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Abstract

The key research problem addressed in this project is: how does the strategic decision mak-

ing of firms affect an economy? While this is a difficult question to answer, insights may be

gained through the use of computational techniques such as agent-based modelling (ABM).

An agent-based model is developed that simulates micro-level economic interactions between

individuals and firms in different markets, resulting in emergent macro-level features. Tech-

nological progress is an important determinant of economic growth and has been decomposed

into two complementary factors: knowledge and technological sophistication. The model is

used to explore the long-term, macroeconomic consequences of firms investing more heavily in

knowledge development. The simulations show that a shift towards a knowledge-based econ-

omy (KBE) has an insignificant impact on GDP over the long-term. However, the shift does

produce a significant increase in unemployment. The higher unemployment is shown to be

particularly high for the unskilled sectors of the population. It is therefore paramount that

companies embark on skills development, training and educational initiatives when following

a path of technological and knowledge innovation. A transformation of the education system

to one that is inclusive, focused on quality, adaptive, encourages creativity, aligned with the

needs of industry, and stimulates R&D is crucial. Without a coordinated strategy between

industry, academia, and government in attempts to achieve a KBE, economic growth may be

constrained, while the levels of unemployment, inequality and poverty may deteriorate.
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1

Introduction

Firms are an integral part of an economy, so that a collective strategic shift by firms in an

economy could result in significant macroeconomic consequences. Such strategic shifts are

often driven by external factors such as prevailing economic conditions, changes in government

policy, increased competition, or technological change. Recent political uncertainty, struggling

state-owned enterprises, and low business confidence has led to many South African companies

reducing their investment in fixed capital, with a resulting downturn in economic growth and

persistently low unemployment (Lings 2017, Stanlib 2018, Hungwe & Odhiambo 2019). South

Africa is also wanting to move towards a knowledge-based economy (KBE), which will result

in considerable change for many existing companies and will require new innovative companies

to be created (South Africa 2011, Vadra 2017). It is important to consider the economic

consequences of such a paradigm shift.

An economy is a highly complex system, comprised of a large number of agents that are

constantly changing and interacting with each other in a myriad of ways. Constructing and

analysing models are an attempt to understand complex real-world phenomena. This com-

plexity often requires simplifying assumptions or considering only certain aspects of the system

(Giordano et al. 2014). Microeconomics considers the properties and behaviour of each of the

individual economic agents (Besanko & Braeutigam 2013), while macroeconomics attempts to

understand the aggregated behaviour of an economy as a whole. Various economic modelling

techniques can be used to understand, describe, or predict the behaviour of each of these as-

pects. One modelling technique that has gained some traction in recent years is agent-based

modelling (ABM). The appeal of ABM in economic modelling is that by implementing the

micro-level properties and behaviour for a large number of agents, macro-level phenomena

should emerge. In principle, it provides a tool that can tangibly connect the realms of eco-

nomic theory. In this research project, an agent-based macroeconomic simulation model will be

developed that can be used to explore the macroeconomic consequences of a collective strategic

shift by firms. In particular, as more firms in the economy make a strategic choice to embrace
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technological sophistication, nurture innovation and invest in knowledge, the simulation should

provide a means to predict any significant long-term changes in macroeconomic measures.

1.1 Economic growth
One of the most important measures of a country’s economic output is gross domestic product

(GDP). While GDP may be defined in various ways (Burda & Wyplosz 2017), it ultimately

provides a measure of the productive activity within an economy. One way of defining GDP

is as the sum of all the final goods and services that an economy produces in a given time

period within a country. Using this definition, there are four main contributors to GDP, Y :

consumption of final goods and services, C; investment, I; government spending, G; and net

sales to the rest of the world, which is the difference between exports, X and imports, Z;

resulting in

Y = C + I + G + X − Z. (1.1)

The circular flow diagram shown in Figure 1.1 illustrates the factors that contribute to an econ-

omy, and highlights the complexity that emerges from the interplay between these contributors.

The circular flow model serves as the basis for many macroeconomic agent-based models.

Government

T −G

Foreign Sector

X − Z

Private Sector

S − I

G

Government Spending

C + I +G− Z
Consumption

C

Imports

Z

Investment

I

C + IC + I +G

Exports

X

Savings

S

Net Taxes

T

Gross Domestic Product

Y = C + I +G+X − Z
Private Income

GrantsTaxes

Figure 1.1: Circular flow diagram showing the flow of money within an economy. Adapted
from Burda & Wyplosz (2017).

The GDP (in 2019 US$) for South Africa from 1960 till 2018 is shown in Figure 1.2. From

the GDP time series it can be noted that in the long-term, GDP approximately follows an

exponential growth model,

Y (t) = Y0 e
g(t−t0), (1.2)

where Y0 represents the initial GDP at an initial time t0 and g is the annual growth rate. Also

shown in Figure 1.2 is a fit to the South African GDP data based on equation 1.2, showing an

approximate exponential growth over the long-term.

It has been observed that economic output, as measured by GDP, tends to grow over time,

so it is important to understand the reasons and determinants of economic growth (Acemoglu
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Figure 1.2: Time series of GDP (in current US$) for South Africa. Dashed line indicates fitted
GDP. Raw data source: World Bank (2019)

2009). Empirical research into determinants of growth paints a complex picture. Durlauf

et al. (2005) identified a large number of growth factors, including: education, demographic

age characteristics, geography, levels of foreign direct investment, government expenditure,

government policy, levels of inequality, health of the population, political stability, trade policy,

and property rights. He & Xu (2019) assigned growth determinant variables into four categories:

(a) Solow-Swan growth variables (income, capital, population growth, labour, investment), (b)

demography, (c) policy and (d) institution (governance, legal, etc.). A recent study by Bruns

& Ioannidis (2020) indicates that the relevance of particular growth determinants is dependent

on the growth period of the economy.

There are several theories and models of economic growth (Piȩtak 2014). In practice, the-

oretical macroeconomic growth models need to consider a much smaller set of factors than

those detailed by Durlauf et al. (2005). Macroeconomic textbooks, such as Burda & Wyplosz

(2017), often describe three main forces driving economic growth: investment in capital, pop-

ulation growth, and technological progress. There are therefore three variables that are used

in many macroeconomic models: capital, K, labour, L, and technology, T . A macroeconomic

model would then consider these three variables as the aggregate factors of production, and

so the macroeconomic production function would therefore be of the form (Barro et al. 2004,

Pokrovskii 2014)

Y (t) = F (K(t), L(t), T (t)). (1.3)

The mathematical formulation of many growth models, such as the Solow-Swan model (Solow

1956, Swan 1956), Schumpeterian growth models (Acemoglu 2009) or the Romer model (Romer

1990, Grossman & Helpman 1991, Aghion & Howitt 1992), consider these factors as dynamical

variables, each of which is outlined as follows:

(a) Investment in physical capital or capital stock, K, is an important driver of economic

growth. Here, capital stock refers to all buildings, machinery, plant, and equipment that

are used to produce the output. In macroeconomic models such as the Solow-Swan model,
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capital accumulation through investment is the key dynamical variable used in modelling

growth (see Appendix B, pg. 90).

(b) Growth in the population size necessitates an increase in the output of goods and services:

‘more people require more stuff ’. It also means that more people require an income to

purchase goods and services: ‘more people need jobs ’. In order to increase output to satisfy

the demand arising from a growing population and to provide the disposable income that

the population needs, industry would need to increase the labour employed, L.

(c) An important determinant of economic growth is technological progress, T . In the context of

economic theory, the term ‘technology ’ refers to how the “inputs to the production process

are transformed into output” (Jones 2002, pg. 80). Technological progress is achieved

through invention, innovation, and the generation of knowledge and new ideas. Diaconu

(2011) argued that innovation is a major determinant of growth. Innovation may come in

many forms: innovation in the quality and variety of products, innovation in creating new

markets, innovation in manufacturing processes that result in greater efficiencies or lower

costs, and innovation in the way in which a business operates. In Schumpeterian models,

economic growth is driven by process innovations to existing machines (new innovations

replace old technologies), leading to improvement in efficiencies (Acemoglu 2009). In other

words, growth involves creative destruction (Aghion et al. 2015). Romer (2011) extended

the Solow-Swan model by incorporating the endogenous accumulation of knowledge as a

contributor to economic growth.

The agent-based model that has been developed will include these three factors of production

for individual firms. Of interest is the impact of investment in technology and knowledge

accumulation on macroeconomic performance.

1.2 The role of technology
In recent years there has been considerable attention given to the 4th industrial revolution (4IR)

and a shift towards a KBE in many advanced economies. The 4IR refers to the application of

computing, information, and communications technologies in new and novel ways. It is char-

acterised by an integration of diverse technologies, blurring the distinctions between physical

(such as autonomous vehicles, 3D printing, robotics, and new materials), digital (hardware,

software, and communications), and biological domains (Schwab 2016, Lee et al. 2018). As

the technologies become more pervasive, sophisticated and integrated, society and economies

are rapidly transforming, resulting in new economic paradigms (Schwab 2016). One of the

consequences of the 4IR is that it is extremely knowledge-based, demanding new competencies

and skills in the labour force. This emergent economic reality, with knowledge as a new cur-

rency, is the essence of the KBE. Sum & Jessop (2013) have argued that policies that promote

knowledge development are “the best route to economic progress in developing economies”.
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To improve efficiencies, create new markets and establish global competitiveness, many compa-

nies are embracing new and emerging technologies (WEF 2018). Achieving these goals within

an economy requires significant investment in new technologies, a highly skilled labour force,

and the establishment of high-technology industries (Vadra 2017). The new reality of accel-

erating change and innovation is placing greater demands on business leaders to formulate

workforce strategies that will develop the necessary skills required for the future (WEF 2018).

It also requires a paradigm shift in educational policies, systems, and curricula. Curricula need

to be highly adaptive in order to respond to rapid changes. An emphasis needs to be placed on

critical thinking, complex problem-solving, lifelong learning, creativity, technological design,

and programming (WEF 2018, Table 4). There are therefore two important aspects that need

to be considered in the modelling of firms within an economy: technology and knowledge.

1.3 Agent-based models
Agent-based modelling has recently become a useful tool for analysing a wide variety of complex

systems (Epstein 2006, Siegfried 2014). In agent-based models, populations of individual agents

are created within an artificial environment and allowed to interact with each other or with the

environment. There are traditionally three basic ingredients in an agent-based model: agents as

the active elements in the model, an environment in which the agents operate, and a scheduler

that determines the sequence and timing of events in the simulation. A key feature is that

“the only equations present are those used by individual agents for decision making.

Different agents may have different decision rules and different information; usually,

no agents have global information, and the behavioural rules involve bounded com-

putational capacities - the agents are ‘simple’.” (Axtell & Epstein 2006, pg. 152)

Agents are the basic ‘atomic units’ that are used in the construction of an agent-based model.

They can represent individuals, organisms, social groups, components, complex organisations,

etc. An important advantage of macroeconomic agent-based modelling (MABM) approaches

is that there is no need for assumptions at the macroeconomic level (Lengnick 2013).

Behavioural rules that describe how each type of agent makes different decisions in differ-

ent contexts are explicitly incorporated in the model, providing a ‘bottom-up’ construction of

macroeconomic phenomena. For individuals within an economy, the behavioural rules could

encode consumer spending patterns (Carroll 2001, Bremer et al. 2017), changes in education

(Kinsella et al. 2011), population dynamics (Grow & Van Bavel 2016), etc. Firms’ behavioural

rules could incorporate the dynamic capability as proposed by Zott (2003), associated employ-

ment policies, pricing decisions, technological change, etc. (Kinsella et al. 2011).
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1.4 Project overview
The primary objective of the project is to implement an agent-based simulation that can be

used to determine the macro-economic impact of firms strategically adopting higher levels of

technological sophistication. It should demonstrate the importance and relevance of micro-level

strategic decisions on macroeconomic indicators. This would facilitate a quantitative analysis

of the short-, medium-, and long-term impact of macroeconomic policy decisions. The specific

objectives of the project are:

(a) To design, implement and test an agent-based simulation framework that can be used to

conduct macroeconomic simulations.

(b) To apply the simulation framework to investigate potential changes in the long-term macroe-

conomic indicators resulting from the strategic shift of firms towards greater levels of tech-

nological sophistication.

The implementation will incorporate both quantitative and qualitative modelling techniques

to model the behaviour of individuals and firms in an economy, develop mathematical and

computational models to produce quantitative data, and use the simulated results to make

predictions, placing it within a positivist research paradigm (Guo & Sheffield 2006, De Vos

et al. 2011).

Two simulation scenarios are considered: one scenario (referred to as the baseline scenario) that

is used as a reference or benchmark, and a second scenario (referred to as the explored scenario)

in which firms in the economy have made a shift towards higher investment in knowledge and

higher levels of technological capabilities. The conceptual framework for how the simulations

are conducted is shown in Figure 1.3. Several Monte Carlo simulations (Rubinstein & Kroese

2016) will be conducted with a set of baseline parameters, establishing baseline trends in a

number of macroeconomic and other variables. Stochastic fluctuations from each Monte Carlo

run are then averaged-out, giving the underlying output variables from the model. For example,

Figure 1.3 shows how a mean GDP is obtained in each of the two scenarios. The baseline trend

for GDP growth is then validated according to the Solow-Swan growth model. For the second

explored scenario, a single model parameter is changed in order to shift the strategic focus of

firms. By comparing the output from the two scenarios it is then possible to determine if there

are significant shifts in the long-term behaviour of the macroeconomic variables.
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Figure 1.3: The conceptual framework for the project.
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An overview of the chapters that follow is shown in Figure 1.4.

The impact of technology and knowledge
The South African situation

Resource Based Theory
A perspective on strategic planning

Modelling firms

Ch 2: The business context

Agent-based modelling in a nutshell
Agent-based modelling in economics

Ch 3: Agent-based modelling

Part I: Literature review and theoretical background

Ch 1: Introduction

Appendix A: Notation
Appendix B: The Solow-Swan growth model
Appendix C: Design & implementation

Part III: Appendices

Individuals
Firms
Markets
Government
Timing & scheduling

The agents

Ch 4: The model

Baseline simulation
Explored simulation results
Validation of results

Ch 5: The simulation results

Part II: The agent-based model

Ch 6: Discussion & Conclusions

Figure 1.4: An overview of the logical flow of the chapters.
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The business context

This chapter provides a brief overview of strategic planning and the role of technology within

firms. Section 2.1 provides an overview of strategic planning within organisations. An im-

portant contemporary perspective of strategic planning is encompassed by the resource-based

view (RBV), discussed in Section 2.2. The agent-based model developed in later chapters will

require a mathematical model of a firm’s production that is outlined in Section 2.3. Section 2.4

discusses the importance of technology and knowledge, and in particular the 4th industrial

revolution and the knowledge-based economy (KBE). Finally, some brief comments about the

relevance to South Africa are provided in Section 2.5.

2.1 A perspective on strategic planning
Organisations need to think about where they are, where they want to be and how to get there.

The essence of strategic planning is to provide a path between the current status and a desired

future status (Butuner 2015). There are three main questions that organisations need to ask

themselves, leading to various strategic planning phases (Louw & Venter 2013). The “where

are we?” question is addressed in the strategic analysis phase. The “where do we want to be?”

question addressed is in the strategic development phase. The ”how do we get there?” question

is answered in the strategy implementation phase. These phases are illustrated in Figure 2.1.

(a) Strategic analysis: A careful and critical analysis of the business and its operating envi-

ronment needs to be undertaken. Typically an organisation would need to address many

questions such as: What are the current problems? What are we doing well? What are

we doing badly? What is our market? What is happening in our market? What can be

done about it? What are our strengths and weaknesses? What opportunities do we have?

What threats or risks do we face? Many strategic analysis tools can be used in this pro-

cess (Fleisher & Bensoussan 2007), including: SWOT analysis, the PESTEL framework
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Figure 2.1: A proposed framework for strategic planning.

(Rothaermel 2016), developing a strategy canvas (Kim & Mauborgne 2015), analysing the

value chain (Porter 1985), and considering Porter’s 5 forces (Porter 1985, 2008).

(b) Strategy development: With an understanding of the current situation, an organisation

can then begin to develop its strategic intent, which essentially aims to answer the question:

Where do we want to be? As opposed to operational or functional plans that are short-term,

strategic plans are usually long-term in nature, and so the strategic intent should describe

aspirations for a distant future (Butuner 2015). The importance of strategic intent is

illustrated by the quote by Lewis Carrol, “If you don’t know where you are going, any road

will get you there.”

Strategic intent is usually encapsulated in an organisation’s vision, mission and goals

(Rothaermel 2016). A vision articulates an organization’s future aspirations, providing

an answer to the question: “What do we want to become?” (David & David 2014). Collins

& Porras (2011) suggested that a vision should consist of a vivid description of the future

and be a big hairy audacious goal (BHAG). A BHAG is a clear and compelling future

objective that an organization can strive for. The mission describes what an organisation

actually does, defining the way in which the vision can be achieved, answering the question:

“What is our business?” (David & David 2014). It establishes the goods and services the

organisation plans to provide, and the markets in which it plans to operate. The goals are

broad targets or milestones that need to be achieved in order to accomplish the mission and

vision. Underpinning the future intent would be the aspired culture within the organisation

and the values establishing how it would operate.

(c) Strategy implementation: With a clear understanding of where they are and where they

want to go, it becomes necessary to formulate a plan to achieve the strategic intent. This

would entail developing short-term operational plans, possibly restructuring the organisa-
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tion, identifying the leadership requirements, developing processes and systems, effective

communication, formulating a change management plan, analysing possible future scenar-

ios, and implementing techniques for monitoring and control (Louw & Venter 2013). There

are several tools that can assist in this process. Organisational analysis and design can be

performed using the McKinsey 7S framework (Ravanfar 2015). Business processes can be

formulated using business process re-engineering (Hammer & Stanton 1995). Tools such

as the balanced scorecard can be used to develop approaches to measurement and control

(Atkinson 2006).

In practice formulating a strategic plan should be an iterative process and organisations should

go back and forth between each of the phases outlined above (Steiner 2010).

2.2 Resource Based Theory
The ability of an organisation to effectively identify, understand, and exploit any potential

sources of competitive advantage are important goals of strategic management (Barney &

Clark 2007). An organisation’s resources include all assets, capabilities, processes, attributes,

information and knowledge that are controlled by the organisation in order to implement value-

creating strategies to achieve a competitive advantage. Within a resource-based view of the

firm, the resources within an organisation may be categorised as physical capital resources

(physical technology, plant and equipment, access to raw materials); human capital resources

(the training, education, experience, judgement, intelligence and insights of employees) and or-

ganisational capital resources (formal reporting structures, planning, coordination and control

mechanisms) (Barney 1991).

Barney & Clark (2007) describe competitive advantage in terms of a firm’s ability to implement

a value-creating strategy than cannot be easily adopted by competitors (both current and

future). A sustained competitive advantage is a competitive advantage whose benefits cannot

be easily duplicated by competitors. Strategy can be viewed in the context of resource-based

theory (RBT) as “the match an organization makes between its internal resources and skills and

the opportunities and risks created by its external environment” (Grant 1991). The relationship

between resources, capabilities, competitive advantage and strategy in the context of strategic

analysis in the resource-based view is illustrated in Figure 2.2.

Barney (1991) proposed a resource-based model incorporating four factors that are required

to achieve a sustained competitive advantage: the resources must be valuable (V), rare (R),

imperfectly imitable (I), and non-substitutable (N). These characteristics are often referred to

as the ‘VRIN’ framework (Foss 2011). Valuable resources can lead to a sustained competitive

advantage since they enable a firm to implement strategies that improve efficiencies and ef-

fectiveness. If the resources are homogeneously available to a large number of organisations,

then each organisation can utilise the resources in a similar manner, thereby ensuring that

no one organisation has a competitive advantage (even though the resource may be valuable).

