 2 n . (;/) ')U -,~ .. It S 02 

i' 

lL1i! l,OiOD 3.U93() -0,0010 1) .36 7 4 1(j.~4~~ 
1 1 <3.4'151) U,0011 1',~43/. ~1.n/S 

-91 -''';(1 '? '/4~W U.6165 ( \ .. 9 5!J 7 1?'."104 
-'1 -I ;!O.64U{) U.4(131 -(1,111.4 n.n'4 

4 19 ~1 .UIIUIl -l,3nl - I) • 73 (\ S -a. nill 
4 1 -U.5 fJl" -,).91il7 -4,05 >l ? -n. alll 

5 . 1< ':158 U.4l31 - 1 . <Jil 74 ?'u,n OOil o. ull','O -~.'1505 
, 

~.~Y75 I) , 'i ( 5 1 -11.1>1)4'1 2u,UOUO 2 u .ulJ f.lU -4.L .. ~o2 

'~ . 

, ' 

luS l, 0 5liO 2.6851,) -u.O'f1Z :J.5871 1 1).6,,24 
1 'I / 3.1524 u.0011 r:.~4 ,14 'I. itlS 

-fj 2 -91 '1 2.t}l;,59 lJ.Y:J61 1.0U'; 7 1 1 .'1'141 
" 

-ld -" !'li.96tlll 0.4031 -0.1144 13.'17,4 " ' 

3 1h ';1. SPOil -1.3 1:. ,}2 - ~-,.ln1 -2;'. t.?;; 1 
3 1 - 0 • S;\ 2 'I -0.711'>7 -4,6;i-,? -a .1.~ol 

;'.//3" U.4031 -l.U&/I, 2(1.OllttO {I. uQ (! O -%.'(505 . . ,\ 
).)-';75 U.5(31 -(l.IJ64'! 20,UuUO 20 . vu e,,-' - tt • It:i ., , 

:, 
'I 

1 (14 1 .04 ,)0 2.6, tt4 -0.11)18 n, 3974 l(J./IiOl 
, i 

1 1 <~". -r7jtl 0.0 :)11 U.~434 ." , ,~ ? -, ~ 
-93 -\12 5 ,~. Y 4Vi IJ. '13 .. 4 1.U61.6 11.1716 
-11 - 9 ;~ 1 ~ ,~c{Jq 1J.40Jl -0,1144 15,7724 

2 17 ')2.Poun -1,39<,4 -1J.tl2H -zr.;nIl1 
2 1 -11 • .'>",/1, -Ij. ) 111 7 -4.05,', 7 -n,i'",~l 

:', .<;5.51 0.4):0;1 -1. \);>" 71. 20.01)UO f) . ') (,V-(: -i'.,7S6S 
~.~'17S U,')( :11 -II. ;,\ 1;>4 ( < I). 1)(;tJU 2 ~] .lL]dU -I, , 4 ~ IS i 

105 1 , :'j ~ 'JU 2.I.o"O() -0.1128 1t,4131 11).0'i56 
1 1 (. 2 • 4 ? 3 'J U.OlJl1 ~ 1.2434 Y. a 15 

_I} 4 -9 :' 12.'/45') u.9633 1 ,I 1 ~ 3 1'1.:"49~ 
-12 -1u ;)1.6!tuf) .4031 - i'J .1144 1:'."-/1.1, 

6 1 <'> ';2.;'10!J -1.5,}76 - ,:1. d 7 ~d -2,:, a~l 
1 , -iJ.4131 -I J .5187 -4.65 ,", ~ -21. .%1,1 

3 .)3)9 ).4431 -1.1'1'\7" 2fl. U'JI)O ::, , U (J ,', (, -l."'S6S 
~ • 5975 1),5(31 - ( ).~64~1 2U,(JuUiJ 2 ~ ).l)ll rfU - .. ,45ot! 

1 06 'l,doVll 2 . t. 4 t. I, -l),1<'. .. .5 u .42 'i 3 1 'j .11(1 ,1'1 
1 , 1 ,~ (:: . d 76<1 ' J.I)I)11 ").t4,!.1. '/.;! t!7, 

-95 -''>4 ,i'- . ·°1 4j t) Il.'} 'U\I 1 .17 (" Y 1 1 ,5~/5 
-1 ,~ -11 ,: 1 . Y t.lJd 1J.4U.51 - il .11<'4 1\ , ( 7 ~ 4 

5 1 5 ' l)_UUUfl -1 .3'11\8 - I) • 'J 1 / , '" -i'? aill 
f) 1 - (). 41.'n -"J.11117 - I • • ~) 5 ~ " 2 -21.. Ui:<1 

:'.4/. ,)4 U,4,5'31 •• 'I . '. 16 1 ,. 21).1) 'J 'II) ! J . l •• ) 1·0 -I..l~".l 
~ •• j Y 1 ') 1J,~{.51 ' · 0 . ·)/)4"/ ? :). J( ' JU Zu .uq ,; t1 -4. ',~<!2 

n1 " 



1 I:r7 1 11 I , ( » " · i .-: 1 " -'} · i j .:" ' , I. i. ~ . U 1 I 1 1 "j '.J · 1 1 /1 · 15 (;:i i) .. L) u 1 1 i-,.;'> 1-,)4 Y .075 
-96 - 'J ') it .. '-f ( • . ) ',1 1 .ud2 1 . 1.10,4 1 1 .1uJU 
-1 I. -1 L It · ,; 4 :Jfj 1).4') 51 -(1 .. 1 1 1,4 1 3 ./'U4 

4 14 ~3.)rj(j!] -1 .3'; R 0 - ( \ • lj b ~ Ii -u .22>11 
-1 , . -, ., t • . ~ i J I, ' • . .: i- 1 3 - I. i) ~ , ) -u • ~~/x1 

:;.5;,1 7c. J .. i;.:. , , / .,: -! .. ' , ) i; .. uU ":1) - , ,- . f,n5 
5.'>'I7S '1.)(51 -0. 01)41 I-O. IJUUU '2 U .. OU(!(1 -4.45h2 

j' 

lU>:l 1 .n~u0 1 · ('rl I; - 1),14'15 :,i. 4fd, 11 .t'L'1l1l 
1 1 !. 1 .-+()~~) O.tJlIl1 II .~434 'i .1.~7) 

-'Y 7 -'i6 52 .. \/ l".jL.J 1 .!J~t~1 1 .21l'tK 1 iJ • I\,~ Z 1 
-15 -13 ,~2. )bU ' ) 0.4U51 -0.,11 1." 1,.lU4 

3 13 ',I..,)flUI) -1 .39~2 - 1 · .01 (' " -22.ni:ll 
-2 1 -U .. 4f)j:J f).2~1:5 -4.1>5>'2 -21..1.281 

5.'iY61 v.4151 -1 .1.16 7(~ ?u. Gl'\JO ',) . UO'JII -1..1;1)5 
:, .,Y75 v.~nl -LJ. ,)04/ ~ll.Ol)()1J ;> :1. 1)0 :' (1 -4 .1.~82 

1 Ci '.I 1. u v ur~ 1 ,,~7C~ -0.11)15 n .4illl 1 1 .3:~54 
1 1 1.1 · .... 1/ :> 1 1.1 • (j Wi 'I ("I . c., .. ~4 Y.2U5 

-9 d -97 32.'/439 1 .\~IK56 1.3491 Ill.un04 
- '16 -it, l .2 .. ,,,) i~ LJ () U.4031 -().11 1.4 1).lU4 

2 1 " 
' )1... ~ .') !. ll\() -1 .3'F,4 -1 .. U~jbt. -22.Z~1l 1 

-5 1 -l,-t.'.(~'·l ("1.4013 - (~ .65 ·!~2 - 2? • i.2 til 
LUb73 , U.4 : ,'~1 -1 • i}~rl i~ 20.01JOO :) • W) ,:,I 0 -2;/56.3 
~.~9"'j , O.~151 -U.'3h4/ 2U.ou0() 2:). UO ~a\ -4.i.~d2 

. ,! 