When the valuable resources available to an organisation are rare, then those resources have
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Figure 2.2: A resource-based framework for strategic analysis. (Adapted from Grant (1991))

the potential to establish a sustained competitive advantage. Barney (1991) goes on to argue

that valuable, rare resources can only be a source of sustained competitive advantage if they

cannot be easily obtained by other firms, i.e. are imperfectly imitable. The resources can be

imperfectly imitable due to several reasons (Barney & Clark 2007):

• A firm may possess a resource as the result of a set of unique historical conditions. The

firm may simply have been ‘in the right place at the right time’ allowing it to acquire the

resources. A firm’s performance is therefore not only dependent on industry structure

but also on its unique historical circumstances. A competitor or new entrant will not

have had the benefits, experience or access that may arise due to the particular history

of a firm.

• There may also be a causal ambiguity in the link between the firm’s resources and its

sustained competitive advantage. Since the link is ambiguous or poorly understood, it

will be difficult for competitors to replicate the strategy.

• Complex social phenomena (for example, organisational culture) within an organisation

would also make it difficult for a competitor to duplicate how the resources (especially

human and organisational capital resources) lead to a sustained competitive advantage.

The ability of these resources to lead to sustained competitive advantage may be at-

tributable to the complex social phenomena (so there would be no causal ambiguity).

Knowing the causal relationship does not necessarily enable another firm to create an

environment where these phenomena could be established.

The final requirement for a resource to be able to lead to a sustained competitive advantage is

that it is not strategically equivalent to another resource. If a resource can easily be substituted

by another resource, which may not be valuable or rare, to implement a particular strategic

plan, then that resource is not a source of competitive advantage.

It is more widely recognised in the economics literature that performance is strongly influenced

by the path taken by a firm, i.e. ‘history matters’ (Liebowitz & Margolis 1999, David 2005,
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Martin & Sunley 2012). “Path dependence is having a major impact on the way in which

economists model firm and market behavior” (Lockett & Thompson 2001, pg. 743). Within

the RBV, the resources to a firm (its ‘opportunity set’) are unique to the particular firm

and are acquired or developed over time (Lockett & Thompson 2001, Lockett et al. 2009).

Several path-dependent aspects of firm behaviour are strategically relevant for the firm (Lockett

& Thompson 2001): (a) various patterns of diversification and market entry; (b) corporate

refocusing and market exit; (c) the ability of firms to innovate and exploit their dynamic

capability ; (d) the relationship between diversification and performance; and (e) the evolution

of an industry with rapid technological change. Of relevance to this project is the role of

knowledge, innovation and dynamic capabilities.

Competitive advantage will change over time (Helfat & Peteraf 2003, Teece 2009). The impli-

cation is that strategy continually needs to adapt (Helfat et al. 2009, Endres 2017). Dynamic

capability refers to a “firm’s ability to integrate, build and reconfigure internal and external

competencies to address rapidly changing environments” (Zott 2003). It provides a strategic

framework that can be used to explain differences in performance of firms despite being in

the same industry with similar environmental conditions and analyse changes in organizational

capabilities (Winter 2003, Zott 2003, Endres 2017).

Motivated by the RBV of the firm, Zott (2003) proposes a model in which a firm is characterised

by its resource configuration at any point in time that is comprised of three variables: product

quantity (or output produced), product innovation rate that encapsulates the resources allo-

cated to product differentiation, and process innovation rate that incorporates the resources

that a firm allocated to achieve process innovations. The resource configuration is evolved

or reconfigured in four stages as illustrated in Figure 2.3: variation (through imitation/ex-

perimentation), selection, retention and competition. The dynamic capability attributes that

characterise the evolutionary process are the timing of the change, the cost of the change and

how the firm learns from changes. Based on the model, Zott (2003) poses further questions

regarding the dynamic capability of a firm. Firstly, Zott (2003) asks if it is possible to identify

the attributes of dynamic capability that impact the performance of a firm. Secondly, in what

way do the attributes contribute towards the emergence of differentiated performance within

an industry. The essence of the current project is to determine the macroeconomic impact of

widespread changes in the resource configuration of firms in an economy.

Variation Selection Retention Competition

Configuration
Current Resource

Configuration
Future Resource

Cost Learning Timing Dynamic

Attributes
Capability

How costly is the
reconfiguration

When to reconfigureDoes the firm learn
to reconfigure

~xj,t ~xj,t+1

Figure 2.3: Overview of Zott’s model for resource reconfiguration. (Adapted from Zott (2003))
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2.3 Modelling firms
Firms play a vital role in an economy by transforming available productive resources into final

goods and services. This is an oversimplification, in reality, firms are highly complex entities

(Walker 2016). The productive resources (land, labour, capital equipment, natural resources,

raw materials, water, electricity, etc.) can be regarded as inputs or factors of production that

firms use in the production or transformation process, while the outputs are the various goods

and services that the firm produces (Besanko & Braeutigam 2013). For simplicity, it is often

assumed that a firm produces a single product. Figure 2.4 shows a system or ‘black-box’

perspective of a firm that converts inputs to outputs (Walker 2016).

Firm

Transformation
Process

Inputs
Factors of Production

Outputs
Goods & Services

Figure 2.4: A systems view of the firm showing how the input factors of production are trans-
formed into the output goods and services.

The mathematical relationship between the inputs and outputs of a firm are encoded in a

production function (Heathfield & Wibe 2016, Shephard 1970). It allows one to ignore the

operational details within a firm, and focus purely on the most significant factors of production.

Transformations that are not ‘acts of production’ are not considered (Heathfield & Wibe 2016).

At an abstract level, the production function encapsulates a firm’s production process. This

abstraction is both a blessing and a curse. On the one hand, it allows one to address many

‘what?’ questions: What are the most relevant or significant factors of production? What is

the relationship between each factor of production and output? What factors of production can

one measure? On the other hand, abstraction does not offer any insight into many ‘why?’

questions: Why are some factors of production more important than others? Why is the output

more strongly influenced by one factor compared to another? Why are some possible factors of

production unimportant? Some of these ‘why’ questions are important considerations in the

resource-based view of the firm.

2.3.1 The production function

It would be useful to construct a mathematical model that can describe the transformation

process of a firm. The production function would be used to model the output behaviour

for the firm, without going into details on how the production is physically accomplished.

To accomplish this task, one needs to clearly define the inputs and outputs of the system.

It is assumed that each factor of production may be aggregated and quantified in some way

(Heathfield & Wibe 2016). For example, a firm may have a wide variety of equipment used in its

manufacturing process, but are all ‘lumped together’ as a quantifiable measure of equipment.

This is an enormous simplification but is often a necessary step in mathematical modelling

(Giordano et al. 2014).
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Let us consider a firm producing a single product using n factors of production, xi, where

each factor is a positive number (i.e. xi ∈ R+ for i = 1 . . . n). The firm’s production process

will transform the inputs, xi, to a quantity of output, Q. It will be convenient to denote all

the inputs as a vector, ~x ≡ xi. Each of the n inputs of the production function is assumed

to be non-negative, real numbers 1 (i.e. ~x ∈ Rn
+). The output will also be a non-negative

number, Q ∈ R+. Mathematically, the production function is assumed to be a smooth, infinitely

differentiable function of each of the inputs, xi. The requirement for differentiability ensures

that the production function is continuous in each of the inputs, thereby ensuring that small

changes in any input lead to small changes in output. A firm will also adopt technology in the

production process, which we will represent by ω. The transformation process, illustrated in

Figure 2.5, is encapsulated in the firms’ production function, F , that is defined as follows. The

production function specifies the maximum output quantity, Q, that a firm can produce as a

function of its inputs, ~x and its technology, ω.

F
Inputs Output

Q = F (~x;ω)~x

Technology
ω

Function
Production

Figure 2.5: A systems view of the production function.

A commonly used production function is the Cobb-Douglas production function. The most

general form of the Cobb-Douglas production function is given by (Shephard 1970)

F (~x) :=
n∏

i=1

(Aixi)
αi , (2.1)

where Ai represents the factor productivity and the parameters αi represent the output elas-

ticities for the inputs xi. The factor productivity parameters must satisfy Ai > 0, while αi

satisfies the condition
n∑

i=1

αi
!

= r, (2.2)

for some constant r.

A special case of the general Cobb-Douglas production function considers two input factors of

production, capital, K and labour, L, so that xi ≡ (K,L). The most widely used form of the

two-input Cobb-Douglas production function is given by (Sørensen & Whitta-Jacobsen 2010,

Romer 2011)

Q = F (K,AL) := Kα(AL)1−α (2.3)

where α satisfies 0 < α < 1, and A is a labour productivity parameter. This is a simplified

version of the generic production function given in equation (2.1), with xi ≡ (K,L), αi ≡
(α, 1 − α) and Ai ≡ (1, A). This form of production function has a constant returns to scale.

1Of course not all input factors are real numbers: labour is technically only supplied in discrete units. But
if one regards labour in terms of time, then it may be regarded as a continuous variable.
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The parameter α represents the output elasticity for capital, while 1−α represents the output

elasticity for labour. This form of the Cobb-Douglas production function is convenient since it

only has two parameters, A and α.

2.4 The impact of technology and knowledge
Technology plays an important role in many contemporary economic growth models (Romer

1990, Sharipov 2015). Schumpeterian growth theory recognizes the importance of innovation

in replacing old technologies through creative destruction (Aghion et al. 2014, 2015). In the

Schumpeterian framework, improvement in production quality and efficiency as a result of

process innovations is the ‘engine of economic growth’ (Acemoglu 2009). The Romer (1990)

model for economic growth, incorporates knowledge accumulation as a dynamic endogenous

variable. Cantner & Pyka (1998) argued that technological change and innovation is driven by

both technological capabilities and ‘know-how’ or knowledge. These two interrelated aspects

of technological evolution have been incorporated in the agent-based model as two separate

variables (discussed in §4.3.2, pg.41): technological sophistication, τ and knowledge, W . These

two variables allow for the implementation of level and composition effects in determining

productivity growth, loosely aligned with the approach of Aghion et al. (2006)2. In the sections

that follow, the history of technological change is reviewed in order to understand the current

importance of technology in a firm’s operational decisions. This context motivates the choice

of the two aspects of technological innovation.

2.4.1 The evolution of industrial revolutions

1st Industrial

Revolution

2nd Industrial

Revolution

3rd Industrial

Revolution

4th Industrial

Revolution

18th

Century

Late 20th

Century

Early 21st

Century

19th-20th

Century
Electrical

Mechanical

Computing

Knowledge

Water & steam based production
machinery

Electrically powered mass production.

Automated production.
Internet. Information systems

Big data, AI, cloud computing.
Cyber-physical production systems.

Figure 2.6: Historical summary of industrial revolutions. (Produced based on Schwab (2016))

Historically, scientific discovery and associated technological innovations served as catalysts for

industrial revolutions (see Figure 2.6 for an overview). The formulation of Newtonian mechan-

ics, calculus, new production technologies and the invention of the steam engine ushered in the

mechanical era of the first industrial revolution, from around 1760 to around 1870 (Coluccia

2Refer to §4.3.4, pg.44 for how these effects have been implemented in the model.
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2012a). It provided a shift from pure human labour as factors of production to the utilization

of machinery to do much of the ‘heavy lifting’ in newly formed factories. A deeper under-

standing of electromagnetism (from the initial discovery by Ørsted in 1820; to the empirical

results of Faraday; the mathematical work of Gauss and Ampère; and culminating in the for-

mulation of a unified theory by Maxwell in 1865 (Griffiths 2008)) led to the electrically driven

second industrial revolution from the late 19th century to the early 20th century. Electrical

technology led to mass production since each machine could be independently powered and

controlled by electrical motors. This enabled Ford to introduce the assembly line as an ef-

fective and efficient means of production (Coluccia 2012b). The 20th century saw many new

scientific discoveries and technological developments leading to massive advances in computing

capabilities. Computers changed the nature of business in many ways, resulting in higher levels

of automation. For example, production processes were automated using programmable logic

controllers (PLCs), supervisory control and data acquisition (SCADA) systems, distributed

control systems (DCSs), robotics, etc. (Zhang 2010), while business processes were automated

using manufacturing execution systems (MESs), enterprise resource planning (ERP) systems

and various business process automation (BPA) systems (Kletti 2007). These systems, designed

to automate many aspects of a business operation, also provided huge amounts of data. Data

that could then be used in decision making.

The 4th industrial revolution refers to the evolution and broad application of the technologies

developed during the computing revolution of the 20th century. As the founder of the World

Economic Forum (WEF) noted: “digital technologies that have computer hardware, software

and networks at their core are not new, but in a break with the third industrial revolution, they

are becoming more sophisticated and integrated and are, as a result, transforming societies and

the global economy.” (Schwab 2016, pg. 12). In other words, digital connectivity coupled with

innovations in software technology are fundamentally changing society and business. Some of

these innovations include implantable technologies, big data for decision making, cloud com-

puting, artificial intelligence (AI), 3D printing, blockchain, smart homes, the internet of things,

etc. (Schwab 2016). Powell & Snellman (2004) has observed that innovation can benefit organ-

isations and consumers in a number of ways. Reducing costs through improved productivity

and higher levels of efficiencies are important benefits for a business. Innovation has led to a

dramatic proliferation of new goods and services, which is attractive to consumers.

Using data-mining, AI, machine learning, and big data analytics technologies, many companies

are now able to exploit their vast amounts of data towards gaining a competitive advantage

(Provost & Fawcett 2013). Data and the ability to extract knowledge is becoming an important

strategic resource (Smith 2020). This observation has become one of the fundamental principles

of data science (Provost & Fawcett 2013).

2.4.2 Knowledge-based economies

The ability to solve complex problems by extracting useful knowledge from data is becoming

an important part of a business (Provost & Fawcett 2013, Larose & Larose 2014). Knowledge
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has become an important driver for economic growth in many countries (Godin 2006). The

Organisation for Economic Co-operation and Development (OECD) defined a knowledge-based

economy (KBE) in the following way: “The knowledge-based economy is an expression coined

to describe trends in advanced economies towards greater dependence on knowledge, infor-

mation and high skill levels, and the increasing need for ready access to all of these by the

business and public sectors” (OECD 2005). Vadra (2017) proposed four pillars that underpin

the successful cultivation of a KBE: (a) a highly educated and skilled workforce, (b) an envi-

ronment that nurtures research and development, (c) a dynamic and effective information and

communications technology (ICT) infrastructure, and (d) a culture that promotes knowledge

development. These pillars are closely aligned with the four pillars comprising the World Bank

Knowledge Economy Index (KEI) (Chen & Dahlman 2005). Furthermore, the World Economic

Forum has identified several technological drivers of change for the foreseeable future: high-

speed internet connectivity, AI, big data analytics and cloud-based technology (WEF 2018).

Productivity growth has been facilitated by investments in information and communication

technologies (Powell & Snellman 2004). Harris (2001) recognised some key features of a KBE

that contrast traditional economic thinking. Knowledge is durable, can be repeatedly applied

without deterioration, and can be stored and maintained at virtually zero cost. The implica-

tion is that knowledge accumulation violates the economic law of diminishing returns. There

is also empirical evidence that “the contribution of information technology investments to pro-

ductivity growth exceeds the contribution of other investments - but only when coupled with

significant organizational changes.” (Powell & Snellman 2004). Knowledge, innovation and

the ability to successfully leverage technology has become an important strategic resource for

organisations.

The ability of firms to innovate often leads to improved performance. Andrade et al. (2018)

showed that a higher return on investment from research and development (R&D) is achieved

as firms approach the technological frontier. The RBV and a firm’s dynamic capability may

explain why certain firms are better positioned to develop new innovative processes or products.

An innovative firm tends to create an environment that fosters further innovative behaviour,

resulting in ‘innovatability’ being an important intangible and dynamic resource for the firm

(Saunila & Ukko 2014). There is an increasing need for firms to focus on the role of learning and

continuous innovation (Powell & Snellman 2004). Such a firm will tend to be more flexible,

perceptive, adaptable and profitable. A firm’s dynamic capability, including its ability to

innovate and utilise its accumulated knowledge, is therefore closely associated with the firm’s

ability to learn and embrace change. Once a firm embarks down a path of innovation, it results

in a positive feedback loop, often resulting in superior performance.
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2.5 The South African situation
South Africa is experiencing persistently poor economic growth, high levels of inequality and

poverty (Akanbi 2016). Based on long-run historical data, Akanbi (2016) has demonstrated

that there are several causal links between growth, poverty and inequality. It has been said

that South Africa is “one of the most unequal societies in the world” (Tregenna & Tsela 2012).

Income inequality may be measured using the Gini index, where a Gini index of zero means

that there is perfect equality, while a Gini index closer to 1 indicates a completely unequal

distribution of income. Inequality levels in South Africa have followed an upward trend since

1993, as can be seen from Figure 2.7(c) and as observed by Tregenna & Tsela (2012). South

Africa currently has a Gini coefficient between 0.65 and 0.67 (Statistics South Africa 2019a).

Some of the reasons for the poor economic performance include: decreasing levels of foreign

direct investment (FDI) as can be seen in Figure 2.7(a), high levels of uncertainty (Redl 2018),

a struggling education system (Reddy et al. 2015), poor performance by state-owned enter-

prises, an underperforming manufacturing sector (Ly 2019), and a low savings rate (Hungwe

& Odhiambo 2019).

1
9
7
0

1
9
8
0

1
9
9
0

2
0
0
0

2
0
1
0

0

2

4

6

Year

F
D
I
(%

o
f
G
D
P
)

(a) Foreign Direct Investment
1
9
9
5

2
0
0
0

2
0
0
5

2
0
1
0

2
0
1
5

20

25

30

35

Year

U
n
em

p
lo
y
m
en
t
%

(b) Unemployment rate

1
9
9
5

2
0
0
0

2
0
0
5

2
0
1
0

2
0
1
5

58

60

62

64

Year

G
in
i
in
d
ex

%

(c) Gini index

1
9
9
5

2
0
0
0

2
0
0
5

2
0
1
0

2
0
1
5

30

40

50

60

Year

h
ea
d
co
u
n
t
ra
ti
o
%

o
f
p
o
p
u
la
ti
o
n (d) Poverty headcount ratio at $3.20 a day (2011 PPP)

Figure 2.7: Various macroeconomic indicators for South Africa. Raw data source: World Bank
(2019)

Recent media articles have noted the potential negative implications of the 4IR on South African

unemployment (Biepke 2018, Falkenberg 2018). South Africa has a high unemployment rate

fluctuating around 27%, shown in Figure 2.7(b), and a relatively large number of low-skilled

workers (Davies & van Seventer 2020). Without significant improvements in education and skills

development, the fourth industrial revolution may result in even higher levels of unemployment.

The agent-based model developed in this project aims to test this hypothesis.
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Agent-based modelling

Agent-based modelling (ABM) is a computational approach for simulating the behaviour of

a large number of autonomous agents within an artificial environment, where the agents may

interact with each other and their environment (Siegfried 2014). It has become an increasingly

useful tool in the study of complex adaptive systems, particularly in social systems including

areas such as economics, sociology, geography, ecology and environmental sciences (Billari et al.

2006, Epstein 2006). Complex adaptive systems are characterised by a large number of coupled

elements whose properties are interdependent (Gatti et al. 2018, Siegfried 2014).

The fundamental ingredient of ABMs is the notion of an agent, that can be defined as1: a

discrete, heterogeneous, software entity or object, with a set of unique defining attributes

or characteristics, that exists within some artificial environment, is capable of autonomous

action governed by a set of behavioural rules, and interacts with other agents in order to meet

its objectives (Siegfried 2014). Agent’s are assigned certain characteristics or attributes and

possess behavioural functionality that encodes their interactions with other agents as well as the

environment. The environment could also be attributed with characteristics that may either

be externally determined or altered based on the interactions by the agents.

The distinguishing feature of an ABM is that it is a ‘bottom-up’ approach to modelling in

which one models the micro-level behaviour, decision-making and interactions of the various

agents in the system (Grow & Van Bavel 2017). An important consequence of the ABM

approach is the concept of emergent phenomena. The term emergence is used to characterise

aggregated structures that may arise from simple rules (Delli Gatti et al. 2011). Explicit

modelling of the behaviour of individual agents and interactions between agents results in

emergent macro-level phenomena, as represented in Figure 3.1. Behavioural rules which are

explicitly incorporated within the agent, describe how the agent makes decisions in different

circumstances. Macro-level phenomena then emerge from the aggregated results of all the

1Note that there is no universal agreement of the definition of an agent (Macal & North 2008).
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Behaviour
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Environment
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Figure 3.1: The concept of an agent-based model.

micro-level interactions between a large number of agents (Siegfried 2014). An advantage of

agent-based modelling is that it provides a way to study the interplay between different scales

within a system since it is possible to interrogate the relationship between micro-level behaviour

and macro-level phenomena (Gatti et al. 2018). For example, macroeconomic consumption

within a country is a consequence of the aggregated consumption decisions of all the households

in the country. The emergence of macroscopic behaviour from microscopic interactions is an

important principle in physics, where for example, the empirical laws of thermodynamics emerge

from the quantum interactions of a large ensemble of particles using the theoretical framework

of statistical mechanics (Pathria 1996)2. Agent-based modelling has therefore attracted interest

in the econophysics research community (Abergel et al. 2013).

3.1 Agent-based modelling in a nutshell
The basic features and characteristics of agent-based modelling and simulation will be discussed

using a simple illustrative example. There are three basic ingredients in an agent-based model:

agents as the active elements in the model, an environment in which the agents operate and a

scheduler that determines the sequence and timing of events in the simulation. A key feature

is that

“the only equations present are those used by individual agents for decision making.

Different agents may have different decision rules and different information; usually,

no agents have global information, and the behavioral rules involve bounded compu-

tational capacities - the agents are ‘simple’.” (Axtell & Epstein 2006, pg. 152)

3.1.1 An illustrative example

To make the concepts concrete, a simple agent-based model of the interactions between preda-

tors (wolves) and prey (sheep) will be used as an example (Wilensky 1997). The results shown

2Previously I worked on a research project that was related to spacetime geometry and gravity as possibly
being an emergent phenomenon (Giovannoni et al. 2011).
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in Figure 3.2 are from a NetLogo3 (Wilensky 1999) example simulation. The Wolf Sheep Pre-

dation model (Wilensky 1997) explores the population dynamics of a predator-prey ecosystem.

In population dynamics, the Lotka-Volterra model is the classical model that is typically used

to study population dynamics of predator-prey systems (Wilensky & Reisman 2006). In the

classical approach, relationships are established between changes in the population densities be-

tween the various populations, typically expressed as a system of coupled differential equations

(Polking et al. 2006). In contrast to the classical approach, agent-based models are primarily

concerned with specifying the behaviour of individual agents, with the population dynamics

‘emerging’ from the collective interactions between the agents. Within a partially grassy envi-

ronment, illustrated in Figure 3.2(a), a population of wolves and sheep are created. Both sheep

and wolves are allowed to randomly wonder through the environment. In order to survive,

sheep need to encounter grass patches to consume, while wolves need to encounter a sheep to

consume. If an agent does not feed within a period of time it will eventually starve to death.

If two agents of the same type encounter each other, they produce offspring. Figure 3.2(b)

shows the resulting emergent population counts based on the interaction of the wolf and sheep

represented in the environment shown in Figure 3.2(a).

(a) The wolf-sheep environment.
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(b) Population results from a simulation

Figure 3.2: An example NetLogo Wolf-Sheep-Grass ABM simulation Wilensky (1997).

Agents are the basic elements that are used in the construction of an agent-based model. In

the example shown in Figure 3.2, there are two types of agents: wolves and sheep. The various

features of the definition of an agent will now be unpacked in the context of the example. Some

of these generic features may be understood by referring to Figure 3.3 (Nikolic & Kasmire

2012).

As discrete software objects, each type of agent encapsulates its own set of particular attributes

that can be used to characterise its state at any point in time. Each type of agent is het-

erogeneous in the sense that it has the same set of attributes that are used to characterise

it. All sheep have the same basic attributes, as do all wolves. It is also possible that differ-

ent agents have common attributes. For example, both sheep and wolves may have age and

3‘NetLogo is a multi-agent programmable modeling environment.’ It allows for the easy creation of simple
agent-based models. https://ccl.northwestern.edu/netlogo/

https://ccl.northwestern.edu/netlogo/


Chapter 3. Agent-based modelling 24

energy as attributes. This has practical consequences, especially when implemented using an

object-oriented programming (OOP) language. Both agents can be defined as sub-classes of an

abstract agent class, thereby exploiting OOP features of inheritance and polymorphism. Over

time, an agent may also undergo internal state variable changes. In the wolf-sheep example,

the energy would represent the state of hunger of the agent. A wolf that has not eaten for a

long time would have its energy levels depleted until it may eventually die. Figure 3.3 shows

that attributes are the internal properties of the agent that essentially define the state-variables

of an agent.

In addition to the attributes that define the state of the agent, each type of agent would also

possess a set of behavioural rules that determines that nature of its external interactions and

how its internal state can evolve. The behavioural rules are dependent on the current state of

the agent as determined by the attributes and may result in a change of the state. “Agents

are characterized by simple behavioral rules (methods acting on attributes), that is stylized

(algorithmic) patterns of economic behavior. Each agent may follow different ... rules due to

different circumstances, i.e. different time periods, geographical areas, markets, and so on.”

(Delli Gatti et al. 2011, pg. 31). An important question in developing an agent-based model is

what are the characteristics and behaviours of each agent?

Agents can interact externally with other agents in the simulation or with the environment.

Various types of interactions are possible, as shown in Figure 3.3. Attributes may either

be changed through interactions with other agents in the system, by interactions with the

environment or by behavioural changes over time. Each agent is therefore autonomous since

the evolution of the agent throughout the simulation is dependent on its state and unique

external interactions, and is not governed by a central coordinating mechanism (Gatti et al.

2018).
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Figure 3.3: Diagrammatic representation of agents and their interactions.

Considering the wolf-sheep example, there are a number of rules that govern the behaviour

of the agents (Wilensky & Reisman 2006). At each time-step of the simulation, controlled

by the scheduler, each sheep and wolf moves to a new location in the environment, which

results in a reduction of energy due to its movement. If a wolf encounters a sheep and is

hungry (has low energy), then it will eat the sheep. This defines an inter-agent interaction

rule. If a wolf encounters another wolf then the wolf may reproduce, based on predefined
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procreation probabilities. This is an example of an intra-agent interaction rule. A wolf that

does not encounter any sheep for a long time may eventually deplete its energy and would then

die of starvation. Over time the agents would also age and would eventually die of old age.

These are examples of internal behavioural rules. The environment consists of regions with

and without grass. If a sheep has moved into a region with grass then it may graze, thereby

replenishing its energy and also reducing the grass density in that region. This is an example

of an environmental interaction.

Agents typically exist in some environment. In certain cases the environment would represent

some physical space as in the wolf-sheep example. In the economic context the environment

may incorporate government policy, the physical location of the agents, the types of markets,

or any other exogenous parameters used in the model.

3.1.2 ABM implementation

Boero et al. (2015) note that object-oriented programming (OOP) is a natural programming

paradigm for implementing agent-based models4. Object-oriented approaches to software de-

sign and implementation have become one of the dominant software development paradigms

since the 1980s (Booch et al. 2007). Most modern, general purpose programming languages

such as C++, Python, Java, C#, etc. include features for object-orientation. The object model

brings together many software analysis, modelling, design, and implementation principles in a

synergistic way (Booch et al. 2007). Object-orientation integrates a number of key concepts:

encapsulation, abstraction, inheritance, and polymorphism.

Objects are central to the object-oriented paradigm. Booch et al. (2007) defines an object

as a “tangible entity that exhibits some well-defined behaviour”. One of the most important

concepts in OOP involves the creation of abstract data types that are used to specify the

nature of objects. In OOP an abstract data type is defined by a class. A class is a program

blueprint that serves as a template for creating objects (Hillar 2015). Essentially a class is the

predefined data type for an object that encapsulates internal state variables as attributes or

fields, together with the possible behaviours of the object. In other words a class contains a

collection of variables or attributes, together with functions (procedures, behaviours or actions)

that can manipulate the variables. The functions or behaviours are often referred to as methods.

An object is an instance of class, meaning that it is a particular implementation of the class.

There are a number of general ABM tools, libraries, and development environments available

to aid implementation. Abar et al. (2017) provides a review of available tools. A popular devel-

opment environment that is useful for rapid prototyping is the NetLogo framework discussed

previously (Wilensky 1999). Some programming libraries include a C-library, Swarm (Minar

et al. 1996); a Python library, Mesa (Masad & Kazil 2015); and a high-performance computing

framework, FLAME, (Kiran et al. 2010).

4Refer to Appendix C.1 on page 96 for a brief overview of object-oriented design terminology and concepts.
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3.2 Agent-based modelling in economics
Agent-based computational economics (ACE) is the term that is often used to describe the

application of agent-based techniques to economic modelling (Gatti et al. 2018). Agent-based

approaches have become a popular tool to economic modelling in a wide variety of economic

applications (Boero et al. 2015). The appeal is due to the fact that simple behavioural rules

determine how agents interact within a complex environment (Ashraf et al. 2017). The useful-

ness of agent-based economic modelling is that it provides a way to integrate theoretical models

with empirical data, allows for the exploration of causal effects, provides a way to incorporate

different levels of heterogeneity of the economic agents, is usually scalable, and can integrate

social dynamics (Boero 2015). A major advantage of agent-based models is that there is no

assumption of equilibrium conditions. “In fact, equilibrium in its traditional meaning is not

a requirement in agent-based modelling, and if any type of equilibria emerges, it must be an

endogenous outcome generated by the interactions among the agents.” (Gatti et al. 2018, pg.

12). Generally there is no need to assume that individual agents will seek an optimal condition.

It is possible to encode and test the effect of different behavioural rules (Hamill & Gilbert 2016).

A criticism of agent-based models used for economic modelling is the lack of standardisation;

for example in the large choice of alternative behavioural rules (Hamill & Gilbert 2016).

Agent-based modelling has been used to investigate many aspects of economics, including:

• emergent macroeconomic phenomena (Gualdi et al. 2015, Delli Gatti et al. 2005, Lengnick

2013),

• financial markets (Grilli & Tedeschi 2016),

• the impact of technology on economic growth (Napoletano et al. 2005),

• the effect of inflation on macroeconomic performance (Ashraf et al. 2014),

• the role of banks in an economy (Ashraf et al. 2017),

• the impact of economic policy decisions (Dawid et al. 2014, Riccetti et al. 2017, Bonaven-

tura 2011),

• the impact of consumer behaviour (North et al. 2010, Tsekeris & Vogiatzoglou 2011) and

• the dynamic impact of various types of firms (Assenza et al. 2015, Ikeda et al. 2007,

Ciutacu & Micu 2015).

A recent review article by Dawid & Delli Gatti (2018) summarised and compared a number

of macroeconomic agent-based models. The various models incorporate some or all of the

economic elements shown in Figure 3.4. Lengnick (2013) argues that there are two categories

of ACE models: ones that try to accurately mimic real-world economies, and ones that are more

stylized or abstract that try to develop a deeper understanding of macroeconomic theory. The

simplest MABM models, such as the model by Lengnick (2013), incorporate only two types of
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agents: households and firms. They only interact via two markets: the consumer goods product

market and the labour market. More complex MABMs incorporate more types of agents (such

as government, banks, different types of firms, etc.) that would interact via additional markets.

Markets therefore serve as an important mechanism for interaction amongst economic agents.
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Figure 3.4: A typical economic framework used as a basis for macroeconomic agent-based
models.

Agent-based approaches contrast other approaches to economic modelling such as the investment-

savings and liquidity preferences-money supply (IS-LM) model (Rode 2012), various endoge-

nous and exogenous growth models (Aghion & Howitt 1998, Romer 2011), and dynamic stochas-

tic general equilibrium (DSGE) models (Blanchard 2018, Lengnick 2013). The IS-LM model

is a simple model that essentially assumes equilibrium conditions in goods and asset markets.

DSGE models are quantitative models of economic growth or business cycle fluctuations, based

on microeconomic foundations that attempt to explain aggregate macroeconomic phenomena

(Christiano et al. 2018). They are dynamic because they evolve with time; stochastic in that

they involve random events, disturbances or imperfections; and general equilibrium refers to

the model incorporating the behaviour of supply and demand for the economic system as a

whole. The model is constructed from small, homogeneous models of representative agents,

which include households, firms, government, etc., that are aggregated over time to produce

macroeconomic effects (Costa 2016). Despite their dominant position in macroeconomic re-

search, recently DSGE approaches have come under criticism, particularly for failing to predict

the financial crisis (Blanchard 2018, Christiano et al. 2018).
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3.2.1 Households

One of the essential agents in all MABM models is a household. Households serve as the

primary consumer of goods and services in the economy as well as providing labour to firms.

The behavioural rules governing households therefore focus on consumer spending patterns

(Carroll 2001, Bremer et al. 2017) and how their evolving skills affect employability (Kinsella

et al. 2011). In models that include a financial sector, the household savings is used to finance

investment (Dawid et al. 2016). For simplicity many models fix the number of households

(Assenza et al. 2015, Gualdi et al. 2015, Lengnick 2013).

The income of households is primarily through salaries (Lengnick 2013), but some models

include firm dividend payouts (Dawid et al. 2016, Gualdi et al. 2015). Accumulated cash of

households will increase with income and decrease with spending on consumption (Lengnick

2013). At a time t, the cash can be calculated, using

Cash(t) = Cash(t− 1) + Income(t) − Spending(t). (3.1)

Most MABM implementations do not allow the net cash reserve of households to go negative

by constraining the spending budget. A portion of cash or income can be saved, where savings

may then be used for investment in firms (Dawid et al. 2016).

A household agent would have behavioural decision-making rules associated with how it would

purchase goods from one or more firm agents. Key decision-making rules for households de-

fine their consumption behaviour, which would include: establishing budgetary constraints,

determining consumption preferences, and the selection of firms from which to purchase goods.

Households may allocate a fixed fraction of their budget to consumption (Gualdi et al. 2015,

Kinsella et al. 2011) or attempt to spend all of their available cash on consumption (Lengnick

2013). Various other approaches to budgeting by households involve optimization techniques

or anticipation of current and future earnings (Dawid & Delli Gatti 2018). Where multiple

products are available, product selection can be based on probabilistic choices incorporating

product utility (Dawid et al. 2016). The approach of Ashraf et al. (2017) is for consumers to

choose a ‘consumption bundle’ (a selection of goods and services) in such a way as to maxi-

mize a utility function. Households in Lengnick (2013) only purchase from a small subset of

firms, establishing fixed trading relationships with those firms. In Gualdi et al. (2015), each

household selects a fixed number of firms, sorts them by product price and then buys from

them sequentially from lowest to highest price. Any remaining cash is then added to savings.

Some agent-based models incorporate skill level as a property of the household agents. Dawid

et al. (2016) and Kinsella et al. (2011) allow for the skill level or ability of a worker to evolve

over time. This includes levels of education and experience gained over time. In these models,

higher skill levels typically result in higher salaries.
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3.2.2 Firms

The economic framework in Figure 3.4 (on pg. 27) shows the different types of firms that can

be modelled in the business sector. Consumer or C-firms produce final goods and services

purchased by households, capital or K-firms supply capital equipment that are purchased by

the consumer firms, and supplier or S-firms provide raw materials that may be purchased by

consumer firms. All of these types of firms would employ labour, pay taxes, and engage with the

financial market, depending on the scope of the particular agent-based model. For simplicity, in

this section we will only review the behaviour of C-firms. It is often assumed that a particular

firm only produces a single product that it sells for a market adjusted price (Dawid & Delli

Gatti 2018). Firms are typically characterised by the product that they manufacture and sell,

the price of the product, their production capacity, the number of workers that they employ,

and their financial status.

In the different MABM models, a firm’s production capacity is determined in different ways,

usually characterised by the factors of production and the type of production functions used.

Gualdi et al. (2015) only uses labour as a factor of production. Production capacity is de-

termined by market demand, which then establishes labour requirements. Similarly Lengnick

(2013) linearly scales production capacity with labour as the only factor of production. In mod-

els without labour, production is purely a function of capital (Delli Gatti et al. 2005). Dawid

et al. (2016) also incorporates a buffer stock together with anticipated demand in the pro-

duction planning process. The Leontief-type production function used by Dawid et al. (2016)

incorporates capital, labour, and average labour skill levels. Napoletano et al. (2005) uses a

Leontief production function but without distinct labour skill levels nor stock accumulation.

However, Napoletano et al. (2005) incorporates technological progress in the model by allowing

for changing productivity and adaptation of capital stock in order to optimize profitability.

Firms require behavioural rules for how to adapt to their economic environment. A firm agent

would typically have production and pricing adaptation rules based on the external market

environment, such as high demand for its products. The production rules would result in

decisions on how to adapt the firm’s resources. This aligns with the resource-based view where

decisions are governed by how to optimally utilize scarce resources.

The behavioural rules are used to determine a number of possible firm-level decisions such as

production capacity5, qmax
f (t), and product pricing, pfg(t), where the subscript f is used to

index the firm and g is used to index the product. Some of the approaches discussed in the

literature, summarised in the review by Dawid & Delli Gatti (2018), assume that each firm has

information about the market demand, as well as the prevailing average market price, p̄Mg , for

its product, g. It can be argued that, in reality, complete information of market demand for a

product would be relatively difficult for a firm to possess. Rather than using market demand

as a factor used in making production or pricing decisions, a firm could rather use its own stock

levels, ∆f (t), as a signal for production and pricing adaptation rules.

5Note that the notation used here deviates from what is presented by Dawid & Delli Gatti (2018), but is
consistent with the notation used later.
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3.2.2.1 Production rules

In agent-based models, firms need behavioural rules for how to adapt their production capacity,

qmax
f (t). In MABM research (as outlined in the review by (Dawid & Delli Gatti 2018)), many

approaches are used for production adaptation; however, they typically follow the following

simple heuristic:

Heuristic 3.1: Simple production adaptation heuristic

i f market demand i s h igh

then

the f i rm must i n c r e a s e p r oduc t i o n c a p a c i t y

e l s e i f market demand i s low

then

the f i rm must d e c r e a s e p r oduc t i o n c a p a c i t y .

Some MABM implementations, such as those by Dosi et al. (2010), Assenza et al. (2015)

and Gualdi et al. (2015), simply scale the production capacity based on estimates for market

demand, average market prices or inventories. As an example of a heuristic rule for production

adaptation, the simple approach by Gualdi et al. (2015) is demonstrated in the following update

rule,

qmax
f (t + 1) =

qmax
f (1 + γy

f ξ) if
[
qmax
f (t) = Df (t)

]
and

[
pfg(t) > p̄Mg (t)

]
qmax
f (1 − γy

f ξ) if
[
qmax
f (t) > Df (t)

]
and

[
pfg(t) < p̄Mg (t)

]
.

(3.2)

where Df (t) refers to the total demand for the goods produced by firm f at time t, and γy
f is

a production growth rate parameter between 0 and 1. This update rule encodes the following

heuristic:

Heuristic 3.2: Production adaptation heuristic

# market demand i s high :

i f the f i rm p roduc t i o n s a t i s f i e s market demand

and the f i rm s s a l e s p r i c e i s h i g h e r than the ave rage market p r i c e

then

the f i rm must i n c r e a s e p r oduc t i o n c a p a c i t y

# market demand i s low :

e l s e i f the f i rm p roduc t i o n exceed s market demand

and the f i rm s s a l e s p r i c e i s l owe r than the ave rage market p r i c e

then

the f i rm must d e c r e a s e p r oduc t i o n c a p a c i t y .

The decision to adjust production capacity is based on comparing its current capacity to an

estimation of demand, in conjunction with its pricing relative to the market. If the firm is able

to meet the market demand (qmax
f = Df ) despite the fact that its prices are higher than the

average market price (pfg > p̄Mg ), then the firm has a strong incentive to produce more.This

set of conditions signals a situation in which the market demand exceeds the available market

supply capacity, and the firm should therefore increase its supply capabilities. If the production
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capacity of the firm exceeds its demand despite it offering a price lower than the average market

price, then the firm should reduce its production capacity. These conditions signal a market in

which supply capacity exceeds demand. The amount by which the firm increases or decreases

production is governed by the parameter γy
f ∈ [0, 1] and a uniformly distributed stochastic

variable ξ ∼ U [0, 1]. It should be noted that this approach where the production capacity is

merely scaled up or down by some factor does not explicitly adjust the factors of production.

This rule relies on a firm being able to estimate market demand.