11d 'l.luUQ I . :54ilt) -0.17'.6 f.I .49 Q 4 1 1 .',3911 
1 1 c~ n • IS 4 I) 1).0011 O.1.4~4 9.1.27':> 

-9<; -9 ;:. 5<!.Y4j') 1 • 11 US 1 .41 22 1 1) • Idlll 
-17 -15 ;~3 .I.OUt) O. 4U :$ 1 -[).11!,1. 13.'1724 

6 1 1 ~i5 .00011 -1 • :Sri:S6 -1 .1032 -n.n!)l 
-4 1 -\-1.4YY4 U .6(\13 -1..!>5 f, <- -1.1. .nlll 

2.'tdDl tl.5'131 -1 .. U h I I. 7 U. 'Jljll(i [J .UC),I{I -~. "5"5 
'>.:'1175 '.).)/3 1 -U.Ci04'1 2v.O;JuO Z).Ull 'IU - 4 • i~ 5 ~ ~ 

111 1.11l1U 1 .1 I,' t, 4 -u.1bCl2 1l.Slii3 1 1 • ~ 4 'I Y 
1 1 I.II,:'41! U. U CI1 1 1:.1.4.34 'J.'t.?l) 

-1011 -'Ie; 52 . '}' • .'>'1 1 .1)f)6 1 .4Ul 1ll.l.l':JY 
-1>1 -1~ ~3. )~IJ I I O.4U~1 -r'.1144 1j.177.4 

s 1 " ";5.5 rjUd -1 • 3 147 -1 .14'10 -U.2'<'':I1 
-'i 1 -tl.J1 ,~} n.M:1} -I •• 0» ', 2 -II.. ?2i:\1 

?blf->5 1I.3b31 -1 • lJ ,~ '(i, 20.0 ')') 0 !I.UU(H.I -;.1'>65 
~.5"'7~ lJ • S'fS 1 - U • (\ 6 4 " ZU.UlJUU 2 'I. UUI'(I - i~ • 4) b £ 

11 ~ 1 • 1 " ,) J L; • . ::i:,) '1 r) -tl.2d~3 ~'.'>371i 11 .')'" .. 1<'; 
1 1 < CI • 1 ')) lJ .1),_/11 ().t!4~4 'I.t!t.7S 

-1'.11 -', 1'1 ,2.':14:'<) 1 • 1 ,~ 1.1.1 1 • ,., 4 ',I 'I • '} ' I '5 6 
-19 -'I? ( ~ .3. ,')4U~) O.4U31 -1. / .1144 13.1?~4 

4 'J ') A • ' J { J;)I) -1 • ,3 b 39 -1 .1'1t, 'S -22. nlll 
-6 1 - :1 . ') \1.\ 1 • '.1 ~ 1 3 -4.~S"" -n.n;;l 

<'.7141 (: . ,I i j 1 .. i · ' , ' .... ) ( ; .. (,) . UU IIll n • lJ IL fI -I. ''>~~ 
)."'175 t) • ~ ( ., 1 - ; . " ..... !. l 2 '1 .(' :1\.10 , 'I . !.l Ut ' it -' •• 1+)0, 

DJ6 



1 1 7 1.1iOO U. U 6"1 -O.24'J5 il.641.4 1~.1(1b~ 
1 1 18.na 1l.OfJ11 0.(,434 ",.c.ns 

-1(16 -1 'J5 -' 2 • ') 45 C) u.I:IZ')o 1 '.il'n~ fl.ilii22 
-24 -i'.2 '15.54lH) 1I.4lJJ1 -0.1144 15.n24 

4 4 ~i&. 51,lUl) -1 .2799 -1 .4£~' 3 -n. ad1 
-11 1 -0. b 4 4" Z.lHI13 -4. (5)' ~ -2(.. ad1 

2. ~'! 6 ( O.3~31 -).\1071. 2(1.!JUIIU (J • U! I' i (l -(../565 
~.:i':'''S U.5fS1 -Ll.of>47 2'J.OU{JO Z fl . <.lv: ;u - 4 • ") il 2 

1 1 t\ 1 .1 b'.ILl U. ~ Ii(i ~ -U.<4~1) II.Ob7t, 12.194>1 
1 1 10.47'14 0.0 1111 ',I • L 4 :\ 4 ' ,J.~iI5 

-1 0 1 -1 'JD ;'Z.'/4.5Y U.iI~5b 1.'tnA ~.b5't'i 
-7.~ -~3 lS.~<Ull U.4'J:~1 -11.1144 1\ • n t 4 

1 3 ,9.I)Uull -1.2)71 -1.47'lri -n.n"1 
-1 ? 1 -U.Ill)70 ,.,H15 -4.6S',? -u. nil1 

( ~ .t.')lv ' U.'151 -1.,-I/)II~ 2 d. U ')(I..) ; ) • t .1 l.J I I II -2./51,5 
:'I.:;IJI5 U.S/51 -().d>:>47 21).UJUU 2u.U{J .. l l -4.'.'lil( 

DJ7 



1 1 \1 1.1'1/JU 1).>'.1 " -n.~4!J3 Il .OY 1 4 1 ? • nV I 
1 1 'I Il.;: .I"" ,; 0.1):111 11 .(4)4 ('.1.<7) 

-l U() - '11) '/ ,iL.'/4FJ U.8170 2 .U4?l 6 • i,5 / b 
- 2/) -1.4 'I 4 • Y iJ U I) 'J.4 0 31 - 11.1144 lS.rlc.4 

? 2 ')9.S(' :JI) -1 .25<'2 -1 • S V4 -22. nlll 
-1) . ' ·; i .A ';1/ • t.4 1\ 13 -4.0s >- ? - .!. ":.(~7 x 1 

" . j ~ -: i ' .. " : " , ..... ; ,',) l/~ 2 .) .1IUUU 0 . U d ; l U -1../S03 , ' 
-;.~Y75 ' 1).5/31 - 0 .111)4 7 l0.UlJULJ 2 0 .UU UlJ -4.4sol 

1 2, I 1.2l!un O.61~5 -iJ.2.556 iI.l1~'i 1~.:~613 
1 ) U '!g.UU4~ -O.2"':>Z Ii. )2~'0 11.1744 

-1 'W _'I i)~ 'I Y. ~ ~).u (J.8'1'/8 <:.1 nu iI.1.1S:S 
7. 4 1 4 • j ij IJil 1.u651 Ij. 1 4 ,1 6 7."'dl 

r) 1 i) Ll. ll'lUl) -1.2')54 -1. )6QI) -2;> .1.261 
-14 1 -0.715'1 2.6b13, -4.6sr,? -1 'I. 'I II I. , 

I. • l.d 1\" 0.c.':d1 -:).5(1),; 20.QUun /l .00 '-") 2.Ili<D 
~.7Y51\ U.udl "'1.615" -).(J UlIO 2U .')U IIU -4. (,SII/. 

, , 

1 21 1.21')0 il .. d ?2·/ -0.25U7 il. '74I)Y 1 i . '.41 1 

" Ii '17.(.'l5K -U.Z'i,2 O.~23 6 1'. i'/44 
-1 1 (J -1·)\1 1 9.<. 1122 0.1:1019 7..1" ,57 b. !J,HS 

1 3 '1 4. <.'.61){) 1.0651 fl.1416 7.YlJ31 

S () f,O. ':>'.lUU -1.1/66 -1.617.6 -17. '(1125 I 

-15 1 -u./ 1.0(,J 2.81;13 -4.65 ;:,( -1/.'11:\25 
I • Y ':i I.! u.2h:~1 -u.~76ti 20.0LJUU O.UUIJO I..KillS 
~.lY5il G.t;;:)l -1.61::>0 -S.OllulJ <,o.u()~(J -4.D~il2 

, , 

! 
" 

122 1 • U 0(1 (I. 'I 6 51 -O.2L~8 1l./6M, 1 I. • ~; ? (J 3 
iJ U 'I 7. , 14 ~ -0.2':1~2 [I .'>2SH 11./744 

..; 1 11 -110 , '19. coa 0.'1':1'52 t.<691J 1.1i~"7 
0 2 13.Y4UO 1.06'1 rJ.141b 7.':1':131 

) I.'> ",. UOllLi -1.14:;8 -1.b622 -17. '1""" 
10.) 1 -U.7/)60 .~ .tJ1j13 -4.6Sjc -17.'161.) 

1. 0 /44 U. U31 -(j.'>lc6 15.(J(JOII 2 U .UUi ,U ?.M,~lS 

2.I'ISd L1.<,031 -1. bDo - 5. Ul)IJO ;> ' J. nU :" l' -4.b~1:I2 

1 23 1.2SJj(J 1.11)1) -11.2 <i)7 il./9<.9 12.~Y(1 
() u H •. ~/6l -U.2'IS2 1;.'>2~d 11.-1744 

-11 2 -111 :9.Clla O.7~31l 2.34 i1 4 1.I,i11 Y 
-1 1 '! 3 .otufJ 1.06'1 fl.1416 7.')951 

4 24 ,,1 • ..,n ~)o -1.11:55 -1.1'1',7 -17. -'1:12'> 
Y 1 - [) . 1 Y <'I _5.2~13 -4.45',2 -1/. />\2':1 

1.7Y~d P.2t'-'1 -0.'>760 1 S .Oil()O 2'1.IIU i,IJ ~.1\1\13 
1../95,3 1).2b'>1 -l.bl)c> -5.0 'JUO , :1. LhhH ) -".b56.! 