It is often more practical for a firm to use stock or inventories at the end of a sales period as the

signal for adjusting production. In other words a firm can use stock as a proxy for measuring

demand. The production adaptation rule can therefore take the following general form (Dawid

& Delli Gatti 2018)

qmax
f (t + 1) =

qmax
f (1 + ηyf ) if

[
∆f (t) < ∆L

f

]
and

[
pfg(t) > p̄Mg (t)

]
qmax
f (1 − ηyf ) if

[
∆f (t) > ∆U

f

]
and

[
pfg(t) < p̄Mg (t)

]
.

(3.3)

Here ∆L
f represents the lower limit for inventories, while ∆U

f represents the upper limit. In

this model, a firm will increase production by a factor of ηyf if there is a shortage of stock and

the price is greater than the average market price. Conversely, a firm will decrease production

if there is an excess of stock and the price is lower than the average market price. This rule

introduces inertia in production adaptation since if the actual stock levels falls between the two

limits, there will be no change in production capacity.

Other models make use of rules to adapt the factors of production in the firm’s production

function Lengnick (2013). In particular, firms can adapt production output through changing

its labour content, capital and/or level of technological sophistication used in the production

process. The approach used by Lengnick (2013) utilises a simple heuristic to change a firm’s

labour based on current stock levels, which is then used as a single factor of production.

3.2.2.2 Pricing rules

Another important parameter that a firm would need to adapt is its product price, pfg, based

on the prevailing market price. Dawid et al. (2016) calculates the product price by conducting

consumer surveys, in which a firm collects pricing data from a small subset of consumers. A

general price adaptation rule used in many MABM models is of the form (Dawid & Delli Gatti

2018)

pfg(t + 1) =

pfg(1 + ηpf ) if
[
∆f (t) < ∆L

f

]
and

[
pfg(t) < p̄Mg (t)

]
pfg(1 − ηpf ) if

[
∆f (t) > ∆U

f

]
and

[
pfg(t) > p̄Mg (t)

]
.

(3.4)

This form is similar to the production adaptation rule in Equation 3.3. A firm will increase

its price by a factor of ηpf ∈ [0, 1] if there is a high market demand (signalled by a shortage of

stock), and the price is lower than the average market price. A firm will reduce its price by

a factor of ηpf if there is low demand (signalled by high stock levels), and the price is higher

than the average market price. Alternatively, Gualdi et al. (2015) uses a production-weighted

average price for the market price.
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The model

The agent-based model that has been developed is based on a simplified economy1 consisting

of various types of agents and markets as shown in Figure 4.1. The model consists of 5 types

of agents: individuals, consumer firms (C-firms), a capital firm (K-firm), other countries, and

government. The agents interact via three markets: a product market, a foreign market and a

labour market.

Labour
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Services
Goods &
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Resources
HumanLabour &

Skills
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Countries
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Goods &

Services
Goods &

Services
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Services
Goods &

Business Sector
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Social Grants

Exports (X) Revenue

RevenueConsumption (C)

Taxes

Figure 4.1: The economic framework used as the basis for the simulation. (The thick black
lines show money flows through the economy, while the dashed lines show the flow of goods
and services. The thick red line shows the money flows that are used to calculate GDP.)

1In this chapter ‘the economy’ refers to the agent-based simulation model.
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4.1 The agents
Figure 4.2 shows the class hierarchy of the different types of agents used in the model. The

primary consumers in the model are a large collection or a population of individual2 agents3.

Each individual agent can age, gain an education, get employed, consume goods and services,

retire and eventually die. An individual procures goods and services from consumer firms in the

product market, contributing towards GDP by providing consumption, C. The second type of

consumer agent is a country, which collectively forms the world. Goods and services are bought

by each country in the foreign-market, resulting in total exports, X. There are a fixed number of

consumer firms (or C-firms) that are infinitely lived. Goods and services are produced and sold

in the two consumer goods markets by the consumer firm agents. For the sake of simplicity,

a single capital-goods firm (or K-firm) is created to supply capital equipment and knowledge

or technology resources to the C-firms. The C-firms therefore provide investment, I, as the

final contributor towards GDP. Both types of firms will employ a number of individual agents

that are acquired through the labour market. Note that since there is a single K-firm, it is not

necessary to implement a capital-goods market. The final type of agent in the model is a single

government agent, which taxes firms and pays out social grants to those individuals that are

unemployed. For simplicity, the role of government has been limited to these function. Note

that individuals do not pay taxes in the model.

Agent

Consumer

Individual Country

Government Firm

Consumer FirmCapital Firm

Figure 4.2: The class hierarchy for the various agents used in the model.

This chapter provides an overview of some of the technical aspects of the implementation of the

agent-based model. It incorporates many features of ABMs as discussed previously as well as

design aspects utilising OOP. A summary of symbols and notation that will be used is provided

in Appendix A. Not all aspects of the model are described here, however full implementation

details are provided in Appendix C.

2See §A.1, pg.87 for details on notation.
3For reasons that will become apparent in §4.2, pg.35, the primary consumers in the economy are referred

to as individuals rather than households.
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4.2 Individuals
The primary consumers in the economy are individual agents. Individuals also serve as the

workforce for firms. The collection of all individual agents forms the population. The simulation

is initialised with N̂P = 2,500 individuals. Each individual agent is characterised by an age, a

level of education, an economic status, a demand for various goods and services, available cash

and accumulated wealth.

status
education
cash
savings

individual
age

needs

population

government

c-firm

k-firm

firms

c-firm

pay-recipients()

pay-salaries()

buy()

Figure 4.3: An overview of the behaviour and properties of individual agents.

The ABM model presented here differs from many of the other ABM models discussed in

Chapter 3. The main difference is the individual agent’s ability to evolve over time. The

number of individual agents within the population will grow at a predefined growth rate, so

that the number of individuals in the economy is not constant as is the case with many other

MABM models (Assenza et al. 2015, Gualdi et al. 2015, Lengnick 2013). In addition, each

individual will undergo a life-cycle, by being born, age and eventually die. It is for this reason

that the consumers are referred to as ‘individuals’ and not ‘households’. Every individual is

characterised by several variables and parameters, including

• age (see §4.2.1, pg.36),

• education (see §4.2.2, pg.37),

• status (see §4.2.2, pg.37 and §4.2.3, pg.38),

• needs or demand for products (see §4.2.4, pg.39 and §4.4, pg.53),

• cash and savings.

Individual agents will have an amount of cash representing their disposable income. Income

received either from salaries or social grants will increase the cash available. A fixed percentage

of cash, dependent on the level of education, will be allocated to savings. After a person has

retired they will live off their accumulated savings. A number of other properties required for

the product and labour markets are also implemented (see §4.4, pg.53 for details).
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4.2.1 Age of individuals

Each individual agent in the population is created with an age variable. The age distribution

of individuals in the population is initialised in such a way as to follow the general shape of

the South African age distribution curve. The population distribution is approximated by

a half-normal distribution function, and so the population of individual agents is initialised

with randomly drawn ages that approximately follow a half-normal distribution. The initial

distribution of ages in a typical simulation run is shown in Figure 4.4, together with a fitted

half-normal distribution curve and the appropriately scaled actual distribution of ages in South

Africa.
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Figure 4.4: Simulation initial population distribution. The insert shows actual South African
population age distribution. (Statistics South Africa 2019b, Table 11).

Two parameters are used to regulate population growth: the population birth rate ĝB = 2.75%

per annum, and the overall population growth rate ĝP = 1.5% per annum, motivated by recent

South African population statistics (Statistics South Africa 2019b). The birth rate is used to

calculate the number of new births during a year, while the difference in growth rates is used to

determine how many individuals will perish over the year. Individual agents are selected to die

so that a half-normal population distribution is maintained over time. This approach contrasts

the approach of Kinsella et al. (2011) where the agents all live till the age of 75. When the old

agent dies a new agent is created, inheriting all the wealth of the parent.
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4.2.2 Status of individuals

There are two properties that characterise the role an individual plays in the economy: an edu-

cation variable or attribute, referred to as individual·education, and a status variableor attribute,

referred to as individual·status. The individual·education attribute defines the individual’s level

of education in a similar way as by Kinsella et al. (2011). The possible values for the individ-

ual·education attribute are obtained from the Education set, where4:

Education :=


Unskilled (no qualification),

Matric (semi-skilled),

Bachelors degree (skilled),

Postgraduate degree (highly skilled).

 (4.1)

Note that the education/skill level terms will be used interchangeably.

As individuals age their role in the economy is determined by the individual·status attribute.

When born, they are classified as a Child, and after entering the schooling system as Studying.

They progress through the education system, possibly gaining higher levels of qualification.

Upon exiting the education system with a particular level of education, the individual is classi-

fied as Unemployed and enters the labour market. If a firm decides to employ an individual, the

individual·status attribute is set to Employed. The individual will then work until retirement.

The possible values for the individual·status attribute are obtained from the Status set, where5:

Status :=
{
Child , School , Studying , Unemployed , Employed , Retired

}
(4.2)

The various status possibilities are shown in Figure 4.5, together with a status categorisation

scheme detailed in Section 4.2.3 on page 38. The categorisation scheme is used to classify

particular groups of individuals based on their role in the economy.

Child

School Studying

Passive

Retired

Employed

Unemployed

Active

Consumer

0 6 18 22/26 65

Age

90

Figure 4.5: A diagrammatic representation of the evolution of the status attribute for individ-
uals.

The change in status of an individual is a function of the age of the individual, random choices

or decisions that the individual makes, and whether or not they are employed. The choices
4The Education set is implemented as an instance of a structured dictionary class, EducationConstants.
5The Status set is implemented as an instance of a structured dictionary class, StatusConstants.
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or decisions are based on progression probability parameters, denoted by P(decision), with

values given in Table C.2 on page 100. At various times when a progression choice needs to

be made, a uniformly distributed random number, r ∼ U [0, 1], is generated. If r is less than

the progression probabilities for that decision, P(decision), then that choice is made. In this

way, a decision or choice is only made 100× P(decision)% of the time. For example, if an

individual has finished school and obtained a matric qualification (with the individual·education
assigned a value of Matric), there is a progression probability, P(entering tertiary) = 0.4, that

the individual will enter higher education, upon which the individual·status attribute is assigned

the value Studying. The remaining 60% of those individuals with matric would then enter the

labour force as active members of the population. The complete set of rules describing the

change in status and education of individuals are provided in Appendix C.5 on page 141. The

outcome of the progression outlined above is that between the ages of 18 and 26, individuals

enter the potential workforce with an individual·status attribute equal to Unemployed and an

individual·education attribute equal to a value depending on how far the individual managed to

progress through the education system.

4.2.3 Population category tree

The population of individual agents are stored in a hierarchical tree data structure6, as shown

in Figure 4.6. Each individual agent is assigned to a leaf node on the tree, based on their status.

Population

Passive

individual·status
= {child,school,studying}

Consumers

Active Retired

individual·status
= {retired}

EmployedUnemployed

individual·status
= {unemployed}

individual·status
= {employed}

Group node

Leaf node

Individual agent

Figure 4.6: The population tree data structure used for categorising individuals.

The motivation for using a tree structure is that it provides a convenient mechanism to select

and allocate population groups to the various markets by extracting appropriate subtrees. For

example, the subtree of all individuals that are unemployed is used as the collection of sellers

in the labour market. The consumers subtree is used as the collection of buyers in the product

market. The active subtree of the population refers to those individuals that are employable

or are already employed. When calculating unemployment rates it is necessary to consider all

of the agents in the active subtree, where it is assumed that all unemployed individuals are

seeking employment.

6The standard Python tree library (treelib) was used. The library provides tools for selecting a subtree
from the overall tree structure.
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4.2.4 Behavioural rules

Individuals require decision-making rules for their consumption behaviour. The individuals

that are categorised as consumers receive various sources of income: the employed receive

salaries, the unemployed receive social grants and the retired use their accumulated life savings

or wealth. Each month, the income received is added to the individual·cash variable. After

receiving a salary, employed individuals will save a percentage of their income adding to their

accumulated wealth. Any remaining cash is then available to purchase goods from the product

market. Details of how markets function is described in Section 4.4 on page 53.

Each month, the consumer individuals will decide on the basket of goods required, analogous to

the ‘consumption bundle’ of Ashraf et al. (2017). The various categories of consumers will each

demand a different mix of products, defined as input parameters to the simulation shown in

Table C.2 on page 100. Unemployed and retired people will have a goods basket dominated by

essential goods, while employed individuals will have a mix of goods that progressively includes

more luxury goods at higher levels of education. In the market shopping algorithm, consumers

will calculate their needs on a monthly basis and are stored in the individual·needs basket array

variable. Consumers will attempt to spend all their cash based on the product proportions in

determining their individual·needs basket.
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4.3 Firms
The second major class of agents in the economic model are firms that produce consumer

goods, referred to as C-firms. A fixed number of C-firms are created and are infinitely lived.

The number of firms is scaled based on the initial population size. For the sake of simplicity it is

assumed that each C-firm in the economy produces a single product. A single capital producing

firm, or K-firm, provides the necessary capital equipment or knowledge infrastructure to the

consumer firms. Both types of firms will employ individuals, earn revenue, and pay taxes. Thus

the only costs incurred by firms are labour costs and taxation. There are no material costs in

the model. It is assumed that salaries paid to individuals are constant.

It is convenient to implement an abstract Firm class which will provide the generic functionality

of all firms. Details on the design and implementation of the various types of firms are provided

in Appendix C.

Agent

Firm

Consumer Firm Capital Firm

Figure 4.7: The class hierarchy for the firm agents.

C-firms serve several roles in the economy. Firstly, as producers they provide the goods to

be purchased by individuals. Production is determined by a firm’s production function, which

encapsulates how the firm’s resources result in the output of goods and services (see §4.3.4,

pg.44). Capital and labour are the primary factors of production. However, technological

capabilities and accumulated knowledge are important aspects that need to be incorporated in

the production function (Cantner & Pyka 1998). Secondly, within the market model, firms serve

as sellers in the product market (see §4.4, pg.53). Thirdly, as employers firms hire individuals

as their labour force, acting as buyers in the labour market. Finally, C-firms invest accumulated

wealth to increase production capacity. Therefore each C-firm is defined by several variables

and parameters, including

• product (see §4.3.1, pg.41),

• product sales price (see §4.3.5.5, pg.51),

• employees (see §4.3.3, pg.42),

• capital, knowledge and technological sophistication (see §4.3.2, pg.41 and §4.3.4, pg.44 ).
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4.3.1 Products

Each firm will produce a single product, defined by the parameter firm·product chosen from a set

of available products referred to as the Goods set. This implies that there are multiple products

in the economic model, but for simplicity, this has been restricted to only two products. The

firm·product parameter is therefore limited to values from the Goods set, where7:

Goods :=
{
Essential goods, Luxury goods

}
. (4.3)

The Goods set establishes various sectors in the consumer goods market, where each sector is

defined by the particular type of product. Each product sector is assumed to have a similar

market structure in terms of product homogeneity, pricing, technological sophistication, labour

requirements, productivities, etc.

The firm has a sales price, pfg for the product that it sells, initialised with a value pfg ≈ P̂G[g],

where P̂G is a predefined simulation parameter (see Table C.4, pg. 100). Over time the sales

price will change according to market driven pricing adaptation rules (see §4.3.5.5, pg.51).

4.3.2 Knowledge and technological sophistication

Two variables are used to define different yet complementary aspects of the technological ca-

pabilities of a firm: knowledge and technological sophistication.

• Knowledge: The accumulated knowledge of a firm, incorporating ‘know-how’, systems,

procedures, associated infrastructure, etc., is captured by the knowledge variable, W .

Knowledge is treated as an asset, which means that the knowledge variable is measured

in currency units. Firms can therefore invest in knowledge in a similar way as investing

in capital. A primary difference between capital and knowledge is that knowledge does

not depreciate over time. Knowledge is used in the production function for the firm (see

§4.3.4, pg.44).

• Technological sophistication: The technological capabilities of a firm are represented

by the technological sophistication variable τ . Each firm is initialised with a level of

technological sophistication, τ ∼ U [0, 1], that grows slowly over time. The lower limit

τ ≈ 0 represents a firm with low technological capabilities; while τ = 1 represents the

technological frontier for the industry (Andrade et al. 2018). Technological sophistication

is used to establish the skills composition of employees within the firm, discussed in the

following section.

Technological progress highlighted in the introduction as an important determinant of economic

growth, has been decomposed into these two complementary factors. The role that these

variables play within a firm is illustrated in Figure 4.8 and will be described in the sections

that follow.

7The Goods set is implemented as an instance of a structured dictionary class, GoodsConstants.
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labour, ~Lf

capital, Kf

knowledge, Wf

produce()

production function()
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external demand

labour mix, ~̀f

Figure 4.8: An overview of the C-firm properties that contribute towards production.

4.3.3 Employees

A firm agent will employ several individual agents with a suitable mix of skills. Within the

Firm class the firm·employees variable is implemented as a collection of individual agents. There

are two aspects of labour that a firm needs to consider: the total number of employees, and

the capabilities of the employees (Bechet 2008). In the model, it is assumed that the total

number of staff is determined by production requirements (see §4.3.4, pg.44), while the required

capabilities of staff is determined by the technological sophistication of the firm. A C-firm would

need to adapt its production capacity in response to market demand, which means that the

total number of employees, Lf , would need to adapt to market conditions (see §4.3.5.2, pg.48).

The required number of employees in a K-firm will scale with its revenue.

A more technologically sophisticated firm will require a workforce with higher levels of edu-

cation. The staff capabilities or skills composition of the firm is described by a qualifications

mix of employees, represented by the array ~̀
f . It is assumed that the qualifications mix is

determined by the technological sophistication of the firm, τ . As a firm becomes more tech-

nologically sophisticated its labour composition needs to evolve, requiring progressively fewer

unskilled workers and more highly skilled employees. At each level of education e, a continuous

function `fe(τ) with allowed values between 0 and 1, defines the proportion of the workforce

required at that level8. Here e represents index values from the Education set discussed in

Section 4.2.2 on page 37. The required mix of qualifications for labour is structured as an array
~̀
f whose length is the size of the Education set and where each element is a function of the

firm’s technological sophistication,

~̀
f ≡ `fe(τ) = (`f0(τ) `f1(τ) `f2(τ) `f3(τ)) . (4.4)

Since each of the array components, `fe(τ), represents the required proportion of a firm’s

8The approach used is inspired by fuzzy membership functions from the field of fuzzy set theory (Siler &
Buckley 2005).
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workforce with a qualification e, they must sum to 1

3∑
e=0

`fe(τ)
!

= 1, for all values of τ. (4.5)

For example, if ~̀f = (0.4, 0.3, 0.2, 0.1), then 40% of the workforce must be unskilled, 30% must

be semi-skilled, 20% must be skilled, and 10% must be highly skilled.
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Figure 4.9: Qualifications mix functions used in the simulation to determine the labour com-
position based on technological sophistication.

The various functions used for `fe(τ) are shown in Figure 4.9. The functional forms used

show that as τ increases there is a steady decrease in the requirement for unskilled labour,

while skilled labour becomes more desirable. The figure shows the labour mix percentages for

τ = 0.5. The required labour for a firm is then obtained as the number of employees multiplied

by the qualifications-mix array, resulting in the labour composition array,

~Lf (τf ) = Lf
~̀
f (τf ). (4.6)

The total labour composition array is used as the basis for various baskets used in the labour

market (see §4.4, pg.53). For example, if ~̀f = (0.4, 0.3, 0.2, 0.1) and the number of employees

is Lf = 50, then the labour composition of the firm is 20 unskilled workers, 15 semi-skilled, 10

skilled, and 5 highly skilled. The firm·requirements basket is the desired labour composition,

the firm·possess basket is the actual employee composition, and the firm·needs basket is the

array of labour that needs to be changed. The firm·requirements basket is adjusted based on

technological sophistication and product demand, and each month prior to shopping in the

labour market, the firm will calculate its firm·needs basket, using

firm·needs = firm·requirements− firm·possess. (4.7)

Strategic labour adjustments will modify firm·requirements as described in Section 4.3.5.2 on

page 48. The firm·needs is used to calculate aggregate demand in the labour market.
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4.3.4 Production

The production capacity for each firm is assumed to depend on the total labour mix of em-

ployees, ~Lf , the available capital, Kf , and the level of accumulated knowledge, Wf , giving rise

to a production function

qf = Ff (Kf , ~Lf ,Wf ). (4.8)

The firm capital, measured in currency units, represents the total investment in plant and

equipment. Capital depreciates over time at a depreciation rate d̂ =0.01 % per month.

Each C-firm is assumed to follow a Cobb-Douglas type production function9 that is used to

calculate the production capacity of a firm. The production function used in the model is given

by

qmax
f = Cf

(
AK

f (Wf )Kf

)αf

(∑
e

AL
fe(Wf )Lfe(τf )

)1−αf

, (4.9)

where Cf is an overall production scaling parameter, AK
f is the capital productivity, AL

fe are

the labour productivities for each education level, and αf is the output elasticity for capital10.

The production function provides the maximum potential output for the firm. The actual

production in a month, qf (t), is dependent on the remaining stock from the previous month,

∆f (t− 1), that is

qf (t) = qmax
f (t) −∆f (t− 1). (4.10)

4.3.4.1 Composition and level effects

The modelled components of technological progress, knowledge W and technological sophisti-

cation τ , affect the firm production function in different ways. The key idea is that knowledge

influences productivity, while technological sophistication influences labour composition. The

form of the production function incorporates both level and composition effects, identified as

follows:

Technology
Level Effects

Knowledge
Level Effects

Composition
Effects

qmax
f = Cf

(
AK

f (Wf )Kf

)α(∑
e

AL
fe(Wf )Lfe(τf )

)1−α

The composition effects are achieved through the various labour mix array components com-

bined with the associated labour productivities. There are two level effects: a technology level

effect that influences the labour composition as discussed in the previous section, and a knowl-

edge level effect that impacts productivities. The capital and labour productivities are assumed

9See review of Cobb-Douglas production functions in §2.3.1, pg.15.
10See §2.3.1, pg.15.
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to be functions of knowledge. For simplicity a linear relationship is assumed between knowl-

edge, Wf , and each of the productivity parameters AK
f and AL

fe. The relationships used for

the capital and labour productivities used in the model are shown in Figures 4.10 and 4.11

respectively11.
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Figure 4.10: Firm capital productivity as a function of knowledge for each product sector.
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Figure 4.11: Firm labour productivities as a function of knowledge for each product sector and
different education levels.

4.3.4.2 Initialisation

Before creating the C-firms, total demand for each good is estimated based on the active

population in the economy and the estimated demand for exports. From the estimated total

demand, the total requirement for production is calculated for each sector. The production is

then split between the firms in the sector, together with a normally distributed variation, giving

an initial production capacity for each firm, qmax
f0 . Initial values for technological sophistication

and knowledge are drawn from a uniform distribution. Based on the firm’s initial capacity and

total labour requirements, the firm’s initial labour count Lf is estimated, which is then used to

establish the production function. When created, each firm’s production function is initialised

11In this section, to illustrate the relationship between the variables and parameters, a large number of firms
were created and the various parameters or variables were then extracted as shown. The relationships are shown
for each product sector.
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with its own linear functions for the various productivities. The linear functions are similar

for each of the two goods sectors, as can be seen in Figures 4.10 and 4.11. The production

function is initialised to output the initial capacity, qmax
f0 , by adjusting the scaling parameter,

Cf , and the capital Kf . Figure 4.12 shows the average production function curves based on a

large number of typical firms. Figure 4.13 shows the production function curves for different

values of labour and knowledge as a function of capital, K.
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Figure 4.12: Production functions used for the consumer firms in the economy. The data points
are samples for a number of firms in each sector showing the variation in production capacities
of individual firms.
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Figure 4.13: Production functions for the various sectors showing the dependence on knowledge,
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4.3.5 Firm Choices

Based on prevailing market conditions a C-firm may adjust its production capacity, qmax
f , and

its sales price of the product, pfg. Various approaches to production and pricing decisions used

in existing MABM models was discussed in §3.2.2, pg.29. The approach to changing a firm’s

production capacity, motivated by the approach of Lengnick (2013), is to adapt the factors of

production, using stock as a measure of demand (Dawid & Delli Gatti 2018). These adaptations

can occur at different frequencies for each firm. Pricing adjustments can be made with relative

ease and so can occur fairly frequently. The ability to change production capacity would take

more time, hence less frequently. Long-term decisions are made every few years and result in

significant changes to the factors of production: labour, capital or knowledge. These decisions

are more strategic in nature and typically would require knowledge of the prevailing market

conditions and require long-term history of market performance. The subsections that follow

outline how these pricing and production adaptation decisions are implemented.

4.3.5.1 Relative stock

Firms will have different production capacities and operate in different market sectors, so using

current stock is problematic as an absolute measure of demand. It is convenient to define a

firm’s relative stock level as the ratio of the stock to the production capacity,

δf (t) :=
∆f (t)

qmax
f (t)

. (4.11)

This measure of stock is useful within the model since it is a normalised variable, taking on a

value between 0 and 1. Here δf = 0 represents a stock-out scenario signalling high demand,

while δf = 1 represents an extreme condition of zero sales signalling low demand. The firm’s

average relative stock level is the N -point moving average of the relative stock, 〈δ〉, defined by

〈δ〉f (t) :=
1

Mf

Mf∑
τ=1

δf (t− τ). (4.12)

The moving average is taken over the previous Mf months (initialised as a random number

Mf ∼ U [6, 12]) and is a firm-level variable that is a useful long-term measure of demand.

The averaging ensures that decisions are made based on persistent market conditions, ensuring

that decisions are not made based on possibly anomalous conditions for a particular month.

The condition 〈δ〉f = 0 represents a persistent stock-out scenario over the past Mf months,

signalling a high demand for the product in the market over time. The condition 〈δ〉f = 1

represents an extreme case of continued zero sales over the previous Mf months.
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4.3.5.2 Labour adaptation

Firms would adapt their production capacity based on stock levels that serve as signals of mar-

ket demand, illustrated by the Heuristic 3.1 on page 30. Periodically, firms will make production

changing decisions based on the relative stock moving average, 〈δ〉, that is the firm’s measure

of demand. Figure 4.14 illustrates the adaptation rule that is used for labour changes. Various

stock level trigger parameters12, namely ~̂δg ≡
(
δLLg , δLg , δ

H
g , δHH

g

)
, are used to trigger an increase

or decrease in required labour by predefined amounts
ˆ

∆~Lg ≡
(
∆L++

g , ∆L+
g , ∆L−

g , ∆L−−
g

)
, for

each goods sector g. The essence of the rule shown in Figure 4.14 is to calculate the labour

change,

∆L(〈δ〉) =



∆L++
g if 〈δ〉 < δLLg

∆L+
g if δLL 6 〈δ〉 < δLg

−∆L−
g if δH 6 〈δ〉 < δHH

g

−∆L−−
g if 〈δ〉 > δHH

(4.13)

so that the new labour count is Lnew = L + ∆L. High demand, 〈δ〉 < δLL, will result in an

increase in labour by an amount L++
g , while low demand, 〈δ〉 > δHH , will result in an decrease

in labour by an amount L−−
g ,

1

∆L

Decrease Labour

Increase
Labour

δH

∆L++

∆L+

−∆L−

δLL δL

δHH

−∆L−−

〈δ〉

Figure 4.14: Labour change adaptation rule.

12Refer to Table C.3 in Appendix §C, pg.96 for the parameter values used in the simulation.
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4.3.5.3 Strategic decision making

Each firm is initialised with an investment period of between 1 to 3 years in which the firm

would make a strategic decision on how to invest its savings. Firms can make significant changes

to their labour force, make large-scale investments in new capital or embark on knowledge

development programmes. In the model, the strategic choice is made by selecting one of the

three factors of production to change over the next few years. This choice is regulated by a

single parameter, the capital-labour investment probability, ξ̂.

In the baseline simulation, ξ̂ = 0.4, which means that there is an equal probability of 0.4 of

either investing in capital or expanding labour; while the probability of investing in knowledge

is 0.2. In other words, for the baseline simulations, 40% of the time the firm will choose to

adjust labour, 40% of the time the firm will invest in capital, and 20% of the time knowledge

investments will be made. For the explored simulations, ξ̂ = 0.35, means that 35% of the time

the firm will choose to change its labour, 35% of the time the firm will invest in capital, and

30% of the time the firm will invest in knowledge. Adjusting this single simulation parameter

results in a shift in the overall trend of how firms choose to invest for the future. Changing the

simulation parameter from ξ̂ = 0.4 to ξ̂ = 0.35 is the way in which the firms in the economic

model are made to shift towards a knowledge-based paradigm.

The strategic decision making rule is illustrated in Figure 4.15. Labour changes are based on

the rule illustrated in Figure 4.14. Changes to capital and knowledge are based on continuous

adjustment functions between minimum and maximum settings for each firm. Details on the

adjustment functions used can be found in Appendix C.4.1 on page 139. When a firm decides

to make large investments in either capital or knowledge, it will also require additional labour.

For example, if a firm decides to increase its capital by 10%, it will also require additional, say,

5% increase in labour. All changes to the factors of production are measured in currency units,

so the firm will only make the long-term investment if it has sufficient savings. Since there is

no banking sector in the model, all financing of the investment is assumed to be from the firm.

Strategic
Decision

Change Capital Change KnowledgeChange Labour

Calculate ∆L(〈δ〉)
Calculate ∆K = K ×%K

Calculate ∆L ≈ 1
2
L×%K

then invest in Capital
If S > ∆K

Calculate %K = AK(〈δ〉)
Calculate ∆W = W ×%W

Calculate ∆L ≈ 1
2
L×%W

then invest in Knowledge
If S > ∆W

Calculate %W = AW (〈δ〉)

Budget the Investment

Probability = (1− 2ξ̂)Probability = ξ̂

Probability = ξ̂

Figure 4.15: Long-term adaptation decision making process.
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4.3.5.4 Budgeting the investment

When a decision is made to invest in labour, capital or knowledge, the firm determines the

actual monthly amounts to spend on the investment. The outcome of the adaptation rules

discussed above are desired percentage changes in either capital or knowledge together with an

investment period or term. The next decisions to be made are the actual investment amounts,

whether the firm can afford the desired investment and how to spread the investment out over

time. In short, the firm needs to make budgeting decisions. The budgeting process described

below is illustrated based on capital investments. An identical process is used for knowledge

investments.

The adaptation rules will result in a desired percentage change in capital, %Kf , from which the

actual monetary value of the investment, ∆Kf , can be determined. If the firm has sufficient

accumulated savings, Sf , that exceeds the proposed investment amount, that is Sf > ∆Kf ,

then the firm may proceed with the investment.

months

Current Month

20 1 ...3

Prior Budgeted Investments:

Current Long-Term Investment:

Future Long-Term Investment:

Figure 4.16: Firm budgeting process over various time periods.

The investment budget is stored as a first-in, first-out (FIFO) queue of investment amounts13.

The budgeting over time is represented in Figure 4.16. For the long-term investments, the firm’s

investment amount is allocated over a period of somewhere between 18 and 48 months, and

is added to the queue. The investment is budgeted following a triangular investment profile,

where the investment amount is spread out in incremental amounts until half the period, and

then in progressively small amounts up to the full investment period. Each month the firm

will retrieve the next investment amount for the current month (the 0th entry in the queue),

deduct that amount from the savings, and purchase that amount from the K-firm.

13Implementation using a FIFO class described in the software documentation in Appendix §C.3, pg.101
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4.3.5.5 Pricing adaptation

Firms will change their prices based on their supply capabilities, demand characteristics and

their prices relative to prevailing market prices. Previously it was argued that the average

relative stock level, 〈δ〉f , is a convenient measure of demand. If the demand is low, signalled by

a high value of 〈δ〉f , the firm should reduce its price; while a high demand, corresponding to

low values of 〈δ〉f , means that a firm can increase its price. A firm would also need to compare

its product price, pfg, to the average market price, p̄Mg . It is convenient to define a market price

ratio for the firm, ΠM
fg, as the ratio of the firms price to the average market price,

ΠM
fg =

pfg
p̄Mg

(4.14)

If the firm’s price is higher than the average market price, ΠM
fg > 1, then the firm should

decrease its price; while if the price is lower than the average market price, ΠM
fg < 1, then the

firm should increase its price.
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Figure 4.17: Pricing adaptation rule

The combined heuristics for the pricing decisions based on relative stock, 〈δ〉f , and the market

price ratio, ΠM
fg, are summarised in Figure 4.17. This pricing heuristic is similar to that given

in equation 3.4 on page 31 used in many MABM models. As shown in the diagram, there are

two scenarios where the rules conflict: high demand (signalled by a low 〈δ〉f ) with a high price

(with ΠM
fg > 1) and low demand (signalled by a high 〈δ〉f ) with low price (ΠM

fg < 1).

• A low 〈δ〉f with high ΠM
fg scenario is favourable for the firm, meaning that despite having

higher than average prices, the firm is still able to sell its product. In this case, the firm

should leave the price unchanged, or reduce the price by a very small amount in order to

remain competitive.

• The high 〈δ〉f with low ΠM
fg case is an ambiguous scenario for the firm. Despite having a

low price, the firm is still incapable of selling all its products. In this case, the firm would

only slightly decrease its price in an attempt to sell more products in the market.
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The heuristic outlined above was implemented by means of a price adjustment surface for each

product, shown in Figure 4.18. Each surface provides a continuous function, ∆pfg

(
〈δ〉f , ΠM

fg

)
,

giving the price adjustment percentage. The function for the surface was constructed by com-

bining two sigmoid functions.

0
0.1

0.2
0.3

0.40.95

1

1.05
−4

−2

0

Relative Stock, 〈δ〉
f Pr

ic
e
R
at
io
, Π

M
fg

P
ri
ce

A
d
ju
st
m
en

t,
∆
p
f
g
(%

)

(a) Essential Goods

0
0.1

0.2
0.3

0.40.95

1

1.05

−2

0

Relative Stock, 〈δ〉
f Pr

ic
e
R
at
io
, Π

M
fg

P
ri
ce

A
d
ju
st
m
en

t,
∆
p
f
g
(%

)

(b) Luxury Goods

Figure 4.18: Firm pricing adaptation surfaces.

A continuous version of the heuristic pricing adaptation rule shown in Figure 4.17 is obtained

by projecting the pricing adaptation surfaces onto the plane. The resulting projections are

shown in Figure 4.19, together with a zero price adjustment contour separating the regions of

price increase and price decrease.
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Figure 4.19: Projection of firm pricing adaptation surfaces showing the zero price adjustment
contour. There are two regions: a shaded price increasing region, ∆p > 0, and a price decreasing
region, ∆p < 0.
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4.4 Markets
In the model, markets are the mediating mechanism by which the various economic agents

interact with each other. There are three types of markets used in the model shown in Figure 4.1

on page 33: a product market, a labour market and a foreign market. An abstract Market

class was implemented as a base class for the three market types as shown in the class hierarchy

in Figure 4.20. The Market class provides the generic properties of a market, which consists of

a collection of buyer agents who will attempt to purchase an assortment of products; and seller

agents that are each able to supply a particular product.

Market

ProductMarket LabourMarket ForeignMarket

Figure 4.20: The class hierarchy for the various markets.

For example, individual agents will purchase goods and services from firms via the product market

object; country agents will purchase goods and services from firms via the foreign market object;

while firms will purchase or employ labour via the labour market object. In all of these cases,

a market is composed of a number of buyers and sellers, each being different groups of agents

in the economy. For the markets considered in the model, Table 4.1 summarises the various

subsets of agents and their roles in the respective markets.

Table 4.1: Summary of the features of each of the markets used in the model.

Class Market Object Buyer Agents Seller Agents Products
ProductMarket product market Consumer Individuals C-Firms Goods
ForeignMarket foreign market Countries C-Firms Goods
LabourMarket labour market All Firms Unemployed Individuals Education

The process by which a buyer purchases desired products from the available seller agents is

implemented in a market·shopping() algorithm, explained in detail within the software doc-

umentation in Appendix C. Figure 4.21 provides a schematic representation of the primary

interfaces between a buyer agent and a seller agent required by the algorithm.

We introduce the concept of a basket analogous to the ‘consumption bundle’ used by Ashraf

et al. (2017). Each buyer agent will have a basket of ‘products’ that they already possess and a

basket of ‘products’ that they need. A buyer agent will generate a desired buyer·needs basket of

‘products’, when instructed by the buyer·calculate needs() method. The preferences, consump-

tion patterns or consumer behaviour of the buyer agents are encoded within this method. In

essence the needs basket establishes product demand. This demand is determined in different

ways for each type of buyer in the different markets.

Product market: For individual agents in the product market, the quantities of goods in the

individual·needs basket is calculated based on preset status consumption parameters and
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needs

1 n2 . . .

wants-to-buy(product)

buys(product,supplier,qty)

able-to-supply(qty) stock
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sells(product,buyer,qty)
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needs(product)

has-money(amount)

1
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2 n. . .

Market

production

revenue

cash

Figure 4.21: Schematic diagram showing the interfaces between buyer and seller agents required
for the Market class.

cash available. As a buyer in the product market, each individual will require different

quantities of products taken from the Goods set. The status consumption parameter is

the default, base basket of goods for the various categories of individual agents based on

status and education (see Table C.2 on page 100 for the default parameter values). For

example, the status consumption parameter for an unskilled individual is given by [1000,

5]. This status consumption parameter is then scaled based on disposable cash available

to the individual and by a random variation. So a particular unskilled individuals needs

basket could then be equal to [2478 12], that describes the individuals need for 2478

Essential items and 12 Luxury items.

Labour market: For firm agents in the labour market, the quantities of labour at each educa-

tion level in the needs basket is determined by the labour composition vector, calculated

based on the firm’s technological sophistication (see §4.3.3, pg.42). As a buyer in the

labour market, a firm will require a certain number of employees at different skill levels

as the ‘products’ taken from the Education set in the needs basket. When shopping in

the market, a buyer will add purchased ‘products’ to its possess basket with the aim of

attaining a situation where the possess basket equals the needs basket.

For each ‘product’, which may be either a goods or an education level, depending on the market,

only a subset of suppliers will be able to supply that product. Only Essential C-firms will be

able to supply Essential goods; while only those individuals with a degree will be able to supply

a Bachelors level of education as a potential employee. Furthermore, a typical customer for

a product would not go to every supplier of that product, but will choose to purchase from

a small group of potential suppliers. We have defined a souk as a marketplace comprising of

a small subset of the seller agents from which a buyer will attempt to purchase a particular

product from its needs basket. A buyer will take a number of trips to a souk in an attempt to

satisfy all its needs.
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4.5 Government
The government agent in the economy serves two simple roles. Firstly, it provides monthly

social grants to those individuals that are unemployed. It is assumed that a fixed social grant

amount of R4,000 is paid to unemployed individuals. The social grant amount was chosen to

be about a third of the salary of the lowest paid worker.

Secondly, government obtains revenue only through taxation of firms. The corporate tax rate,

rG, is adjusted annually at the beginning of each year in order to ensure that it has sufficient

funds to pay the social grants. Changes to the tax rate are based on the total grant payments,

PG
tot(t), and the total net profit of firms, Ntot(t). Computationally, the change in tax rate can

be calculated using (see Appendix §C.4.2, pg.139 for the derivation)

∆rG ≈ 1

Ntot

dPG
tot

dt
− rG

Ntot

dNtot

dt
(4.15)

where the derivatives are performed using a standard numerical 3-point backward-difference

formula. All that is required is to store the previous 3-year’s values for the net profit and total

grant payments in order to estimate the derivatives. In effect equation (4.15) uses historical

data to forecast changes in the total grant payments, PG
tot(t), as well as the changes in the total

net profit of firms Ntot(t), and use this information to adjust the taxation rate.
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4.6 Timing & scheduling
Each time step in the simulation is taken to be a calendar month. During each month there are

several events that take place, some at the beginning of the month, some during the month,

and some at the end of the month. At the beginning of each year, the required changes to the

population is calculated in order to satisfy the population growth requirements. This results in

a list of people who are randomly chosen to die every month and an estimate of the number of

new births each month (see §4.2.1, pg.36 for details). In addition, government will recalculate

the corporate tax rate to ensure that it has sufficient funds to pay the social grants.