124 1.24Dn 1.c~~ ' 1 -Ll.~1~5 d • >j 1 'j il 1Z.c>i'<'2 , ) t' ':7.1915 -U.£ {;~i2 " • 5 2 , ~ " 11. 'n 44 
-11 S -11 i -;<j.I. U ~~ U.'11.16 t.41 " '" 1.'iJ41) 

-2 II '3.) '.lun 1 .0:", 1 il.1411) 7.,,':151 

~ ~) f) '2 • Ul,lUiJ -1.1)197 -1.1403 -ll./i<t!) 
'I tI 1 •• U • ;11 'J ;j 3'.3 ,;'13 -4.1.,'2 -1/. 'IlleS 

1.i'l 'I ,.i II.;»~l - ',J.)(bl) 1,. (l'iil() ( 11.1111 'i) ;! • (II K 1 5 
2 .1\':i'l U./.o.51 - 'I .b1'" -.,. :J) I IU 2 : I. l' U' .' ! I -4.,,'1l< 

D18 



125 1. '::"" .' 1 • ~ 0 7'j -u.~llJ5 ".1)472 1/.'!~:i4 
1 'J , "t ~ . I 1 .~,: I - " . {: ' / : I(. . \ .. ~~ I. ,', ('; 1 1 .//44 

-11 4 -11) · 1 9 .(~ , ':? : ~ O .. /!J,;"/ ,i . 41,' ,t; ,(.52!'~ 
-5 -1 ') 2. '-I ~<J li 1.1)()~)1 1).')416 '/.\/'-1.51 

5 Z~ ,,2 .~ ! llJ I) -1 .().!./~4 -1 .1'O 'i '-l -17. Ik25 
1U 1 ... U .. tj l~ 7 ; ~ 3 • ~ '5 " 3 - 1 •• 05>\2 -17."b2~ 

1 • t , 4 ) '-1 U. /I, ~ ; " , i ,"f ') >) 1 ~ 0' Ii :d!\ /·' . lJ llill l 2.(''-'15 
(~ . !\/)1 u .. (. " J ; '" · ,,' I j:J - '> • J • . \I\J i." " 0v ~ " 'J -4. [)5 ~' 

, 

12'; 1.26i)(1 1 .4 '·) 57 -L'.2' )4 9 n .t,)7~2 1~.h1 .~Y 
1 1 'Ill Ji 5Y I) -U.2 9'i 2 'L '>Z31J 1 1 ,l744 

-11 S -114 'j lj .. I. i.i 2. ~~ L,.7)~9 " .54')1 '( .14114 
-4 -2 'i i.i'>i'ill) 1 .'.J6)1 :,i . 1 411'> 1.'}Y31 

4 24 ',3. '.IIHl0 -1 .00/6 - "; .i\2 ,~ S -1/.7112; 
q 1 -0,il7)~ 's, 6 lin - 3 . 11),',2 -17.762':> 

') .57Ul U.2~31 - n .S/61l 1 'i. (J IJ O[I ~(t . {J Ll f1 () 2.111:115 
2./Y58 U.2b51 -1 .61)1'> -S.iJ !.; Ij{) 1(: . UU"l' -4.6)i;lZ 

, 

127 1.2 IL" J 1 .o~l.l7 -(j. ') <i<,l 5 '.I • 'I ,) ".'7 12.h1\66 
1 1 ,t,.112i'1 - i.J . (,<,I S2 f l.'Z~k 11.7'/44 

-1 1 (; _1 1 :> " y " ~ ,.I ~ 2 fJ./)o4 !: .6u /.~ ' b.'-I"/u6 
-'5 -3 ~ 2" ':; •• 0 1) 1 " llO 5 1 d . '1416 '1.9951 '. 

3 n ',3.'> ' il1ll -0.9692 - 1.tl65 1 -1'1.'1 11 2'> .. 
~, 1 •• ~_l .. t,.- , 1 :5 -,' 3.~51'1 - 3. o5 t~ 2 -1 'I. -(K<~ , .l.t.Ytt2 tJ.?t.jj .... \ / . ~,j" 0I) 1 5 • U()UI) 2 I i . un '~ IU 2.1\61.5 

I.. l<i5i:l 0.2[,51 -1. () 1' ~{l - S .OIJUO 2 : ) • lil)(; l< -I, ; 6502 ,; I 
" 

:/ 
;I 
" 

:?~ 1 • 2(ll)I' 1 · '11. 1.:; -0.19·.0 'J.Y :Pt- 11..<,1545 
1 1 " (; • .5 Ii iJ ~ -O.('Y~(! 'J .525 P, 1 1 .'1744 

' , 

- 117 -110 ')9 . t: i..lt , ~ 'J.7(5 1) ;.o6~, K <>.'(<,127 
-6 -4 "2.u(1)11 1 .06S1 n ,1416 ' "' .~1 \l5 1 , 

~ ~? IJ4.U Oi) 1) -0.91.'14 - "i .ilyQ7 -17. 71\ 1':> 
7 1 -u.Y3<'1J Ln13 - :~.45 ;-; " :"1'1. '/h2 ') 

') .4295 (1.2131 -l).)/61\ 15.80 1l0 2 '.I . oo r,i'! ~.(\ i\ 15 
2 .IY .~ 1l ,J.~b.51 .• 1 .015" -s. O~JOO 2 "1 .UI) 'i () -" . (,~ il ~ 

1 2'1 1.2'1'JO 1. (16 11 -O.1d1l4 n.'io2{J 1~ .1)'!(J 7 
1 1 '6.41.>21 -O.I.Y'>2 ".52 :)~ 11 .'1l44 

-11 ,~ -117 19.<:"21. D.lll,? 2 .. 12~4 6.1>14\1 
-7 -5 11.1'J(jl) 1. 0651 n.1416 7.\1'1.51 

1 ;I 1 ~) 4- .. .) I) ~lIl -ll.llliii; -1.'1.5,'{ -1 7 • 'I is 2 '} 

" 1 - (l • ') 0 ~ tj 4.1513 -5.~')~2 -17.nlh 
'1. 56 1) u . <." -' 1 - f) • ) (0" 1,. (1<.11 ,0 21.1. [;<)" 1' . 2.(\1115 
;:.IY"'S " .2e51 -1.61 5 (, -5. U'.'OO 2 1',.01) : ' (\ -I • • ",> K 2 

13 ' ) 1 .3 1)\ )1) 1 . >"/65 -u. 11l 2il 0.'1<;11) 13.px'j1 
1 1 1 b.)~b~ - u. 2<,1;'2 u.'>2 .\ " 1 1 .'7744 

-11') - '11 :.' "'> . <' ,)22 1) .. 01)1 ?.(n,~ tJ.4Y/1 
->; - t " " .. 5 ::.H; , ) 1 .U6)1 1I.1 41b 7. '1',1 51 

i) ? " , ,:>. i...,Il)l )1] -I). (4) 3 - 1 • )6(» -17.7(125 
5 1 -l'. Ii :"; ' \ K 4 • 2 ,~1 3 - '\.1.1)"" -17. i'~,I '> . . 2 '/)0. i t. 1 '''/ 5! -':,' • ) I'" r-, 1': .')1 )1 11) 2 I. iJU :' ~ lt t.hi<13 

l . i':lS-l 0 .2::1.51 - 1 • ," 1 J (, -.., • UI)l);) 7,). ',) 1) '; ,' - 4 • (," 112 

D39 



1)1 1 .31oj ,) !~ ~ fl ~ (~y -fo.1 77 1 1 . ( ,~ « (l 15.'147" 
1 1 (; .i. O Y'1 _I , • ? ' J ') (. I..~~)" 11.7/44 

-12 <1 -11 Y y.< , )?~ U.bl 'l'"' ( . c ~S6 6.1.;,..3 
-9 -1 1 . U!)OU 1 .LI~)1 !) • 1 4 1 t. 7.',1<;31 

-1 1':1 ()S.~'.JtJl) - 0 • lic) 'Ill -1 . 9914 -1 7 • 'I II 2 ~ 
4 1 -1 .!l J.U) 4.4,13 - I.I:> ~>', ? -17.lH/S 

" • " '5 'I '; , , -: " s ~ .• ! . • ~ l t , () 1 '; _ , " f: j :.1 t ; • ,J . I "' , i < • ,-; il 1.S 
t . i'7) O v.i()j ' j •• 'I .iJ 1~(, -) .0ln;0 I t' . UU '; U -4. ,,~,~~ 

, 

1 32 1.51i1" ~ . 1'fn -1).1713 1. ii )<S 1 :s • ? U 05 

I 1 16.19)11 - 0 .2',152 11 . ,:,Z3l1 1'1.7744 
-121 -1~ () 1Q.in~~ 1J.6632 ~ . 1l 6I',4 (,.liIl14 

-I'.) -6 ': O./4 (JI) 1 .Uo~1 0. 1416 7.9':151 

-2 1 d l,6 . ~-ll)Un - 0 .7)52 -2.01 '"~ I -1/. '/x2) 
.5 1 -1 .. n':;~~1 4.5«13 -2.05=32 -ll.7l:l£S 

1 . 1 6;\4 J.lIS1 - t' . ':> '10(, 1 ~ .lJ 'JuLl 2:, . VUI:lf, ?.1I81.3 
2 .'1':158 v.21.d1 -1. 015" -S.U UGO "l Ci . UU(I(l -4.fl5tl~ 

" 

13.3 1.3,hlLl 2 • .)'.):)5 - 'J • 'I /l 5 6 1. 0113 2 13.267) 
1 1 ~ 6 . 1 3 foil -l.'.;>Y'2 :'J. ':> 2~ " 1 'I • '/7 '+4 

-12 Z -1 Z 1 ~9 .(: (Ja 0. ,)458 1..9U~r ).'/ldo 
- I I -'I " O.4IU I) 1. ,)651 1;. 141 1> 7.~'YSl 

-3 17 (,/:o.j ':IO U -(i. JUlY - i .u4Z", , -17.?U5 
> 'I -', • tH~ ~L~ 4.73 '13 - ( .4) ", ( '-1 7 • 7 () £ ':> c 

1 • 'I '.)16 11 .1031 -0.57bil 15. 1] (; ()C 2, I .UO ,,(, 2. /1013 : ; 
L . '{Y5i:3 V.2e<.51 -1.~1~6 -S. OO UU ~ (I . 001:(; -4.65 i\ ~ 

'i 
..i 
.:' 

134 1.34!] el 2.4061 - '-' .1~\J 8 1.1141 13.3(,41:1 
1 1 16. lJ'Id -1I.295~ 0. 52 -'8 11.'1744 