4.6.1 Beginning of the month

At the beginning of every month, the following events take place.

1. Population Adjustment: The population of individuals is adjusted on a monthly basis.

This method will perform the following tasks:

(a) If it is the individual’s birthday month, the individual’s age is increased by one.

Having aged a year, the status of an individual may also change and would need to

be updated. If the individual is at school or studying, their status may change based

on the probabilities of progressing (see §4.2.2, pg.37.) A test is performed to check

if the individual has reached retirement age, and if employed, will be removed from

the employer’s list of employees.

(b) New individuals are ‘born’, based on the estimated number of new births calculated

at the beginning of the year.

(c) Individuals that were chosen to die at the beginning of the year are then killed off.

When killing an individual, if the individual is employed, they are then removed

from the employer’s list of employees. The accumulated wealth of the individual is

redistributed as an inheritance to a small, randomly chosen group of individuals.

2. Government update: As a result of the population readjustment and possible changes

to status of individuals, the government is updated with the list of unemployed individuals

that require social grant payments.

3. Payments to individuals: Individuals would receive income from a number of possible

sources. Firms would pay salaries to all the employees. All unemployed individuals

would receive a social grant from government. All retired individuals would transfer a

small amount from their savings to their available cash.

4. Labour market: There are a number of tasks that take place in the labour market:

(a) Since the population status may have changed, for example through new entrants

from the schooling or tertiary education system, deaths, etc., the list of sellers in the

labour market is updated.
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(b) For similar reasons, the demand and capacity of the labour market is recalculated,

using the methods discussed in the generic market class (see §4.4, pg.53).

5. Product and foreign markets:

(a) The product market is updated with the collection of consumer agents, required after

the population adjustment.

(b) Demand is calculated in each of the product and foreign markets based on the needs

of individuals and countries.

(c) Each consumer firm in the product market will produce its capacity of products and

place them into stock available for purchase during the month. The firm’s stock and

capacity attributes are updated based on its particular production function.

4.6.2 During the month

During each month, goods are purchased in the two markets based on the shopping algorithm

outlined in Section 4.4 on page 53.

1. Product market shopping: The population would go shopping in the product market,

based on the shopping algorithm with consumers as the buyers and firms as the sellers.

2. Foreign market shopping: The countries making up the rest of the world would go

shopping in the product market, with the countries as the buyers and firms as the sellers.

4.6.3 End of the month

At the end of each month, there are several tasks that are performed:

1. Firms adjust capacity & pricing: Each consumer firm would potentially adjust its

production capacity and product pricing. This may result in changes to labour require-

ments, capital investment or knowledge investment. (see §4.3.5, pg.47 for details.) C-firms

spend their monthly budgeted investment amount as income to the K-firm. Capital de-

preciation is calculated for each of the consumer firms using a fixed depreciation rate,

d̂ =0.01 % per month.

2. Labour market shopping: At the end of the month, all firms having reassessed their

labour requirements, would go shopping in the labour market for new employees. The

population tree is updated in order to re-categorise individuals.

3. Individuals & firms save: A proportion of remaining cash that individuals and firms

have at the end of the month is transferred to savings.
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The simulation results

This chapter provides the results of the various simulations1. Simulations were run over a

time of 50 years (or 600 months), with N̂MC = 20 Monte Carlo runs. The underlying output

variables from the model are obtained by averaging over all the Monte Carlo runs thereby

eliminating stochastic fluctuations arising from each simulation. The Monte Carlo runs also

provided uncertainty bounds on the variables. The uncertainty bounds were calculated as a

standard error (e = σ/
√
NMC), shown with some of the results as applicable. A burn-in of 3

years was used before data was recorded to ignore any initial transients in the simulation.

The simulations were initialised with a seed population of N̂P = 2,500 individuals, an initial

unemployment rate of r̂U0 = 25.0%, and a population growth rate of ĝP = 1.5% per annum.

Only one K-firm was used, 15 firms were created in the essential goods sector, and 10 firms in

the luxury goods sector.

Two simulation scenarios were considered: a baseline simulation and an ‘explored’ simula-

tion with higher investments in knowledge and technology. The baseline simulation with the

capital-labour investment probability parameter ξ̂ = 0.4, provides the benchmark results which

can be used to compare against. Results from the explored simulation with the capital-labour

investment probability parameter adjusted to 0.35 is then compared to the baseline results. A

model validation check is performed by fitting the simulation results to the Solow-Swan growth

model.

1Details of all the simulation parameters is provided in Appendix C.2.
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5.1 Baseline simulation

5.1.1 Population results

5.1.1.1 Population growth

Figure 5.1 shows the exponential growth rate of the population, starting from an average initial

population of 2616, growing at an average growth rate of g̃P = 1.47% per annum (aligned with

the simulation parameter for growth of ĝP = 1.5% per annum.) The initial population count

is slightly higher than the seed population parameter, N̂P = 2,500, due to the initial burn-in.

The counts shown are the averages over all the Monte Carlo simulation runs for the baseline

scenario. Also shown is the population of active and employed individuals, together with their

growth rates. The growth in employed individuals is roughly equal to the population growth

rate, indicating long-term stability in unemployment.
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Figure 5.1: Time series of population growth and total number of employed individuals.

5.1.1.2 Population distributions

The initial and final population age distributions are shown in Figure 5.2. The simulation has

approximately maintained the half-normal population distribution throughout the simulation

runs.

5.1.1.3 Population education & status

The education and status proportions within the population are largely unchanged over time

since the educational throughput probability parameters (discussed in §4.2.2, pg.37) are fixed.

Figure 5.3 shows the changes in the average of all individual status variables over time. The

long-term average proportions of the status and education variables for the population are

shown in the pie-charts in Figure 5.4. The proportion of unskilled labour remains approximately

constant at an average of 55.26% of the active population.
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Figure 5.2: Initial and final age distribution of the population from the baseline simulation.
The scaled actual data points are based on South African population data (Statistics South
Africa 2019b, Table 11).
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Figure 5.3: Time series of the population status given as a percentage of the total population.
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Figure 5.4: Pie charts showing the long-term average population breakdown by status and
education level.
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5.1.2 Firms

5.1.2.1 Labour composition

The labour composition for all firms is shown in Figure 5.5. We note that unskilled and

semi-skilled (matric) labour forms the largest portion of the workforce. For comparison, the

number of employed individuals in the population is also shown. For the lower-skilled portions

of the population, the number of unemployed individuals is increasing, possibly indicating a

higher unemployment rate. By contrast, the more highly skilled sectors of the population show

a decrease in the number of unemployed individuals.
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Figure 5.5: Time series of firm labour by education level from the baseline simulation.
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5.1.2.2 Factors of production

The evolution of the other factors of production are shown in Figure 5.6, giving the Monte

Carlo average over all firms of the capital, K, and knowledge, W , for each of the goods sectors.

Since the capital-labour investment probability parameter ξ̂ = 0.4, in the baseline simulations,

more emphasis is placed on investment in capital than in knowledge. Hence the capital growth

rate is higher than for knowledge. For comparison, the growth in technological sophistication,

τ , is also shown.
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Figure 5.6: Time series of firm factors of production from the baseline simulation.

The increase in capital and knowledge over time is the result of firm investments, shown in

Figure 5.7. As expected, the investment in capital for all firms is considerably higher than the

investment in knowledge, due to the capital-labour investment probability parameter prioritiz-

ing capital investment over knowledge investment by firms.
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Figure 5.7: Time series of firm investment in capital and knowledge from the baseline simula-
tion.
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5.1.2.3 Firm output

Figure 5.8 shows the total volumes for the firms in each product sector, including total pro-

duction capacity, actual firm output, consumption volume, exports volume, and total stock

levels.
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Figure 5.8: Time series of total firm volumes from the baseline simulation.

The average growth rates for production capacity, consumption and exports for the two sectors

are summarised in Table 5.1. The growth in production capacity for the essential goods sector

is slightly lower than the average population growth rate of 1.47% p.a. The slightly higher

production capacity growth in the luxury goods sector is possibly due to higher exports. The low

growth rates in consumption for both sectors are due to high unemployment (see §5.1.5.2, pg.68)

and the resulting lower disposable income for individuals. The simulations have highlighted an

important consequence of increased unemployment in an economy: increasing unemployment

leads to lower consumption and hence lower production by firms.

Table 5.1: Summary of production/output growth rates for firms in the baseline simulation.

Sector
Description Essential Luxury

Average growth rate for production capacity 1.422% p.a. 1.738% p.a.
Average growth rate for consumption 1.461% p.a. 1.524% p.a.
Average growth rate for exports 1.315% p.a. 2.219% p.a.
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5.1.3 Product market

The change in prices of the goods in product market is shown in Figure 5.9, together with the

demand (consumer and export) and firm total supply capacities.
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Figure 5.9: Product market prices.

The change in pricing for two goods sectors seems to indicate different demand and supply

behaviour. Yet, in both sectors the aggregate demand is higher than the firm supply capac-

ities, which should result in price increases for both sectors. It was necessary to investigate

this apparent contradiction. An advantage of agent-based modelling is that it is possible to

investigate ‘under the hood’ of the simulation and observe all the variables of all agents. The

application of the firm pricing adaptation rules (presented in Section 4.3.5.5 on page 51) needs

to be investigated in order to understand the reasons for the general decrease in the market

price for the luxury goods sector.

Figure 5.10 shows the average relative stock level, 〈δ〉f , and the market price ratio , ΠM
fg, data

points for the pricing factors of all the Monte Carlo runs in the baseline simulation. The average
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relative stock level is what each firm uses as its measure of market demand. The red contour

represents the zero-price adjustment contour from the surfaces shown in Figure 4.18 (on page

52), with the shaded red region below the curve indicating where prices would increase. The

data points for the firms were allocated to various clusters using a Gaussian Mixture Model

(GMM) machine learning clustering algorithm (Géron 2019).
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Figure 5.10: Firm pricing adaptation from all baseline simulation data. Thick red line shows
the zero-price adjustment contour, with the red shaded region showing where pricing increases.
Pricing adaptation clusters are shown as blue shaded regions, with cluster centers in green.

The pricing adaptation clusters are represented by the blue-shaded regions in Figure 5.10,

together with the cluster centers. The general shape and positioning of the pricing adaptation

clusters are different for the two sectors. The essential goods sector has pricing clusters that tend

to be closer to the pricing-increase region than for the luxury pricing clusters. The most densely

populated clusters (indicated with the blue shading intensity) represent the predominant pricing

adaptation factors. For the essential goods sector, the dominant cluster is centered slightly

inside the pricing increase region, while for the luxury goods sector, the dominant cluster is

centered outside the pricing increase region. Stated differently, based on the positioning of the

dominant cluster, the firms in the essential goods sector experience relatively high demand,

which will tend to drive the price up, as shown in shown in Figure 5.11(a). Firms in the luxury

goods sector experience relatively low demand, driving the prices down as shown in shown

Figure 5.11(b).
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Figure 5.11: Supply and demand curves used to explain the pricing behaviour in the two goods
markets.

5.1.4 Government

Government pays a fixed social grant amount of R4,000 to unemployed individuals. The gov-

ernment payments of social grants, shown in Figure 5.12, is determined by the total number

of unemployed individuals in the population. As expected, Figure 5.12 shows that the total

social grants is closely correlated with the unemployment count.
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Figure 5.12: Total government payment of social grants to the unemployed. For comparison,
the total count of unemployed individuals is also shown.

The simulation was initialised with an initial corporate tax rate of 25.0%. The trend in the

corporate tax rate, rG(t), shown in Figure 5.13, loosely follows the unemployment rate. This

is to be expected due to the assumption that all government income is to be allocated to the

payment of social grants with the tax rate adjustment performed in such a way as to compensate

for forecast changes in the social grant payment (see §4.5, pg.55).
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Figure 5.13: The company tax rate, rG(t). For comparison, the unemployment rate is also
shown.

5.1.5 Macroeconomic results

5.1.5.1 GDP

Figure 5.14 shows the baseline simulation results for GDP, Y , together with its components,

consumption, C, investment, I and exports, X. The initial baseline average GDP for the first

year was Ỹi = R34.72 million; while at the end of the simulation runs, the final baseline average

GDP was Ỹf = R76.9 million. Over the period, the average annual GDP growth rate was g̃Y =

1.67% per annum; while population average growth rate was found to g̃N = 1.47% per annum.

GDP growth in the model seems to be influenced by the population growth rate. The growth

rates for the other components of GDP are also shown. There is a relatively low growth in

investment, g̃I = 1.11% per annum.
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Figure 5.14: Time series of GDP from the baseline simulation. Dashed lines indicate fitted
GDP growth rate.
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5.1.5.2 Unemployment

The unemployment rate over time is shown in Figure 5.15, together with the unemployment

rates for the various skill levels in the population. The unemployment rate remains fairly

constant with a long-term average of 34.44%.

The trends show lower levels of unemployment for higher levels of skills. Even though the

labour composition within firms is dominated by unskilled workers (as was shown in Figure 5.5),

unemployment is still highest for the unskilled sector of the population. Unemployment rates

for the more highly skilled sectors of the population decreases over time.
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Figure 5.15: Time series of unemployment from the baseline simulation.
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5.2 Explored simulation results

5.2.1 Population

The initial and final population distributions for the two simulation scenarios are shown in

Figure 5.16, showing no major differences between the scenarios. All aspects of the population

remain largely unaffected by the change in the scenarios.
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Figure 5.16: Initial and final age distribution of the population for the explored parameter
values. The scaled actual data points are based on South African population data (Statistics
South Africa 2019b, Table 11).
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5.2.2 Firms

5.2.2.1 Labour composition

A comparison of the total labour counts in Figure 5.17, shows that there is a lower total labour

force across both consumer goods sectors in the explored scenario.
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Figure 5.17: A comparison of the firm labour for all sectors from the simulation scenarios.
Shaded regions indicate uncertainty bounds.
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Plots of the labour composition (as a percentage of the total labour force) of all firms between

the two scenarios are shown in Figure 5.18. In both scenarios, the labour composition of un-

skilled workers steadily declines over time, semi-skilled (matric) worker composition remains

fairly constant in the long-term; while the composition of skilled (both bachelors and post-

graduate) workers increases over time. As could be expected, the unskilled labour composition

is lower in the explored scenario since fewer unskilled workers would be required in a more

technologically sophisticated economy. The significant deviation between the two scenarios

appears in the composition of the more highly skilled workers (skilled/bachelors and highly-

skilled/postgrad). The explored scenario shows a significant increase in the labour composition

of the more highly skilled workers. These results demonstrate that as firms strategically shift

towards higher levels of technological sophistication over time, their workforce would need to

be more highly skilled.
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Figure 5.18: A comparison of the total labour composition by education for the simulation
scenarios. Shaded regions indicate uncertainty bounds.
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5.2.2.2 Factors of production

To compare the impact on all the factors of production, all the factors were normalised to their

initial values, therefore showing relative changes. The results for capital, labour, knowledge

and technology changes over time for the two simulation scenarios are shown in Figure 5.19.

As expected, the baseline simulations show higher growth in capital and labour, since the

capital-labour investment probability parameter, ξ̂, is larger than in the explored simulation.

The larger aggregate investment in knowledge and technology is also evident in the explored

simulations, representing an overall shift towards a knowledge-based economy.
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Figure 5.19: Relative changes in the factors of production for the two simulation scenarios.
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5.2.2.3 Labour and capital productivity

In the firm production function given in Equation 4.9 on page 44, there are two types of produc-

tivity parameters used: a capital productivity, AK
f , and labour productivity parameters, AL

fe.

The effect on production capacities for the two scenarios may be understood by considering the

plots shown in Figures 5.20 and 5.21. The plots show the relative change in output correspond-

ing to relative changes in labour and capital. The relationship between aggregate production

capacity and total labour shown in Figure 5.20, where both variables have been normalised to

their initial values. The slope of the curves provide a measure of the aggregate efficiencies or

productivities in the economy. For the explored scenario, aggregate labour productivity and

capital productivity is shown to improve relative to the baseline scenario.
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Figure 5.20: Change in capacity vs labour for the two simulation scenarios. Data is normalised
to the initial values, Q0 and L0.
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Figure 5.21: Change in capacity vs capital for the two simulation scenarios. Data is normalised
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5.2.3 Macroeconomic results

5.2.3.1 GDP

Comparing the change in GDP, shown in Figure 5.22, we note a slight decrease in the long-term

GDP from the baseline simulation to the explored simulation. The decrease is the result of

slightly lower consumption, with exports and investment showing little change. The lower

consumption is a consequence of changes in unemployment, shown in the following section. As

highlighted earlier, GDP in the model is influenced by the population growth rate, which was

unchanged between the two scenarios.
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Figure 5.22: Comparison of GDP for the two simulation scenarios.

5.2.3.2 Unemployment

Figure 5.23 shows the unemployment rate for the two scenarios. In the long-term, there is

significantly higher unemployment in the explored scenario. The higher levels of unemployment

impacts the spending patterns of the population. A larger number of consumer’s with low

disposable income, would result in lower aggregate consumption and hence a lower GDP.

Comparing the change in unemployment for the different skill levels, shown in Figure 5.24, it can

be seen that there are significant increases in unemployment for the unskilled and semi-skilled

education levels of the population. For the more highly skilled sectors of the population,

unemployment steadily declines, with lower levels of unemployment long-term for the explored

scenario. This shows the need for a more highly skilled workforce in the long-term when there

is a shift towards higher levels of technological sophistication in the economy.
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Figure 5.23: Comparison of the total unemployment for the difference simulation scenarios.
Shaded regions indicate uncertainty bounds.
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Figure 5.24: Comparison of unemployment for the simulation scenarios and different education
levels. Shaded regions indicate uncertainty bounds.
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5.2.3.3 Inequality

It was also possible to calculate the Gini index for the population, as shown in Figure 5.25.

What is evident is the relatively high levels of inequality in both scenarios, with no significant

change in the Gini index in the long-term. According to Statistics South Africa (2019a), South

Africa currently has a Gini coefficient between 0.65 and 0.67, which is relatively close to the

long-term values obtained in the simulations.
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Figure 5.25: The Gini coefficient obtained from the simulations. The blue shaded region shows
the range of Gini coefficients for South Africa (Statistics South Africa 2019a).
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5.3 Validation of results
The results obtained can be validated according to established macroeconomic models.

5.3.1 Solow-Swan growth model

The exogenous, neoclassical Solow-Swan model serves as a simple macroeconomic model for

understanding economic growth (Sørensen & Whitta-Jacobsen 2010, Romer 2011). In Ap-

pendix B, the solution to the Solow-Swan model is obtained as

Y (t) = Y0k
−α
0 e(g+n)t

[
s

δ + g + n

(
1 − e−(δ+g+n)(1−α)t

)
+ k1−α

0 e−(δ+g+n)(1−α)t

] α
1−α

, (5.1)

where, Y0 is the initial GDP; k0 is the initial capital per unit of effective labour; α is the

aggregate output elasticity for capital used in a 2-input Cobb-Douglas production function; δ is

the capital depreciation rate; s is the savings rate; g is the labour productivity growth rate; and

n is the labour growth rate. In validating the simulations to the model, the Solow-Swan solution

given in (5.1) was fitted to the GDP data for the two simulation scenarios shown in Figure 5.26.

The fits were performed using a standard Python library function: scipy.optimize·curve fit().
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Figure 5.26: Comparison of GDP to the Solow-Swan fitted solutions.

In performing the fit, some of the seed parameter values could be estimated from the other

simulation results. The initial GDP was simply obtained as the value of GDP in the first

month. The labour growth rate, n, was obtained by performing an exponential fit to the total

labour force, elements of which were shown in Figure 5.17. As described in Appendix B.1.2,

the savings rate in the Solow-Swan model relates the capital investment to GDP, I(t) = sY (t).

Using the capital investment results (such as those shown in Figure 5.7), together with the GDP

data, it was possible to calculate the average savings rate, s̄ over the duration of the simulation

run, which was used as the base parameter for the fit. The average savings rate obtained for

the baseline simulation was found to be s̄b = 1.77% ± 0.011%; while for the explored simulation

it was found to be s̄e = 1.48% ± 0.009%. These values indicate a lower overall investment in
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capital in the explored scenario since there was a greater investment in knowledge in that case.

The other seed parameter values for the fit were chosen based on ‘educated’ guesses and some

trial and error. (For example, α was chosen to be equal to 0.5.) Furthermore, the parameters

were also suitably constrained in the fitting process. (For example, α was constrained to lie

between 0 and 1, while s was constrained to lie within one standard deviation of the mean

value s̄.)

A fit to the baseline simulation results produced the following model parameters:

Y0 = 34.7, k0 = 0.07, α = 0.499, δ = 0.0%, s = 1.78%, g = 0.132%p.m., n = 0.12%p.m.

Fitting the explored simulation results produced the model parameters:

Y0 = 35.3, k0 = 0.06, α = 0.503, δ = 0.0013%, s = 1.49%, g = 0.137%p.m., n = 0.11%p.m.

A number of observations can be made from these parameters:

(a) The savings rate is reduced from 1.78% in the baseline simulation to 1.49% in the explored

simulation. This highlights a decrease in capital investment in the explored simulation

scenario, which was the result of the re-allocation of investment towards knowledge devel-

opment within the firms.

(b) A relevant difference between the fit parameters is the increase in the aggregate labour

productivity growth rate from 0.132% p.m. in the baseline simulation to 0.137% p.m. in

the explored simulation. Recall that the knowledge level effects in the production function

of of an individual firm (§4.3.4.1, pg.44) were such that an increase in the firm’s investment

in knowledge would result in an increase in the labour and capital productivities. The

explored simulation results showed a relative increase in total knowledge investment, as

was shown in Figure 5.19, which would result in an overall increase in the productivities

for all firms. Increases in aggregate labour and capital productivities relative to the baseline

scenario were shown in Section 5.2.2.3 on page 73. This increase in the productivities is

manifested in the higher aggregate labour productivity growth rate parameter, g, obtained

in the Solow-Swan model fit.

The change in parameters of the Solow-Swan growth model therefore confirms the change in

behaviour of the agent-based model between the two simulation scenarios.
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5.3.2 Okun’s law

Okun’s law predicts a relationship between changes in GDP and unemployment (Sørensen &

Whitta-Jacobsen 2010, Romer 2011, Burda & Wyplosz 2017). The premise is that higher

unemployment suppresses GDP growth. A linear growth form of Okun’s law may be written

as (Abel et al. 2016)
∆Y

Y
= k + c∆u, (5.2)

where ∆Y
Y

is the percentage change in growth of GDP, ∆u is the change in actual unemployment,

k is the intercept at ∆u = 0, and c is the slope relating changes in unemployment to changes in

GDP. Historical data showed that there is a tendency for increases in GDP to be accompanied

by decreases in unemployment (Sørensen & Whitta-Jacobsen 2010). This means that Okun’s

law postulates that the slope parameter, c, must be negative.

Figure 5.27 shows the monthly percentage change in GDP versus the change in unemployment

for the two simulation scenarios. The data points show the annual changes in the Monte Carlo

averages from the simulations. A linear regression was performed on the data from each of the

two scenarios, with the regression lines shown in the figure. In both cases a negative slope was

obtained, with c = −1.195 in the baseline scenario, and c = −1.112 in the explored scenario,

confirming the essential postulate of Okun’s law. In the model, a 1% increase in unemployment

results in a 1.195% decrease in GDP for the baseline scenario, and a slightly smaller 1.112%

decrease in GDP for the explored scenario. These values are of the same order of magnitude

as those obtained from a recent study on South African data (Mazorodze & Siddiq 2018).
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Figure 5.27: Comparison of annual % change in GDP to change in unemployment for the two
simulation scenarios, showing Okun’s law.
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Discussion & Conclusions

An agent-based model was developed in order to simulate and investigate the macroeconomic

consequences emerging from the strategic decisions of firms to invest in knowledge development.

Technological progress through innovation and knowledge development are important drivers

of economic growth (Diaconu 2011, Asongu & Andrés 2020). Two complementary aspects of

technological progress were used in the model: technological sophistication and investment in

knowledge. Two simulation scenarios were constructed, one used as a baseline or reference

scenario, and an explored scenario in which there was a higher tendency by firms to invest in

knowledge development.

The simulation results showed no significant change in GDP as firms in the model economy

invested more heavily in knowledge. However, the greater investment in knowledge development

resulted in significantly higher levels of unemployment, particularly for unskilled workers. The

unemployment rates for the more highly skilled sectors of the population decreased over time

as firms became more technologically sophisticated. The results were validated by fitting the

simulation data to the Solow-Swan growth model and through the confirmation of Okun’s law

relating GDP growth and unemployment.
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6.1 Implications
The results from the model highlight several implications for business and macroeconomic

policy decisions, especially in a South African context.

6.1.1 A holistic approach

The simulations only considered the consequences resulting from a change in a single parameter:

investment in knowledge. The composition of skills within the population was unchanged as

firms invested more heavily in knowledge. This resulted in stagnant economic growth and higher

levels of unemployment. Attempting to leverage the advantages of the 4th industrial revolution

(4IR) and the knowledge-based economy (KBE) without increasing the skills composition of

the population will ultimately constrain long-term future growth opportunities.

An aggregate measure of the level of development of a KBE is provided by the World Bank

Knowledge Economy Index (KEI), (Chen & Dahlman 2005). The KEI incorporates the four

pillars of the knowledge economy: an educated and skilled labour force; an effective system to

stimulate innovation; a modern infrastructure for information and communication technology;

and suitable economic incentives, together with sound economic policies (Chen & Dahlman

2005, Asongu & Andrés 2020). Sustained investment in these four pillars is a necessary condi-

tion to successfully become a KBE. The important consequence of the four pillars’ framework

is that no single economic stakeholder can be the driver for knowledge based development. A

coordinated strategy between academia, industry and government is imperative (Etzkowitz &

Leydesdorff 1995, Leydesdorff 2012). Academic curricula need to be aligned with the needs of

industry. Government policies need to facilitate human capital development; be aligned with

the needs of industry and educational institutions; allow for the efficient allocation of resources;

stimulate creativity; encourage collaboration and integration; promote research and develop-

ment; and incentivise innovation and knowledge development. (Chen & Dahlman 2005, Asongu

2017). Companies need to engage more closely with academic institutions and implement skill

development programmes.

The simulations show that unemployment is highest for the unskilled sector of the population,

despite being the largest labour composition within firms. Furthermore, a shift towards a

knowledge-based economy resulted in even higher levels of unemployment, particularly within

the unskilled and semi-skilled labour force. An important consideration is that the education

throughput rates were the same for all simulations, so the population composition of skills was

unchanged. Furthermore, it was found that in the long-term, inequality will remain relatively

unchanged when moving towards a KBE, ceteris paribus. The results reinforce the observation

that education inequality will lead to higher levels of poverty and income or wealth inequality

(Akanbi 2016).

Implication: Failure to adopt a coordinated strategy between industry, academia, and govern-

ment in attempts to achieve a KBE may result in constrained long-term economic growth and

deteriorating levels of unemployment, inequality and poverty.
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6.1.2 Education & skills development

A largely unskilled population arising from poor education throughput in the model resulted in

higher levels of unemployment when moving towards a KBE. In South Africa, despite modest

improvements in the education system, there are significant challenges that remain. A recent

report by the Centre for Risk Analysis highlighted several of these challenges, including poor

throughput rates in the basic education system, high failure rates, large disparities in the at-

tainment of educational qualifications between different racial groups, poor infrastructure in

schools, etc. (CRA 2018). “The education system represents the single greatest obstacle to

socio-economic advancement in South Africa.” (CRA 2018, pg.3) Three issues were identified

as being particularly problematic. First, was the generally poor quality of mathematics educa-

tion in schools. This is significant because mathematics forms the foundation for just about all

technological fields of study. “A good maths pass in matric is in all probability the most impor-

tant marker in determining whether a young person will enter the middle classes” (CRA 2018,

pg.3). Secondly, a low rate of participation in tertiary education by black people was observed.

Without a significant improvement in tertiary education participation, poverty alleviation and

inequality will persist. Finally, a very high school drop-out rate, with approximately half the

children entering the schooling system actually finishing school. These dire issues were the

basis for the educational throughput parameters used in the model.

Investment in human capital, as well as the necessary infrastructure to support high-technology

industries, is essential in order to develop a KBE (Blankley & Booyens 2010). Perhaps the most

critical component required to develop the capacity for a KBE is a highly skilled population

(Blankley & Booyens 2010, Vadra 2017). Some important aspects of developing a highly skilled

population include: increasing the quality of the education system, balancing the needs of a

general education with a technical education, increasing R&D, and promoting a culture of life-

long learning (Asongu & Odhiambo 2020). In part, this would require a more flexible education

system that can adapt to developing the necessary skills required by a more technologically

sophisticated economy (Lee et al. 2018). Companies wanting to shift towards higher levels

of technological sophistication and knowledge utilisation should invest in human capital de-

velopment and engage more closely with educational institutions to align curricula with their

needs.

Implication: A necessary condition for a KBE is the transformation of the education system

to one that is inclusive, focused on quality, adaptive, encourages creativity, aligned with the

needs of industry, and stimulates R&D.
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6.1.3 The efficiency incentive

An economic incentive for firms to invest in knowledge development is to improve efficiencies.

Higher levels of productivity and efficiency can be achieved from technological progress through

knowledge development (Perelman 1995, Powell & Snellman 2004). The agent-based model re-

sulted in higher aggregate capital and labour productivities in the economy. When comparing

the simulation results to the Solow-Swan growth model, it was found that an increase in invest-

ment in knowledge and technology results in an increase in the aggregate Solow-Swan labour

productivity parameter. Firms would undoubtedly embrace productivity-improving initiatives

in order to increase profitability and operating efficiencies.

Implication: Improved efficiencies provide an economic incentive for companies to invest in

knowledge development.

6.1.4 To KBE, or not to KBE, that is the question

“A knowledge-based economy will not necessarily ensure national economic prosperity, im-

proved health and well-being, ecological sustainability and reduced inequalities.” (Blankley &

Booyens 2010). In other words, a knowledge-based economy is not a silver bullet that can be

used to solve broad socio-economic problems of poor economic growth, unemployment, inequal-

ity and poverty. It would seem that the simulation results show that a country like South Africa

should not embrace the KBE paradigm. What the simulation does show is that embracing a

knowledge economy without changing anything else would be problematic in the long-run. A

holistic, multi-faceted approach is required.

There is also another dimension that must be considered: global competitiveness. New oppor-

tunities for growth and development in developing countries have been created by the global-

isation of technology (Vadra 2017). The model assumed that global demand would steadily

increase regardless of anything else. In reality, not adopting global trends in technological

progress could leave a country behind due to lower levels of productivity.
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6.2 Alternative scenarios
With the simulation framework used, it would be possible to investigate alternative scenarios

by adjusting other parameters in the model. Some possibilities are highlighted as follows:

• The educational throughput probability parameters (discussed in §4.2.2, pg.37) could be

changed in order to investigate the impact of changes in the education system. Weybright

et al. (2017) has described the South African school dropout rate as a national crisis.

Within the model, the proportion of individuals finishing school can be adjusted to assess

the macroeconomic the impact of even marginal improvements in throughput rates.

• A fixed amount for social grants (see §4.5, pg.55) has been used and by using alternative

social grant amounts, the broader economic impact can be investigated.

• The growth rate parameter for the foreign market could be adjusted to assess the impact

of lower global competitiveness if a KBE is not adopted.

6.3 Recommendations for improvements
There are several possible improvements that could be made to the model presented. These

are briefly itemized as follows:

• The model can be extended to incorporate more than two products in the consumer

product market.

• Alternative production functions could be used for different firms, either within the var-

ious product sectors, or between different product sectors.

• Make the number of firms in the economy dynamic, allowing underperforming firms to

close and new firms to be created in a market with high demand.

• Incorporate a more sophisticated mechanism for selecting both consumer and firm buying

preferences.

• Allow for salary increases.

• Introduce income tax on employed individuals.

• Use a production-weighted average price for the market price of each good (Gualdi et al.

2015).

• Make government an employer and expand the role of government in the economy.

• Introduce materials supplier firms, with an associated market for raw materials. They

would also employ workers through the labour market. This would result in a modification

to the calculation of a firm’s costs and resulting profitability.
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• Modify the implementation to incorporate multiple capital and knowledge producing

firms. This would result in an additional market for capital goods and knowledge/tech-

nology.

• In validating the model, it may be informative to compare the simulation results to

alternative growth models, such as the Romer model (Romer 1990, 2011), the Ramsey-

Cass-Koopmans growth model (Romer 2011, Ch. 2), or a Schumpeterian growth model

(Acemoglu 2009, Ch. 14).

• Introduce ‘shocks’ in the economy. For example, removing a country in the foreign market.

• Allow for both short- and long-term adjustments in labour.

• It would be necessary to parallelise the existing code in order to reduce the simulation

time.
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Notation

A.1 Software objects
All software elements are identified in the text using a sans-serif font.

• Constants are identified using capitalised, italic font. For example, the set of education

values is written as: Education.

• Instances of objects are identified using lower-case. An instance of an individual is written

as: individual; an instance of a firm is written as: firm; an instance of the product market

is written as: product market.

• Attributes of an object are referenced using dot-referencing. The age attribute of an

individual is written as individual·age.

• Classes are identified using bold capitalisation. The individuals class is written as Indi-

vidual. Therefore an individual is an instance of the class Individual; and product market

is an instance of ProductMarket.

• Methods are written in a number of ways, all using lower-case and identified with brack-

etting, “()”. A generic method is written as: calculate needs(). A particular object’s

method uses dot-referencing and is written as: individual·calculate needs(). A particular

object’s method with parameters is identified as: individual·has money(amount).
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A.2 Indexing
Index Description

f Firm index

i Individual index

g Product. See §4.3.1, pg.41
e Level of education. See §4.2.2, pg.37

A.3 Firms
Firms

Variable Description

pfg Product g sales price of firm f

p̄Mg The average market price for a product g

ΠM
fg Market price ratio for the firm - see equation 4.14, pg.51

qf Actual production by firm f

qmax
f Production capacity of firm f

Q Aggregate actual production by all firms

Qmax Aggregate production capacity of all firms

∆f Stock of firm f

δf Relative stock of firm f - see equation 4.11, pg. 47

〈δ〉f N -point moving average of relative stock of firm f - see equation 4.12, pg. 47

Mf Number of months for moving average of stock - see equation 4.12, pg. 47

NF The total number of consumer firms

NF
g The total number of firms producing a product g

τf Technological sophistication of the firm

Kf Capital of firm f

Wf Knowledge of firm f

Cf Overall production scaling parameter in Cobb-Douglas production function

AK
f Capital productivity in Cobb-Douglas production function

AL
fe Labour productivities for each education level in Cobb-Douglas production function

αf Output elasticity for capital in Cobb-Douglas production function

~̀
f Skills composition or qualification mix as proportions

Lf The total number of employees in firm f

~Lf Labour mix vector of employees for firm f

Lfe Labour mix vector component for firm f with education level e

Sf Savings (or accumulated wealth) of firm f

Rf Monthly revenue of firm f

Note: In places where the firm index, f , is implied, it will be dropped. For example, the firm

technological sophistication τf , will sometimes be simply written as τ .
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A.4 Mathematical notation
Some of the mathematical notation used:

≡ Means “is equivalent to”

:= Means “is defined as”
!

= Means “must equal”

∼ Means “is distributed as”

≈ Means “approximately equal to”

• ∆x: Means a change in a variable x.

• x̃ : Denoted the average value of the variable x obtained over all Monte Carlo simulation

runs.

• x̂: Denotes x as a simulation parameter.

• x ∼ U [a, b]: Means x is a random variable with a value drawn from a uniform distribution

between a and b.

• P(decision): The probability, between 0 and 1, of a particular decision being made.

• 〈x〉: The N -point moving average value of a variable x(t) is denoted by

〈x(t)〉N :=
1

N

N∑
n=1

x(t− n) (A.1)

A.5 Government variables
Index Description

rG Corporate tax rate

PG
tot Total grant payments

Ntot Total net profit of all firms.

A.6 Economic variables
Index Description

Y GDP

C Consumption

X Exports

I Investment
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The Solow-Swan growth model

This appendix provides an overview of the Solow-Swan growth model (Solow 1956, Swan 1956).

For a variable, x(t), that changes with time, the growth of x is defined as

gx(t) :=
ẋ(t)

x(t)
, (B.1)

where ẋ(t) is the instantaneous rate of change (or time derivative) of x. For example, considering

a constant population growth rate, g, then

Ṅ

N
= g. (B.2)

This results in exponential population growth1,

N(t) = N0e
g(t−t0) (B.3)

where N0 is the initial population at time t0. Performing an exponential fit to the South African

population data (as shown in Figure B.1) results in g ≈ 2.239% per annum. This is in fairly

good agreement with the average annual population growth rate, ā ≈ 2.076%.

The exogenous, neoclassical Solow-Swan model serves as a simple baseline model for under-

standing economic growth (Romer 2011). Here we will consider a continuous-time version of

the Solow-Swan model, described by (Romer 2011), as opposed to the discrete-time version,

described by (Sørensen & Whitta-Jacobsen 2010).

Before describing the model, it is important to state the assumptions of the Solow-Swan model.

1The ordinary differential equation, ẋ = gx, can be separated and integrated,∫ x

x0

1

x
dx =

∫ t

t0

gdt ⇒ ln(x)|xx0
= g(t− t0) ⇒ x(t) = x0e

g(t−t0)
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Figure B.1: Time series of population for South Africa. Dashed lines indicate fitted population
growth, see text. Raw data source: World Bank Open Data (n.d.)

• There are four key variables that are used in the model: output, Y (t); capital, K(t);

labour, L(t) and a knowledge or labour productivity variable, A(t).

• There is a single good in the economy, that is produced with only two factors of pro-

duction: capital, K(t) and labour, L(t). This implies the existence of a generic global

production function

Y (t) = F (K(t), A(t)L(t)). (B.4)

The combination of labour with productivity, A(t)L(t), is referred to the effective labour.

• The production exhibits constant returns to scale with respect to the two factors of

production.

• Changes to capital stock is only determined by new investments and depreciation.

For concreteness, the Cobb-Douglas production function is commonly used in the Solow-Swan

model, and we will consider the following form

Y (t) = K(t)α(A(t)L(t))1−α (B.5)

where α is the output elasticity for capital, satisfying 0 < α < 1, β = 1 − α is the output

elasticity for labour and A(t) is a labour productivity variable. By construction, since the sum

of the capital and labour elasticities equals 1 (i.e. α + β = 1), this form of the production

function exhibits constant returns to scale.

The output is split between consumption and investment (or savings). If we introduce an

exogenous savings rate parameter, s, then the investment in new capital is given by I(t) =

sY (t). Hence consumption is given by C(t) = (1 − s)Y (t).
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We can calculate the output and capital stock per unit of effective labour, A(t)L(t). Dividing

both sides of the Cobb-Douglas production function by A(t)L(t), we obtain

Y (t)

A(t)L(t)
= K(t)α

A(t)1−αL(t)1−α

A(t)L(t)
=

K(t)α

(A(t)L(t))α
(B.6)

If we define the output, y(t), and capital, k(t), per unit of effective labour as

y(t) :=
Y (t)

A(t)L(t)
and k(t) :=

K(t)

A(t)L(t)
(B.7)

then the output is simply expressed in terms of the capital

y(t) = k(t)α. (B.8)

Therefore, in order to determine the output, y(t), we would need to understand the evolution

of the capital, k(t).