-1 23 -1 ~ i 19 .1 (11.;' 1.1.02'16 2.',1:572 .i.'U'; i\ 
-12 -10 1 D. 1 tl i) I) 1.0651 1). 141 6 7.Y 93 1 

-4 16 <'l7.UOt)O -0.6':>')1 -i'.fJ052 - 17.'1 .0.2':> 
1 1 -1 , 1 1 41 4.1j t!1 3 -;.25 ,'2 -17.7&1~ 

' j • t : 4r..::; d.l ~51 -U.~76i:1 l).Oul.ltJ 2u.IJ!)'..ILJ 2 . b n.5 
2 .7'J5 6 'J.lo_>l -1. 6156 -~.0UllO ;>O .vO"l! -I, . Ii, 1>" 

'135 1.5) ll(i 2 ~ ~ I;:; :> -(1.15 /,1 1.14'1 13.31l0C 
1 1 ',() .llb41J -u.2952 n.523!l 11.'1744 

-17.4 -125 1Y .. t.r}l~ 1).6'J 1<8 2.9626 S.)4?)(J 
-13 -11 9.l~, UI) 1 . Uo ~l '.1' .1,416 '1.\"i31 

-5 15 t) 7. ·) I}no -0.o l:" 7 - 2.0fi5 7 -17.'/o~':> 
Ij 1 -1.1~'> ' 5.lI5 1 3 - 2 • U ) ,', 2 -17 .'1 0 ;(5 

: , ,'1Y '1 3 V.l l'Sl -lJ.5 7 br> 1:' . Olli in 2 (1. U0 ;;I) 2.«k13 
2 , ',,>, .'i Ij 0.205 1 -1.'01)" -':>.'JUI}0 ({,l. Ul)\I ( ' -4,(,)1j~ 

136 1 .3 0 11 t l 2.6f) 1 '1 :~i :1~~~ 1,17 '.03 13 i. :S3Y 
1 1 ', 6.11,1 :'; II. '>,nb 11: '1'/4 1• 

-1~~ -124 -, 'i .. (U 2 l~ 11.5 1\9 4 i' . 'ide l ) ).:i7111 
-11, -1£ 9 .4 "".if) 1 .lI6S1 1J .14 11) l . ','" 5 1 

-h 14 (,A. .1 1!J UtJ -U.S)O" -2.1'1~3 -ll.'1 0 ~' 
-1 1 -1 .1 70 ) 'l.1Jo)'j3 -I . ~ ., ,- ; I -1! . lii~':> 

t. , . 'i :-:,):, \1.1531 -0.57 6(, 1). tl[ ~t ll.1 2 i I .. U{ I ! 111 ? .HA1:; 
, ' ./'-1)-3 '.1.2031 -1 . ,~1"(, -'). ' l lIlllI 2 ' ).1)1), · \ 1 - ' •• i> , J:\ ~ 

n40 



nl 1.3/ i HI c. t)'14 ',1 - ') . 1 41. 6 1 ./.:)(1. 1 3 • I. h :, '-I 
1 1 ·: t;_ ; .l)(~l - t! • 2 '15 ;; : / ~'>t! .11:' 1 1 ."174 4 

-1 26 -12 5 1 '1.1.' 11.1 U.)t,YJ 1. '1'}4Y ~.1 ,}~5 
-1 5 -u 'i.l 1,OU 1 .0651 (1 • 1411> 7.'1".51 

- 'I 15 '>ll.) I)<lU - () .5ll.56 -2.12("1 -17.11\~,:> 
-2 1 -1 • t!. (174 :, . ~ 515 -1 .65 ,'\ 7 -ll. 7!<~~ 

... ;, ;\ / 1 I , "l ,/ "', - , .1' /00 l'. U'JUO 2,'). '.JU ': \1 I . (' ," 1 .s 
.:..{ I: .)V J . c:. ::, j ', '·1 .(1) 1, - 5. UUl ll) 2lJ.IJU 'ILi -4.bJbL 

'31) 1.) ilUC t!. .1 ,<4<, - U .1 ,HO 1 • ~V\ 5 13. ~ ,Hl' 
1 1 16.(J726 - Ll.2'i S~ 11.:'?3 i:i 1 1 .174L. 

-127 -1 ~ 1J ' I (j • ~ \) ~ I. lJ. S 1,011 3.1I012 5.1114~ 
., 1 ,., -14 iL h 21,11 I " • uf, 51 " • 1 41 /) 7 • ',J 'I 3 1 

- .g 1 2 oY .. ul)(lf) -U.44/l1:\ - 2 .1 5 ., 5 -17.7 !l? ~ 
- S 1 -1. ~~~tj~; 5.4 K13 -1.45"2 -17.1-:'15 

~ , . n in? d.1151 -Ii . ) 71J I, 15. 'll)uO 2;1 .. II f) :i 1.1 Z.()o13 
? . 7~'~P, ' ).2()j1 -1 ." 1 5 /, -5.0UU O t!. 11 .UIj''',u -4.('50l 

, 
13'1 1 • .3"', )0 ?(\711 -n.n14 1 .21'> 1) 5 1:>.51i44 

1 1 '6. '1("6(, -U.2 '1 52 f) .:)2 .t. ~ 1, .7744 
-1 2 il -l2'r ',I) . ~ u2( {J. S 277 3.U1)11 i t "H.367 

- 1 ( -1~ ,1\ .) ('UII 1 • U6 51 1i.1416 1.'''i51 

- 9 1 'I " y .. S,illl\ -0.3 9 25 - ". 14 ,~ 1 -1 '1.lil~) 
-4 1 -1. c.bY 'J 5.6513 -1.<'> e, 2 -ll.i'1:\2) 

'._'. / (\1",1 01.11)\1 - (I.) 701') 15.UI)O,) Z \' .1)<.1 '11) 2.h013 
< ./'1 5 ,1 lJ.2~51 - 1 • 01', I, -!>.OllvU tL'.OIJU(l -4.0S0t 

1 I t (j 1 • I. Dun 7..YS4S -0.11.,9 1.5tJ u 4 1 ::s • 1,3 1 IJ 
1 1 'I 6 • 1 " , '/ -u.21,152 !'I.'< ,\ /1 11.'1744 

-1':" -1 21.\ ·tY.(U'~ O • .'i 1103 l.Y",,7 / •• {) ~ d ~ 
-16 -10 ii,l>lIJU 1.ll i> 51 U.1416 '1.'/'.01 

-1<:1 l f1 7(J . Ui)tlll -0.3547 -2.15 '16 -1'1. n l"j 
-5 • -1 .. 5 0 1)4 ).7 ,'i 13 - I • U5 :-; 2 -1/.1 1'-? ~ , 

" . d1 7 iJ.lJ~51 -(,.,rl>lJ lS. tJ!lU u l ~ .I .. [j( h ~ Cj ~!.hl\l ,5 
(. l 'lS-l U.2ojl -1.6 '"" -,.(J uu O 2 ') .tlO " ll -.t.'l'.:>rj~ 

141 1.411) (1 ~ .U :~1.7 - fl. 'I cU6 1 .5.31U 1:~.i>7,) 5 
1 -rzJ 'I/) ,ctll~ -U.t!''>S2 1.J • ~ -2 ~ k 1 i .1'144 

-1 ', Il lc,..iU2< (I. " ,'\ 1.6 l. • 'Iii ~ 1', l,. • It 0 1 1\ 

-1'1 -'17 1.;J (,f) 1) 1 . ; I,., 51 1.1.14 '16 ' , 
."IJ.51 , 

-1 1 9 'lt1.~dUn -I, ... ? 154 - C .16U -17.71\2~ 
-6 1 -1 .j~1 ' l , . 1,15 13 - () . ~ ~ ;~2 -17,7/'.1.) 

,).<.,bS1 <i. i"n1 -LJ. ~?o n 1).IlOIlU 2c· . Ul.I ,'lr. i (. • <ltl 1 ,S 
2 .1';/)1l U.2031 -'I .,,1)6 -).iJl:(JO ;; r' • I J[)'1L' -4.1»6< 

1 I. < 1 • 4~i)i-, '~.11'7 -11.1,,3 , .51:014 1 3 • 'r 1 ~ II 
1 1 '16 .. ),liJ2 -u.2'152 :).:>(~K 1 1 • '/7 44 

-1 31 -1 311 1 ') • i ,; " Z 0.401. 0 ) • 'I 0' 5 1 •• !>llS"I.. 
-~ :J - lil ? ~) 4(JU 1 • II"') 1 I. " • 1 4 1 fl l . ~I ~ .5 1 

-12 ~ '1 .II IIiJiI - 0 .2145 -1.173 11 -1 7 ./1)2) 
-7 1 -1 .jfJ 1 i. 6 . 1)0 1'5 -". f):> /~ ~ -17./i)() f,. C. '. (: 5 u .. : )(j1 '· '.i .)(Il;" 1 '; .. ! )1. ' II') ? , I. U.J ' ; I} ? • /11< 1 .\ 

( . IV) I', 1l .~c ,)1 - " .,, 1)(, -'>. \):JlJU ( ' J .IJJ :; :l -4.('~K( 

D41 



< 4 <; 1 " , I, " ,', » - :.; .. I , .12 , 5 11 I 4 1 3 . '/"" '1 , , . " 

1 1 ~ ,,) . ~ '".J 4 ,.{ - U. 2 'i Si 
" 

: ~2"h 1 1 . 17 4 4 
-1 3(, - , ..i1 '; Cj L I) t (~ 0 . 44('4 " 

• II 3 ,',I.J 4.'i14 , 
-21 -1 'I l~/( Li d 1 • '.16 51 " · " 41 (, I • ~y 51 

-1 , 7 71 ,)1) 0 0 -'J • 1 ,22 - ~ .17 ,;i " -1 l . I 1< ~ <, 
-ij , -· 1 ,' \' 1 ; . " .(51 -; - : '. 4; ,<:' -1 l. lI' l') " , 

~ , , ,) . .) ~., S '. J • ( .:; ') . :.: .. '.' ',; ... .~ ~ t a tHY: 1.1 i. . dX i S 
{ . I '-I ~ >J u.<,o31 -" ~ r~ 1 '" -, .U :!U lJ (~;o . 00:'0 _I, • 0 ~ /j C 

"I 1.1, 1 .4 "'.1(1 3,I.S61 - 0 .1 ,) 53 1 .. 42 1 1 13.'/9",5 
1 1 'j (, .:> I)4i) - 0 .,'152 D .'J2 l;; 11."1744 

-1.)3 -l,5t ', 9 • ~ la U.41il1 2 • 't IJ'/l ..i.')4/:' 
-22 -2u n • (1' UUI) 1 .rJb j1 i),141() l.'1'I51 

-14 6 ? I. • l1!)(!1) -'.I , ') ;1(\4 - 2 , 1 ill (! -17.l0~ 
-.; 1 -1 ' 421 'I 1>. 3 1l 13 - G . ,5,',2 -11.l l< c.j 

U . 55 6) (l .II'> :;1 ,. (1.,/1)" 15 . U ')(11 ,I I. ,-,: . UIJ ')[j ;>.ii1l1~ 
2 . l'-l 5 ~ J. 2 ",'~1 -', • 0 'I ) () -5.0 UUI J I.c.UUn(} -I,. (,5i12 

'145 1 .. (;. ~ ; 'I t! :; . ~ ? 3 ~l - O .1 ' JU5 • • 45 '! 3 13.b~n , 
1 'I ih.i)2l:, -i). (."'JI. i ' • :;, 2 . ~ ~ 1 1 • '1'144- , , 

-1 ") i f> -155 i 9 .. :?l?2;! 0.3'15'1 ? .67 .. 2 3.76';7 
-23 -21 tl .~ ~U I) 1 · :J/, j 1 1J. '1416 7.\1'>':51 

-1 'i ~ 72 . SI"ltjl ) - O.ldl - t~ • 1 ~ 1 I:) -17. '{ il ?' 
-1C1 1 - 'j .. :. 5 U"" 6.551.3 -\J. uS,', ,, -11.l " ~; 

q . S16S \1 . 1) 431 - ll .. )1 ")(1 15. U( 'OO l.r l . U(j(: ( J 2. i~x 1 5 
!.!Y;i', iJ.~~,S1 - 1 . ( 1)", -5. I)UUU zr .uonu -I,. D;Ij" 

;, 

14" 1 • f..,(;t,!J ..\, y, !'! - '0. il'/:; 9 1 .41 '-11 1.3.11/51 
1 1 1 (, . ((,jlJ -u.(.'iS 2 I J.~2q~ 11.'1744-

-135 -134 19.Z t jn U.:5.',54 2.6347 3.;'119 
-7,4 -2.2 ;'.i~OU 1 .lloS1 1.1 .141(' 7.'iY :Q 

-1"> 4 ! 3 • IJ , 'II] Ll u.U ld7 -<.Hi 'l l -17.lil<!5 
-11 1 -1 • "+ lY 1 6.6 ,, 13 ,-, • 1 411:1 -1'1.'161.5 

'"' .41,':1 /' U.055 1 -Ii. j 7t)/, 1'; • (111)0 ? '-' .IJU 'l l! 2.1~1l1~ 
,.?Y5rl 1I.2cj1 -1 .(llS" - 5 • ,)UI)() " ' .Vi) :"lft - I • • t> 5 ~ <' 

14l 1 .4(,)n 3,44(>'/ -u.u"'14 1 .. ) i l 7 4 1 3 • "fin 
1 1 "\1) .'/16 ;~ -0.2'152 : 1.)2~ b 1 1 .7744 

-1.36 -1 ~5 "I 9 .. ~ \J i. f~ ll.:5S11 c. l",1!) 3. 1.141 
- (~ s -~.5 S .(41) 'J 1 • ill',) 1 n . 1 416 7."'151 

-1 7 3 73. ':'IIlll) ~ .11 W - 2.1 /-', 7 -17.l 1:\ 2) 
- '1 ? 1 -1 .. I, ; I /'" f,.a513 ".541/\ -1 I.?t<i~ 

{J .4,~~q d.di~1 - (!. ~ 76 (, 1~.tJf.lUU ? :' .lit)"ll 7. • 1<1\ I .5 
,'.1"5',\ J.?"~31 - 1 ' f'l ;, I , -'). O:JU(J 2' 1. U;J'"! l l -,~ • 0 ~ ~ 2 

1 I, (\ 'I . 4,j, .i {J ,~.~ r; t)~j - 0 • tJ II I 2 , 
.)3~2 1:S. () :) '/6 , 

1 1 1 7 • f) ~', l.l ".' - 1).2 '1 ',' II.'>Z'!; 1 1 (} 44 
-1 ) ., -1 ~ ~) , <; • t.. I! C ,~ U • ') I.') !J " 141f> 5:dc>~ ( , 

-;(6 -~4 '>. ' ,h}11 1 · 'J;, 5 1 ( , . 14 1f. 1.')951 

-" ~\ ~ 14. ,)I.\\JU Cr. 1 >; 11l -t. 1 7 q -1 -I • III ~., 
-13 1 -'I .~) ~ ~ 2 6 .C; ,~ 1 3 fJ.)41b -1? .l i<2 ~ 

) . 4 IJ .:~ ~ I) a .) '( S ~I -I J • ) / ·"~" 1 " • Oi l Uii ?!~ .ll!) ;· U ; • '\ K 1 5 
r' .I ';~X U • i ~'. :> ~ -, . i .1 ) A _ I) .\) IJUU t. !, ! . UU ·,) U -,+.0)0, 

D42 



REFERENCES 

Annett, J. (1969) Feedback and Human Behavior. 
Harmondsworth: Penguin. 

Arbib, M. A., C. C. Boylls, and P. Dev (1973) Neural Models of 
Spatial Perception and the Control of Movement. COINS 
Tech. Report 73C-6, Univ. of Hassachusetts, 
Arnhearst, Massachusetts. 

Ashby,W. R. (1960) Design for a Brain. New York; John 
Wiley & Sons. 

Bach-y-Rita,P.(1972) Brain Mechanism in Sensory Substitution. 
New York: Academic Press. 

and C. C. Collins (Eds) (1971) The Control of Eye 
Movements. New York: Academic Press. 

Bahil, A. T. and T. LaRitz (1984) Why Can't Batters Keep Their 
Eyes on the Ball? Amer. Sci. 72:249-53. 

Bajcsy, R. (1973) Computer Identification of Visual Surfaces. 
Compo Graph. and Image Proc.~: 118-130. 

Barlow, H. B., R. Narasimhan, and A. Rosenfeld (1972) Visual 
Pattern Analysis in Machines and Animals. Sci. 177: 567-74. 

Barham, N., and E. P. Wooten (1973) Structural Kinesiology. 
New York: Macmillan. 

Barton, R. F. (1970) A Primer on Simulation and Gaming. 
Englewood Cliffs: Prentice Hall. 

Bekesy, G. von 
Method. 

(1966) ~lach Bands Measured by a Compensation 
Vision Res. 12:1485-97. 

(1967) Sensory Inhibition. Princeton: Princeton 
Univ .. Press. 

Bernstein, N. (1967) The Coordination and Regulation of Movement. 
New York: Pergamon Press. 

Bizzi, E. (1973) Coordination of Eye-head Movements. Sci. Amer. 
Originally appeared in Brain Res. iQ(1):45-8. 

Blum, H. (1962) An Associative Machine for Dealing with the Visual 
Field. Biological Prototypes a nd Synthetic Systems. 
New York: Plenum Press. 

(1973) Biological Shape and Visual Science. Part I. 
J. Theor. BioI. 39:205-87. 

Rl 

.1.<.. • •• 



Bock, D. and D. Kolakowski (1975). Amer. J. of Hum. Gen. 

Borsellino, A. and T. Poggio (1972) Holographic Aspects of 
Temporal Memory and Optomotor Responses. Kyber. 
10(L):58-60. 

Boulding, K. E. (1965) The Image. Ann Arbor, Michigan: 
Univ. of Michigan Press. 

Bowker, K. (1973) Automatic Color Discrimination and Coding of 
Terrain Features. Proc. 39th Amer. Soc. Photograms Ann. 
Meeting. Washington, D.C. 

Brancazio, P. J. (1984) Sport Science. New York: Simon and 
Schuster. 

(1984) Science and the Game of Baseball. 
Sci. Dig. July, 66-9. 

Brodal, A. (1975) The "Wiring Patterns" of the 
Neurosciences: Paths of Discovery. Eds. 
J. P. Swazey, and G. Adelman. Cambridge: 

Brain. The 
F. P. Worden, 

MIT Press. 