B.1 Evolution equations

B.1.1 Labour and productivity

The labour productivity is assumed to change at a constant rate, g,

Ȧ(t) = gA(t), (B.9)

while labour is also assumed to grow at a constant rate, n,

L̇(t) = nL(t). (B.10)

Both g and n are exogenous, constant parameters in the model. With the constant rates n and

g, productivity and labour both grow exponentially

A(t) = A0e
gt and L(t) = L0e

nt, (B.11)

where A0 and L0 are the initial values at time t = 0. From the definition of the output per unit

of effective labour, (B.7), we have Y (t) = A(t)L(t)y(t) and then using the relationship (B.8),

we obtain

Y (t) = A(t)L(t)k(t)α. (B.12)

Taking logarithms of both sides (and again using the notation ỹ ≡ ln y), one obtains

Ỹ (t) = (Ã0 + L̃0) + (g + n)t + αk̃ (B.13)

and if one lumps the two initial conditions together by defining C̃0 := Ã0 + L̃0 , one has

Ỹ (t) = C̃0 + (g + n)t + αk̃(t). (B.14)
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B.1.2 Capital

Increases in capital stock are determined from new investments, based on an investment (or

savings) rate, s. Investment in new capital is given by I(t) = sY (t). Decreases on capital

stock are assumed to be only due to depreciation at a rate, δ. The depreciation in capital stock

is therefore δK(t). Both the investment rate, s, and the depreciation rate, δ, are exogenous

parameters in the model. We are assuming that these are the only contributing factors con-

tributing towards changing the level of capital in the economy. The resulting dynamic equation

for the capital stock is therefore

K̇ = sY (t) − δK(t). (B.15)

This equation is sometimes referred to as the capital accumulation equation (Sørensen &

Whitta-Jacobsen 2010). We now need to determine the dynamics of the capital per unit

of effective labour2, k(t). From the definition of k(t) we obtain using rules for differentiation

(dropping showing the time dependence for clarity)

k̇(t) =
d

dt

(
KA−1L−1

)
=

K̇

AL
− K

AL

Ȧ

A
− K

AL

L̇

L
(B.16)

We can now substitute in from (B.9), (B.10) and (B.15) as well as the definition of k(t),

k̇(t) =
sY − δK

AL
− gk(t) − nk(t) = s

Y

AL
− δ

K

AL
− gk(t) − nk(t) (B.17)

Recognising that y = Y/AL = kα in (B.8), we finally obtain the evolution equation

k̇(t) = sk(t)α − (δ + g + n)k(t). (B.18)

This is the key dynamic equation for the Solow-Swan model. The rate of change of capital is

determined from two terms in the equation. The first is through investment, s. The second

term is composed of three exogenous parameters, δ + g + n, is referred to as the breakeven

investment. Writing b := δ + g + n, then the capital evolution equation can be written as

k̇(t) = sk(t)α − bk(t). (B.19)

If we assume that the initial capital stock at time t = 0 is given by k0, i.e.

k0 =
K0

A0L0

, (B.20)

then the solution to the capital evolution equation is given by (see the following page)

k(t) =
[s
b

(
1 − e−b(1−α)t

)
+ k1−α

0 e−b(1−α)t
] 1

1−α
. (B.21)

2For convenience it will often be simply referred to as capital
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Solution to the capital equation: The differential equation for the evolution of the

capital, written as

k̇ + bk = skα. (B.22)

This is of the form of a Bernoulli equation, which is an equation of the form

y′ + P (x)y = Q(x)yn, where n 6= 0, 1 (B.23)

so that a textbook approach to solving the equation can be used (Zwillinger 1998). Let’s

make a substitution

x(t) = k1−α, (B.24)

with a derivative given by

ẋ = (1 − α)k̇kα. (B.25)

Substituting into the differential equation (B.22) results in

ẋ + b(1 − α) = s(1 − α). (B.26)

For notational convenience, we will express the substitution in terms of the labour elasticity,

β = 1 − α,

x(t) = k(t)β, so that k(t) = x(t)1/β, (B.27)

and the resulting equation for x(t) becomes

ẋ + bβ = sβ. (B.28)

This is a first-order linear ordinary differential equation, with a general solution given by

x(t) = e−z

(∫
ezsβ dt + C

)
, with z =

∫
bβ dt, (B.29)

where C is an integration constant determined from initial conditions. Since b, s and β are

constants, the integrals can be easily performed, resulting in the solution,

x(t) =
s

b
+ Ce−bβt, (B.30)

and so one obtains

k(t) =
(s
b

+ Ce−bβt
)1/β

. (B.31)

If at time t = 0, the level of capital stock is, k0, then we can determine the integration

constant, C, as

C = kβ
0 − s

b
. (B.32)

The analytic solution is therefore given by

k(t) =
[s
b

+
(
kβ
0 − s

b

)
e−bβt

]1/β
. (B.33)

This can be re-arranged as

k(t) =
[s
b

(
1 − e−bβt

)
+ kβ

0 e
−bβt
]1/β

. (B.34)
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B.2 The Solow-Swan solution
Knowing the solution to the capital evolution equation means that we are now in a position to

calculate the output per unit of effective labour from (B.8)

y(t) =
[s
b

(
1 − e−b(1−α)t

)
+ k1−α

0 e−b(1−α)t
] α

1−α
. (B.35)

We can now solve for the actual output, lumping the two constants L0 and A0 into a single

constant

Y (t) = C0 e
(g+n)t

[s
b

(
1 − e−b(1−α)t

)
+ k1−α

0 e−b(1−α)t
] α

1−α
. (B.36)

If the initial condition is given by Y0 = Y (0), then

Y0 = C0

(
k1−α
0

) α
1−α = C0k

α
0 , (B.37)

so that

C0 = Y0k
−α
0 , (B.38)

resulting in the solution to the Solow-Swan model

Y (t) = Y0k
−α
0 e(g+n)t

[s
b

(
1 − e−b(1−α)t

)
+ k1−α

0 e−b(1−α)t
] α

1−α
. (B.39)

If we re-introduce the original model parameters, then the solution for the economic output is

finally given by

Y (t) = Y0k
−α
0 e(g+n)t

[
s

δ + g + n

(
1 − e−(δ+g+n)(1−α)t

)
+ k1−α

0 e−(δ+g+n)(1−α)t

] α
1−α

. (B.40)

For reference, the parameters in the Solow-Swan model are summarised in Table B.1. The

explicit solution allows an easy fit to the data obtained in the agent-based simulations, described

in §5.3.1, pg.77.

Table B.1: Summary of Solow-Swan parameters

Parameter Description

α Cobb-Douglas production function output elasticity for capital.
δ Capital depreciation rate
s Savings rate
g Labour productivity growth rate
n Labour growth rate

Y0 Initial GDP
k0 Initial capital per unit of effective labour
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Design & implementation

This appendix provides details on the design and implementation of the model presented.

Design concepts and terminology central to object-oriented design (OOD) and object-oriented

programming (OOP) have been used (Booch et al. 2007, Hillar 2015).

C.1 Object-oriented design in a nutshell
Object-oriented approaches to software design and implementation has become one of the

dominant software development paradigms since the 1980s (Booch et al. 2007). Most modern,

general purpose programming languages (C++, Python, Java, C#, etc.) include features for

object-orientation. The object model brings together many software analysis, modelling, design

and implementation principles in a synergistic way (Booch et al. 2007). Object-oriented pro-

gramming is a natural way to implement agent-based models (Boero et al. 2015). This section

provides a concise overview of object-oriented design (OOD). The object-oriented paradigm

incorporates several important characteristics, including data abstraction, inheritance, encap-

sulation, and polymorphism. These features are outlined in the sections that follow.

C.1.1 Abstraction, classes & objects

Objects are central to the object-oriented paradigm. Booch et al. (2007) defines an object as a

“tangible entity that exhibits some well-defined behaviour.” A particular firm in an economy

would be an object, as would be each individuals, government, etc. One of the most important

concepts in OOP involves the creation of abstract data types that are used to specify the nature

of objects representing something from the real-world. In OOP, an abstract data type is defined

by a class. Classes are used to abstract behaviour. A class is a template or blueprint for creating

objects and incorporates internal state variables (attributes or fields), as well as the possible

behaviours of the object (Hillar 2015). In other words, class contains a collection of variables
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(attributes) together with functions (procedures, behaviours or actions) that can manipulate

the variables. The functions or behaviours are often referred to as methods. An object is an

instance of class, meaning that it is a particular implementation of the class.

These ideas are best illustrated by means of an example. Suppose we have a class called Firm

(as represented in Figure C.1) that we use to model firms in our economy1. It serves as the

template from which all firms used in the simulation are then created. Any object instance that

is created based on this template would have the attributes, employees, product, cash, etc. as

shown in the diagram. At an abstract level, these attributes are the ‘things that define what it

means to be a firm’ in the model. An important part of the software engineering design process

involves deciding on the relevant attributes that are needed to uniquely define the class.

class: Firm

Attributes:
employees : collection of Individual
product : Product Type
cash : Currency
revenue : Currency
. . .

Methods:
pay salaries()
pay tax()
hire(individual, level)
plan month()
. . .

Figure C.1: An example definition for a class ‘Firm’.

A particular firm, say ‘XYZ Manufacturers’, would be an instance (an object) that is based

on the template class Firm. When the object XYZ is created (or, using OOP terminology,

instantiated), the attribute variables are initialized with initial values. So XYZ may be created

with 15 employees, producing chairs, with starting cash of R 19,230.00, etc. All of these

attributes are unique to the XYZ object.

C.1.2 Encapsulation

The paradigm shift in OOP is that the data and the methods to manipulate the data are

tightly integrated within the class definition. The data attributes that define the properties of

an object are hidden or encapsulated within the object. The value of the attribute should only

be changed by the methods of the object itself.

In the example shown in Figure C.1, the collection employees is an attribute of a Firm. The

employees variable of an firm should not be directly accessible by an outside entity. The hiring

1Note that this is not the complete class definition. The actual class definition is given in the software
documentation in the following section.
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or firing of staff is a purely internal decision within the firm and should not be accessed by

external objects. Changing internal attributes should therefore be done via operations acting on

the object - via methods. A firm such as ‘XYZ Manufacturers’ may only increase its employees

when the hire() method is called. The hire(individual, level) method would then update the

employees variable by adding the individual to the employees collection.

C.1.3 Inheritance

Another powerful feature of OOP is the ability to inherit all the features (both attributes and

methods) from a more abstract class. The parent class is referred to as the base or superclass,

while the child class is said to be a subclass. It is often useful to create a more general,

abstract class, and then establish a relationship between the classes. Usually, one creates a ‘is

a’ relationship between two classes.

As an example that will be used in the development of our agent-based model, suppose we

have already seen the generic, abstract Firm class. In the model, there are two types of firms:

a consumer firm and a capital firm, as shown in Figure C.2. In terms of the language used, one

would say that the class Consumer Firm ‘is a’ Firm. The class Firm is the base class, while

Consumer Firm is the subclass. All of the attributes and methods defined by the class Firm

are then automatically inherited by the Consumer Firm and Capital Firm classes, and don’t

need to be redefined. Therefore common features don’t need to be implemented separately.

class: Firm

Common attributes

Common methods

class: Consumer Firm

Consumer firm attributes

Consumer firm methods

class: Capital Firm

Capital firm attributes

Capital firm methods

Figure C.2: An example of a class inheritance.

An important aspect of OOD is the design of the class hierarchy. By carefully considering and

designing the class structures in a particular problem, a problem can be made considerably

easier. The effort is in the design process and wherever possible, requires one to move function-

ality to higher levels of abstraction. In the model developed, we have an assortment of different

types of objects that would interact: individuals, firms, government, etc. These various objects

are related by the class hierarchy shown in Figure C.3. Inheritance therefore provides another

level of abstraction in the OOD process.
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Agent

Consumer

Individual Country

Government Firm

Consumer FirmCapital Firm

Figure C.3: The class diagram for the agents in the model.

C.1.4 Polymorphism

The last important characteristic of OOP that we will discuss, polymorphism, is a consequence

of inheritance. The key idea of polymorphism is that various types of objects can have the

same interface, provided by methods. What this means is that each class in a class hierarchy

branch would have the same method name, but with the implementation being different for

each subclass.

Consider the method plan month() provided by the Firm class shown in Figure C.2. Each of the

subclasses can override the base class implementation of the method, so that the Consumer

Firm and Capital Firm classes would each have different implementations of the plan month()

method. The consumer firm method, cfirm·plan month(), would do completely different things

compared to the capital firm method, kfirm·plan month(). The advantage of polymorphism is

that if additional types of firms are added, the interfaces to the new firm classes would be

completely consistent with the existing classes.
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C.2 Simulation parameters
The simulation is initialized with parameters shown in the following tables.

Table C.1: Initial simulation parameter settings

Par. Description Value

t̂max Simulation duration 600 months

N̂MC Number of Monte Carlo runs 20

ξ̂ Capital-labour investment probability. §4.3.5.3, pg.49 0.4, 0.35

Table C.2: Initial simulation parameter settings for the population or individuals

Par. Description Value

N̂P Initial population size 2,500
ĝP Population annual growth rate 1.5% p.a.
ĝB Population annual birth rate 2.75% p.a.
r̂U0 Initial unemployment rate 25.0%

~̂rIS Individual savings rate (by education) [2, 4, 8, 10] %
Progression Probability Parameters
p̂E0 Progression probability of individuals finishing school 0.62
p̂E1 Progression probability of individuals getting matric 0.75
p̂E2 Progression probability of individuals entering tertiary education 0.4
p̂E3 Progression probability of individuals finishing tertiary education 0.75
p̂E4 Progression probability of individuals entering graduate school 0.4
p̂E5 Progression probability of individuals finishing graduate school 0.95
Default Status Consumption Parameters

~̂d0 Status consumption parameter - unskilled [1000, 5]

~̂d1 Status consumption parameter - matric [1000, 15]

~̂d2 Status consumption parameter - bachelors [1000, 25]

~̂d3 Status consumption parameter - postgrad [1000, 50]

~̂d4 Status consumption parameter - unemployed [1000, 1]

~̂d5 Status consumption parameter - retired [1000, 2]

Table C.3: Initial simulation parameter settings for firms

Par. Description Value

N̂F Number of firms per 1000 population (by goods) [6, 4]

~̂sgF Firm savings rate (by goods) [0.25, 0.75] %

d̂ Capital depreciation rate per month 0.01 %/p.m.
Long-Term Adjustment Parameters

~̂δ0 Stock-capacity ratio long-term labour trigger levels (%) - essential [0.2, 7.0, 10.0, 20.0]

~̂δ1 Stock-capacity ratio long-term labour trigger levels (%) - luxury [0.5, 5.0, 12.5, 17.0]
ˆ

∆~L0 Long-term labour changes - essential [12, 7, 0, -6, -10]
ˆ

∆~L1 Long-term labour changes - luxury [6, 4, 0, -3, -5]

Table C.4: Initial simulation parameter settings for markets

Par. Description Value

P̂G Base product prices (by goods) R [10, 1200]

P̂L Base labour prices (by education) R [12500, 25000, 60000, 120000]
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Table C.5: Initial simulation parameter settings for government

Par. Description Value

ŜG Government grant amount R 4,000 p.m.
r̂G Government tax rate 25.0%

Table C.6: Initial simulation parameter settings for the world

Par. Description Value

N̂X World size / number of countries 6
ĝX World annual growth rate 1.8% p.a.

~̂DX World default product basket quantities [31000, 140]

C.3 Software implementation & documentation
The following pages provide the software documentation for the implementation of the model.

For each of the classes used in the simulation, the class hierarchy is provided, together with the

class attributes and methods. Where appropriate, information is provided on the algorithms or

calculations performed. Note that the documentation has been auto-generated from comments

within the source code using doxygen (https://www.doxygen.nl/index.html).

The implementation was inspired by various aspects of the Python ABM library, Mesa (Masad

& Kazil 2015). Some of the main Python libraries that were used include:

• a generic simulation library pypet,

• a tree data structure library treelib,

• a mathematical library numpy,

• a scientific computing library scipy and

• a plotting library matplotlib.

The graphs were generated using the LATEX PGFPlots package.

https://www.doxygen.nl/index.html
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C.4 Miscellaneous design details

C.4.1 Adjustment functions

This section outlines the way in which adjustment functions used in the simulation. When

using the average relative stock level, 〈δ〉, a variable x (for example capital, Kf ) may need to

change by an amount, ∆x. An adjustment function will provide the dependence of the change,

∆x, on the stock, 〈δ〉. The simplest way in which ∆x can be determined is using a linear

adjustment function, Lx, as shown in Figure C.4(a). The function Lx() is parameterized by the

minimum and maximum values, ∆xmin, ∆xmax.

Varying levels of
responsiveness, γx

∆xmin

∆xmax

∆xmin

1 1

〈δ〉 〈δ〉

(a) Linear adjustment function (b) Sigmoid adjustment function

∆xmax
∆x = Ax(〈δ〉)∆x = Lx(〈δ〉)

Figure C.4: Various adjustment functions, used in the simulation.

A second way in which ∆x can be determined is using a sigmoid adjustment function, Ax, as

shown in Figure C.4(b). This adjustment function ‘softens’ a heuristic of the form,

if 〈δ〉 is LOW, then increase x by ∆x ≈ ∆xmax

if 〈δ〉 is HIGH, then decrease x by ∆x ≈ ∆xmin,
(C.1)

by allowing a continuous set of values for the change, ∆x. The change would be given by

∆x = Ax(〈δ〉), where the function Ax() is parameterized by minimum and maximum values,

∆xmin, ∆xmax, and a responsiveness parameter, γx. For low value of the relative stock (〈δ〉 → 0),

the change will tend towards the maximum value, ∆xmax; while for high values of the relative

stock (〈δ〉 → 1), the change will tend towards the minimum value, ∆xmin; with a continuous

range of values in-between.

C.4.2 Government tax rate adjustment

Changes to the tax rate is calculated in the following way. Government will calculate the total

net profit of firms Ntot(t). The revenue obtained over the year is equal to the tax rate multiplied

by the firm total revenue, R(t) = rG(t)Ntot(t), while the total social grant payments made is

Ptot(t), so that the excess government income is given by

E(t) = R(t) − Ptot(t) = rG(t)Ntot(t) − Ptot(t). (C.2)
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In order to minimize the tax burden, one can require that the rate of change of excess income

must equal zero, which implies that the time derivative must vanish,

dE(t)

dt
!

= 0. (C.3)

This gives the condition

drG(t)

dt
Ntot(t) + rG(t)

dNtot(t)

dt
− dPtot(t)

dt
!

= 0. (C.4)

from which we obtain the rate of change of taxation

drG(t)

dt
=

1

Ntot(t)

dPtot(t)

dt
− rG(t)

Ntot(t)

dNtot(t)

dt
. (C.5)



Appendix C. Design & implementation 141

C.5 Individual status changing rules
The following points describe the basic rules on how an individuals status and education changes

over time. The progression probability parameters, p̂Ei used in the simulation are given in

Table C.2, pg.100.

• When a new individual is ‘born’, it is created with an age equal to 0 and the individ-

ual·status variable will be assigned the value Child, while the individual·education variable

will be assigned a value of Unskilled.

• At the age of 6, the individual will then enter the schooling system, with individual·status
assigned the value School until the age of 18.

• Whether or not the individual actually finishes school is based on the progression proba-

bility P(finishing school) = 0.62, capturing a school dropout rate of 38%.

• When a individual does dropout of the schooling system, the individual·status variable is

assigned the value Unemployed, and becomes an active member of the economy.

• If the individual does finish school, then there is a probability that they will pass matric,

P(passing matric) = 0.75, which results in the individual·education variable being assigned

a value of Matric (ie. the individual is then classified as semi-skilled).

• Those 25% of individuals that do not pass matric, would then have the individual·status
variable is assigned the value Unemployed, with the individual·education variable remaining

at None (ie. the individual is then classified as unskilled).

• There is a progression probability P(entering tertiary) = 0.4 that the individual that

passed matric will enter higher education, upon which the individual·status variable is

assigned the value Studying.

• The progression probability of graduating with a tertiary education, P(passing tertiary)

= 0.75, implies that 25% of individuals drop out of higher education. Those that drop

out result in the individual·status variable assigned the value Unemployed and the indi-

vidual·education variable remaining unchanged at a value of Matric (ie. the individual is

classified as semi-skilled).

• The 75% that do pass tertiary education may continue studying, with a progression

probability P(entering postgraduate)= 0.4.

• Alternatively, they would enter the pool of the unemployed, with the individual·status
variable assigned the value Unemployed and the individual·education variable assigned a

value Bachelors, so that they are classified as being skilled.

• The progression probability of graduating with a postgraduate qualification, P(passing

postgraduate) = 0.95, implies that the vast majority of individuals will graduate. Upon

completion, once again the individual·status variable assigned the value Unemployed and

the individual·education variable is assigned the value Postgraduate (ie. are highly-skilled).
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