Broer, M. R. (1968) Intro. to Kinesioloqy. New Jersey: Prentice 
Hall. 

Bruner, J.S. (1957) On Perceptual Readiness. psychol. Rev. 
64:123-52. 

Bunker, W. M. (1975) Applied Optical Illusions: A Simulation 
of Eye Response Helps Improve Visual Scene Simulation. 
Proc. 8th Ann. Simulation Soc. Symposium, p. 181-95. 

Burt, P. J. (1975) Computer Simulations of a Dynamic Visual 
Perception Mode l, Univ. of Mass. Amherst, Int.~ Man-Mach. 
Stud. v7 n 4 Jul p. 529-546. 

Carpenter, R. H. S. (1977) Movements of the Eyes. London: Pion. 

Casey, R. G., and G. Na~J (1971) Advances in Pattern Recognition. 
Sci. Amer. 224. 

Cassirer, E. (1946) Language and Myth. New York: Dover. 

Catalog of Simulation Programs (1983). Sim. 41:156-60. 

Cates, H. A. and J. V. Basmajian (1955) Primary Anatomy. 
Baltimore: Williams and Wilkins. 

Cherry, C. (1957) On Human Communication. Cambridge: MIT Press. 

Ciures, A. (1976) The Visual Inne r Transform of the Outer Optical 
Medium and the Visual Resolutions. J. Theor. BioI. 
55: 145-51. 

R2 



Cornsweet, T. (1970) Visual Perception. New York: Academic 
Press. 

Cleland, B. G. and C. Enroth-Cugell (1970) Quantitative Aspects 
of Gain and Latency in the Cat Retina. J Physiol. 206:72-91. 

Cole, K. C. (1984) Building Bridges for the Brain. Discover. 
June, 74-80. 

Cooper, J. M. and R. B. Glassow (1972) Kinesiology. St. Louis: 
C. V. 1-1osby. 

Crouch, J . E. (1965) Functional Human Anatomy. phil: 
Lea & Febiger. 

Daish, C. B. (1972) The Physics of Ball Garnes. London: The 
English Univ . Press, Hazel Viarson & Viney. 

Davidson, M. and 
Perception 
61:530-6. 

Davies, P . C. W. 
Cambridge: 

J. A. Whiteside (1971) Human Brightness 
Near Sharp Contours. J. Opt. Soc. Am. 

(1977) Space and Time in the Modern Universe. 
Cambridge Univ. Press. 

Davson, H. (1972) The Physiology of the Eye. New York: 
Academic Press. 

Dernber, W. N. and J. S. Warm (1979) Psychology of Perception. 
New York: Holt, Rinehart and Winston. 

Deo, N. (1983) System Simulation with Digital Computer. 
Englewood Cliffs: Prentice-Hall. 

Deutsch, S. (1967) Models of the Nervous System. New York: 
John Wiley and Sons. 

Didday, R. L. and M. A. Arbib (1975) Eye Movements and 
Visual Perception. Int. J. Man-Mach. Stud., v 7 n4 
Jul p. 547-69. 

Dodwell, P. C. (1971) Perceptual Processing: Stimulus Equivalence 
and Pattern Recognition. New York: Appleton-Century-Crofts. 

Dowling, J. E. (1970) Organization of Vertabrate Retinas. 
Invest. Opthal. ~(9):655-80. 

Downs, R. M. and D. Stea (Eds) (1973) Image and Environment. 
Chicago: Aldine Publishing. 

Dyer, C. R., J. S. Weszka, and A. Rosenfeld (1975) Experiments in 
Ter~ain Classification on Landsat Imagery by Texture Analysis. 
Compo Sci. Tech . Rep. TR 383, Eng 74-22006, Univers ity of 
Maryland, College Park, Maryland. 

R3 



Dyson, G. (1956) The Mechanics of Athletics . London: Univ. 
of London Press. 

Easton, D. M. (l~74) Mechanics of Body Functions. Englewood 
Cliffs: Prentice Hall. 

Erickson, R. P . 
Amer. Sci. 

(1984) On the Neural Basis of Behavior. 
72: 233-41. 

Evans, J. C. (1973) Acquisition of Skill. In J. D. Brooks and 
H. T. A. Whiting (Eds) Human Movement, a Field of Study. 
London: Henry Kimpton Publishers. 

Evarts, E. V. (1973) Brain Mechanisms in Movement. Sci. Amer. 
July. 

Ewart, J. P. (1975) The Neural Basis of Visually Guided Behavior. 
Sci. Amer. 230(3):34-42. 

Fleming, P. (1978) Physics. New York: Addison. 

Fogel, L. J. (1967) Human Information Processing. Englewood 
Cliffs: Prentice-Hall. 

Gallwey, W. T. (1974) The Inner Game of Tennis. New York: 
Random House. 

Gazzaniga, M. S. and J. LeDoux (1978) The Integrated Mind. 
New York: Plenum Press. 

Gibson, E. J. (1969) Principles of Perceptual Learning and 
Development. New York: Appleton-Century-Croft. 

Gibson, J. J. (1966) The Senses Considered As Perc eptual Systems. 
Boston: Houghton Mifflen. 

Globus, G. G. (1975) The Problem of Consciousness. Psycho­
analy sis and Contemporary Science, Le o Goldberger and 
Victor H. Rosen (Eds). New York: International Univ. 
Press, p. 40-69. 

Goldin, S. E. and P. W. Thorndyke (1982) 
for Spatial Knowledge Acquisition. 

Simulating Navigation 
Hum. Fac. 24:457-71. 

Gordon, B. (1972) The Superior Col l iculus of the Brain. Sci. 
Amer. 227(6) : 72-82. 

Granit, Ra gnar (1977) , The Purposive Brain. Cambridge: MIT Press. 

Gray, H. (1959) Anatomy o f the Human Body . Phi1.: Lea & Febiger. 

Gregory, R. L. (1969) Eye and Brain. New Yor k: McGraw Hills. 

Grossberg, S . (1969) On Learning In f ormation, Lateral Inhibition 
and Transmitte rs. Math. Biosc i . 4:255-310 

R4 



Guttinger, W. (1972) Problems of Information Processing in 
the Nervous System. Int. J. Neurosci. 3:61-66. 

Guyton, A. c. (1979) Physiology of the Human Body. 
phil: W. B. Saunders. 

Gyr, J. w. (1972) Is a Theory of Direct Visual Perception 
Adequate? Psychol. Bul. 22:246-61. 

Haber, R. N. (1969) Information Processing Approaches to Visual 
Perception. New York: Holt, Rinehart and Winston. 

and M. Hershenson (1973) The Psychology of Visual 
Perception. New York: Holt, Rinehart and Winston. 

Habibi, A. and G. S. Robinson (1973) A Survey of Digital Picture 
Coding. Comp.2(5):22-34. 

Hadler, K. P. (1974) On the Theory of Lateral Inhibition. 
Kyber. 14:161-55. 

Hanson, A. R. and E. M. Riesman (1976) Representation and 
Control in Construction of Visual Models. A progress 
report on the project Visions, Massachusetts Univ. 

Harmon, L. (1974) The Recognition of Faces. Image, Object and 
Illusion, edited by R. Held. San Francisco: W.H. Freeman. 

Harth, E. and G. Puertile (1972) The Role of Inhibition and 
Adaptation in Sensory Information Processing. 
Kyber. 10(1):32-7. 

------~~T' B. Beek, G. Puertile, and F. Young (1971) Signal 
Stabilization and Noise Suppression in Neural Systems. 
Kyber·2(3):112-22. 

Hauske, G. (1974) Adaptive Filter Mechanisms in Human Vision. 
Kyber. 16:227-37. 

Hay, J. G. (1973) The Biomechanics of Sports Techniques. 
Englewood Cliffs, N.Y.: Prentice-Hall. 

Hecht, S., S. Schlaer, and M. H. Pirenne (1942) Energy, Quanta, 
and Vision. J. Gen. Physiol. 25:819-40 . 

Held, R. and J. Rekosh (1963) Motor-Sensory Feedback and the 
Geometry of Visual Space. Sci. 141:722-3. 

Hendricks, S. B. (1964) 
Lasers and Light. 

How Light Interacts with Living Matter. 
San Francisco: Freeman. 

Herring, E. (1964) 
Translated by 
Harvard Un i v . 

Outline of a Theory of the Light Sense. 
L. M. Hurvich and D. Jameson. Cambridge: 
Press. 

R5 

... k. .. .... 



Hirai, Y. and K. Fukushima (1975) A Model of Neural Network 
Extracting Binocular Parallax. Kyber. ~:10-29. 

Hildreth, E. C. (1984) The Measurement of Visual Motion. 
Cambridge: MIT Press. 

Hochberg, J. E. (1964) Perception. Englewood Cliffs: 
Prentice-Hall. 

Hoffman, W. c. (1970) Higher Visual Perception as Prolongation 
of the Basic Lie Transformation Group. Math. Bio. Sci. 
6:437-71. 

Hubel, D. H. and T. N. Wiesel (1964) Receptive Fields: 
Binocular Interaction and Functional Architecture in the 
Cat's Visual Cortex. J. Physiol. 160:105-54. 

Huekel, M. H. (1973) A Local Visual Operator Which R~cognizes 
Edges and Lines. J. A.C.M. 20(4):634-47. 

Hyson, M. (1972) The Perception of Random Dot Stereograms. 
Master's thesis, Univ. of Miami, Coral Gables, Florida. 

Idelson, J. M. (1972) A Learning System for Terrain Recognition. 
Bendix Tech. J. 5:33-8. 

Ittleson, w. H. (1960) Visual Space Perception. New York: 
Springer. 

Jaynes, J. (1977) The Origin of Consciousness in the Breakdown 
of the Bicameral Mind. Boston: Houghton-Mifflin. 

Jenson, C. R. and A. G. Fisher (1975) Scientific Basis of 
Athletic Conditioning. Phil: Lea & Febiger. 

Joseph, E. D. (1971) Perception, an Ego Function, and Reality. 
Currents in Psychoanalysis. I. M. Marcus, M.D. (Ed). 
New York: International Universities Press, p.246-64. 

Julesz, B. (1971) Foundations of Cyclopian Perception. Chicago: 
Univ. of Chicago Press. 

(1974) Texture and Visual Perception. 
and Illusion. R. Held (Ed). San Francisco: 

Image, Object 
Freeman. 

Kanizsa, G. (1976) Subjective Contours. Sci. Amer. 234 (4) :48-52. 

Kant, I. (1872) Critique of Pure Reason. George Bell. 

Katzman, J. H. (1982) Microcomputer Graphics and Programming 
Techniques. New York: Van Nostrand Reinholt. 

Kaufman, L. (1974) 
Perception. 

Sight and Mind, an Introduction to Visual 
New York: Oxford Univ. Press. 

R6 



Kelly, C. R. (1968) Manual and Automatic Control. New York: 
John Wiley & Sons. 

Kelly, D. L. (1971) 
Descriptior .. • 

Kinesiology; Fundamentals of Hotion 
Englewood Cliffs: Prentice-Hall. 

Kent, E. W. (1981) The Brains of Hen and Hachines. 
Peterborough, N.H.: McGraw Hill. 

Koffka, K. (1935) Principles of Gestalt psychology. New York: 
Harcourt-Brace. 

Kolers, P. A. (1972) Aspects of Hotion Perception. New York: 
Pergamon. 

Kuffler, S. W. (1953) 
Organization of 
16:37-8. 

Discharge Patterns and Functional 
Hammalian Retina. J. Neurophysiol. 

Langer, S. K. (1953) Feeling and Form. New York: Charles 
Scribner's Sons. 

(1957) Philosophy in a New Key. Cambridge: 
Harvard Univ. Press. 

Lashley, K. S. (1942) The Problem of Cerebral Organization in 
Vision. Biological Symposia, vol. VII, Visual Hechanisms. 
Lancaster: Jaques Cattell Press. pp. 301-22. 

Legge, D.and P. J. Barber (1976) Information and Skill. 
London: Hethuen. 

Lettvin, H.R., H.R. Maturana, W.S. HcCollough, and W.H. pitts 
(1959) What the Frog's Eye Tells the Frog's Brain. 
Proc. Inst. Radio Engrs. 47:1941-51. 

Levy, J. (1976) Lateral Dominance and Aesthetic Preference. 
Neuropsychol. li:43l-45. 

Levi, L • ( 196 8 ) =:A=:p,-,p",l=.l=.· ;;;e.:::d=:-::o~p:;-t:::.l::.· c;:-=S...::-:;:,A:=;,-~G.::u",i;,:d,-,ec-:-:t=.o",-::-.:.;H:.;:o;.:d=::e",r:::n,-,---:::.O""p:.:t:..:i:::c::.:a=l 
System Design. New York: John w,iley & Sons. 

Lewin, K. (1936) Principles of Topological psychology. New 
York: HcGraw-Hill. 

Lipkin, B.S. and A. Rosenfeld (1970) Picture Processing and 
Psycho-Pictorics, New York: Academic Press. 

Lipson, S. G. and H. Lipson (1969) Optical Physics. London: 
Cambridge Univ. Press. 

Lowrey, E. H. and J. DePalma (1961) Sine vlave Response of the 
Visual System I: The Hach Band Phenomena. J. Opt. Soc. 
Am. 51:740-46. 

R7 

· 1:..._ 



Luria, A. R. (1973) The Working Brain: An Intro . to Neuro­
psychology. New York: Basic Books. 

Lynch, K. (1960) The Image of the City. Cambridge: MIT Press. 

MacConaill, M. A. and J. V. Basmajian (1969) Muscles and Move­
ment. Baltimore: Williams and Wilkins. 

Mach, E. (1959) The Analysis of the Sensations. New York: Dover. 

Maffei, L. and A. Fiorentini (1972) 
and the Analysis of Contrast. 

Retinogeniculate Convergence 
J. Neurophysiol. 35:96-111. 

Marko, H. (1973) Space Distortion and Decomposition Theory: 
A New Approach to Pattern Recognition by Vision. 
Kyber. 13:132-43. 

Martelli, A. (1976) An Application of Heuristic Search Methods 
to Edge and Contour Detection. Comm. A. C. M. 19:73-83. 

Marteniuk, R. G. 
New York: 

(1976) Information Processing in Motor Skills. 
Holt, Rinehart and Winston. 

Matzke, H. A. (1972) Synopsis of Neuroanatomy. New York: Oxford. 

Maul, G. A., R. L. Charnell, and R. H. Qualset (1974) Computer 
Enhancement of ERTS-l Images for Ocean Radiances. 
J. Rem. Sens. of Environ. 3:237-53. 

McCollough, W. S. (1965) Embodiments of Mind. Cambridge: 
MIT Press. 

McLachlan, D., Jr. (1962) The Role of Optics in Applying 
Correlation Functions to Pattern Recognition. 
J. Opt. Soc. Am. 52:454-9. 

McLeod, I. D. G. 
Detection. 

(1972) Comments on Techniques of Edge 
Proc. IEEE ~(3):344. 

Meyer-Arendt, and R. Jurgen (1972) Intro. to Classical and Modern 
Optics. London: Prentice-Hall. 

Michael, C. R. (1969) The Retinal Processing of Visual Images. 
Sci. Amer. 220(5):104-114. 

Miller, D. (1979) Opthalmology: The Essentials. Boston: 
Houghton Mifflen Professional Publishers. 

Miller, D. (1975) Computer Simulation of Human Motion. In 
Grieve, D. W., Doris Miller, D. Mitchelson, and J. Paul 
and A. J. Smith, Techniques for the Analysis of Human 
Movement. London: Lepus Books. 

Miller, G. A., E. Galanter, and K. H. Pribram (1960) Plans 
and the Structure of Behavior. New York: Holt. 

R8 



, 

Milner, P. M. (1970) Physiological psychology. New York: 
Holt, Rinehart and Winston. 

Minsky, M. (1975) A Framework for Representing Knowledge. 
The Psychology of Computer Vision. New York: McGraw Hill. 

Moore, D. J. H., R. A. Seidl, D. J. Parker (1975) Configurational 
Theory of Visual Perception. Int. J. Man-Mach. Stud. v 7 n 4 
p. 449-509. 

Morehouse, L. E. and J. M. Cooper (1950) Kinesiology. 
St. Louis: C. V. Mosby. 

Muller, F. J. and W. K. Taylor (1974) A comparative Study of 
the Electronic and Neural Networks Involved in Pattern 
Recognition. J. Theor. BioI. 41:97-118. 

Myers, R. E. (1976) Comparative Neurology of Vocalization and 
Speech: Proof of a Dichotomy. Annals of New York 
Acad. of Sci. 280:745-57. 

Naka, K. I. (1971) 
Retina. Sci. 

Receptive Field Mechanism in the Vertebrae 
171:691-3. 

Neisser, U. (1967) Cognitive psychology. New York: Appleton­
Century-Crofts. 

(1976) Cognition and Reality. San Francisco: 
W. H. Freeman. 

Nelson, J. I. (1975) GLobality and Stereoscopic Fusion in 
Binocular Vision. J. Theor. Biol. 49:1-88. 

Noton, D. and L. Stark (1974) Eye Movements and Visual Perception. 
Image, Object and Illusion. Edited by R. Held. 
San Francisco: W. H. Freeman. 

Ochs, A. and R. E. Peinado (1975) TWo Dimensional Analysis of 
Retinal Information Transfer. J. Opt. Soc. Am. ~:842-6. 

O'Connell, A. L. and E. B. Gardner (1974) 
Scientific Basis of Human Movement. 
Williams & Wilkins. 

Understanding the 
Baltimore: 

Ornstein, R. E. 
England: 

(1969) On the Expe rience of Time. 
Penguin Education. 

Hammondsworth, 

Penfield, W. (1975) The Mystery of Mind. Princeton: 
Princeton Univ. Press. 

Perkel, D. H. and T. H. Bullock (1968) Neural Coding. 
Neurosci. Res. Eul. 6:221-348. 

Pfaffelhuber, E. (1975) Correlation Memory Models: A First 
Approximation in a General Learning Situation. 
BioI. Cyber. 18:217-223. 

R9 

L._ 



Plagenhoef, S. 
Cliffs: 

(1971) Patterns of Human Motion. 
Prentice Hall. 

Englewood 

Plotnik, R. and S. Mollenauer (1978) Brain and Behavior: 
An Introduction to Physiological Psychology. San 
Francisco : Danfield Press. 

Poggio, T. (1984) Vision By Man and Machine. Sci . Amer. 250: 
4, 106-16. 

Polyak, S. L. (1941) The Retina: Structure of the Re tina and 
the Visual Perception of Space. Chicago: Univ. of 
Chicago Press. 

Poole, T . and J. Szymankiewicz 
Solve Problems. London: 

(1977) Using Simulation to 
McGraw Hill. 

Pribram, K. (1971) Languages of the Brain. Englewood Cliffs: 
Prentice-Hall. 

Pugh, G. E. (1977) The Biological Origins of Human Values. 
New York: Basic Books. 

Rall, W. (1964) Theoretical Significance of Dendritic Frees 
for Neuronal Input-Output Relations. Neural Theory and 
Modeling. Edited by R. F. Reiss . Stanford : Stanford 
Univ. Press. 

Rasch, P. J. and R. K. Burke (1978) Kinesiology and Applied 
Anatomy. phil: Lea & Febiger. 

Ratliff, F. (1965) Mach Bands: Quantitative Studies of Neural 
Networks in the Retina. San Francisco : Holden-Day. 

(1972) Contour and Contrast. Sci. Amer. 226:90-101. 

Richards, W. and A. Polit (1974) Texture Matching. 
Kyber. 16:155-62. 

Rock, I. (1974) The Perception of Disoriented Figures. 
Image, Object and Illusion. Editod by R. Held. 
San Francisco: W. H. Freeman 

Rodieck, R. W. and J. Stone (1965) Response of Cat Retinal 
Ganglion Cells to Moving Visual Patterns. 
J. Neurophysiol. 28 : 819-32. 

(1965) Analysis of Receptive 
Fields of Cat Retinal Ganglion Cells. J. Neurophysiol. 
28:833-47. 

Ronchi, L. and R. Bartelli (1967) On the Process Operated by 
the Visual System. Cyber. 22:808-27. 

R10 



Rosenblatt, F. (1962) A Comparison of Several Perceptron 
Models. In Self-Organizing Systems. Edited by 
M. C. Yovits. Washington, D.C.: Spartan Books. 

Rosenblith, W. A. (1961) Sensory Communication. New York: 
John Wiley & Sons. 

Ross, J. (1976) The Resources of Binocular Perception. 
Sci. Amer. 234(3) :80-6. 

Sayre, K. M. (1969) Consciousness: A Philosophic Study 
of Minds and Machines. New York: Random House. 

Schiffman, H. and H. Crovitz (1972) A Two Stage Model of 
Brightness. Vision Res. 12:2121-31. 

Scott, A. C. (1973) Information Processing in Dendritic Frees. 
Math. Bio. Sci. 18:153-60. 

Segura, P. and G. Helman (1976) Poncho Segura's Championship 
Strategy. New York: McGraw-Hill. 

Sekular, R. W. and L. Ganz (1963) Aftereffect of Seen Motion 
with a Stabilized Retinal Image. Sci. 139. 

and A. Pantle (1967) A Model for Aftereffects 
of Seen Movement. Vision Res. 7:427-39. 

Semmlow, J. L. and G. K. Hung (1980) Binocular Interactions of 
Vergence Components. Amer. J. of Optom. and Physio. Optics. 
Vol. 57, Number 9, Sept. p. 559-65. 

Shannon, C. E. and W. Weaver (1949) The Mathematical Theory of 
Communication. Urbana: Univ. of Illinois Press. 

Shepard, R. N. and J. Metzler (1971) Mental Rotation of Three 
Dimensional Images. Sci. 171:701-3. 

Sherrington, C. (1947) The Integrative Action of the Nervous 
System. New Haven: Yale Univ. Press. 

Shipley, T. and M. Hyson (1972) The Stereoscopic Sense of Order. 
Am. J. Optom. 49: 83-96. 

and C. Wier (1972) Asymmetries in the Mach Band 
Phenomena. Kyber. 10:181-9. 

Sholl, D. A. (1956) The Organization of the Cerebral Cortex. 
London: Methuen. 

Smith, H. M. (1975) Principles of Holography. New York: 
John Wiley & Sons. 

Rll 



Snodgrass, G. (1972) Theory ~nd Experimentation in Signal 
Detection, Parts I, 2, and 3. Baldwin, NY: Life 
Sciences Associates. 

Sommerhoff, G. (1974) Logic of the Living Brain. New York: 
John Wiley & Sons. 

Sperry, R. W. (1975) Left Brain, Right Brain. Sat. Rev. Aug. 9,30-3. 

Spigel, I. (1965) Visually Perceived Movement. New York: 
Harper and Row. 

Spinelli, D. N. (1970) OCC&~: A Content Addressable Memory 
Model for the Brain. The Biology of Memory. Edited by 
K. H. Pribram and D. Broadbent. New York: Academic Press. 

Squire, P. J. (1977) Biomechanics of Sport and Human Movemen t -­
A Reference Bibliography. Dunfermline College of Physical 
Education, Edinburgh. 

Stockham, T. G. (1972) Image Processing in the Context of a 
Visual Model. Proc. IEEE. 60:828-41. 

Stone, J. (1983) 
New York: 

Parallel Processing in the Visual System. 
Plenum Press. 

Strong, J. P. and A. Rosenfeld (1973) A Region Coloring 
Technique for Scene Analysis. Corr~. A. C. M. 16:237-46. 

Szentagothai, J. and M. A. Arbib (1969) 
Neural Organization. Cambridge: 

Conceptual Models of 
MIT Press. 

Tanner, W. P., Jr. and J. A. Svlets (1954) A Decision-Making 
Theory of Visual Detection. psychol. Rev. 61:401-9. 

Taylor, J. G. (1962) The Behavioral Basis of Perception. 
New Haven: Yale Univ. Press. 

Taylor, W. K. (1973) Optical Tecture Recognition. 
Machine Perception of Patterns and Pictures. Institute 
of Physics Conference Series NO. 13. New York. 

Thomas, E. L. (1964) Movements of the Eye. Lasers and Light. 
San Francisco: Freeman & Co. 

Travers, R. M. (1979) Man' s Information System. Scranton: 
Chandler Pub. Co. 

Treisman, A. and G. Geffen (1967) Selective Attention 
Perception or Response? Quart. J. Exp. Psychol. 

Van Der Lugt, A. (1974) Coherent Optical Processing. 
Proc. I EEE ~(10):1300-19. 

R12 

L. . 



Wald, G. (1964) Light and Life. Lasers and Light. 
San Francisco: Freeman & Co. 

Weiss, H. (1973) A Real Time Optical Correlator Using an 
Electro-Optic Relay Tube and its Application to Speech 
Recognition. Proc. lrst Int. Joint Conf. on Pat. Recog, 
Northridge, CA.: IEEE Compo Soc. Pub. Office, 328-33 

Weiss, P. (1971) 
New York: 

Hierarchically Organized Systems. 
Hafner. 

Welford, A. J. (1968) Fundamentals of Skill. London: Methuen. 

(1976) Perceptual and Motor Skills. Glenview, 
Illinois: Scott Forsman. 

(1976) What Can be Trained? J. of Hum. Move. 
2:56-63. 

Welford, W. T. (1976) Optics. London: Oxford Univ. Press. 

Wells, K. (1971) Kinesiology. Phil: W. B. Saunders. 

Werblin, F. S. (1969) The Control of Sensitivity in the Retina 
Sci. Amer. 228(1):70-9. 

Werner, G. (1970) The Topology of the Body Representation in 
the Somatic Afferent Pathway. The Neurosciences, Vol II. 
Edited by G. S. Quarton, T.M. Nelneshik, and F. O. Schmitt. 
New York: The Rockefella Univ. Press, p. 605-16. 

Westlake, P. R. (1970 ) possibilities of Neural Holographic 
Processes in the Brain. Kyber. 2(4) :129-53. 

Whiteside, J. A. and M. L. Davidson (1971) Symmetrical 
Appearance of Bright and Dark Bands from an Exponential 
Illumination Gradient. J. Opt. Soc. Am. ~:958-61. 

Whiting, H. T. A. (1969) Acquiring Ball Skill. London: Lepus. 

(1975) Readings in Human Performance. 
London: Lepus Books. 

(1975) Concepts in Siill Learnin9:' London: 
Lepus Books. 

(1975 ) Readin9: in Sport Psycholo9Y. London: 
Lepus Books. 

Wiener, N. (1948) Cybernetics. New York: John Wiley & Sons. 

Williams, N. and H. R. Lissner (1962) Biomechanics of Human 
Motion. Phil: W. B. Saunders. 

R13 



Wilson, D. L. (1975) 
Reality. Univ. 
(In press.) 

On the Nature of Consciousness and Physical 
of Miami Medical School, Miami, Florida. 

Winters, R. w. (1974) Some Relationships Between the Psy­
chophysics and Neurophysiology of Color Vision. 
Am. J. Optom.& Physiol. Opt. 51:550-66. 

Wooldridge, D. E. (1963) The ~1achinery of the Brain. 
New York: McGraw-Hill. 

Young, J. z. (1961) A Model of the Brain. Oxford: Clarenden. 

(1978) Programs of the Brain. New York: Oxford. 

Young, R. W. (1970) Visual Cells. Sci. Amer. 223(4):80-7. 

Zobrist, A. L. (1971) The Organization of Extracted Features 
for Pattern Recognition. Pat. Recog. 3:23-30. 

R14 

"-.-


	PAPPO H A DPHIL-TR85-30a
	PAPPO TR85-30b
	PAPPO TR85-30c
	PAPPO TR85-30d

