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Abstract i

Abstract
3D immersive audio rendering systems use algorithms that accurately render the perceived location of an 

audio source within a space using multiple sets of loudspeakers. The algorithms used by these renderers can 

become very processor intensive as the number of tracks and loudspeakers being used increases. The 

ImmerGo spatial audio system provides a solution to this by using distributed endpoint processing. 

ImmerGo uses a client-server architecture that controls multiple smaller endpoints distributed on an 

Ethernet Audio Video Bridging (AVB) network. Each endpoint contains an audio mixer which is dedicated 

to mixing audio to a smaller subset of speakers according to commands from ImmerGo.

The ImmerGo system performs its rendering calculations within the host computer and then mixes the 

audio at each endpoint. The work in this thesis identified that the processing load put on the host computer 

due to these calculations may be mitigated by offloading the rendering algorithm calculations to the 

endpoints as well. In order to prove this for a number of different algorithms, the ImmerGo system was 

modified to include three new algorithms as well as the one it currently uses. Each algorithm then had its 

processing offloaded to the endpoints at three successive steps of distribution. Tests were performed to 

determine the limitations of each step, and how the host processor and endpoint processors were affected 

by distributing the calculations. Listening tests were also performed to ensure that each newly introduced 

algorithm was implemented correctly.
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Chapter 1

Introduction

Since the advent of modern spatial recording, sound designers and composers have been using directional 

sound to create sonic spaces. Be it recreating scenes from history in the cinema house, generating new and 

unimaginable environments within virtual reality headsets, or even just listening to a concerto recording 

with headphones; the ability to have a listener completely immersed within the environment and its audio 

content is of utmost importance to the audio designer.

There are many different reasons for creating 3D spatial audio content and as such, many different 

configurations for realizing spatial audio. For instance, a virtual reality context may be better suited to 

headphone-based reproduction. A sound art installation may have a very irregular layout of speakers to 

reproduce the audio, while a movie house has very specific positions for the speakers. Enabling spatial 

audio in these different environments becomes quite a challenge, but with available techniques and 

methods, there is ample opportunity for this to be achieved.

This document aims to give insight into some of the more popular spatial audio rendering techniques, as 

well as describe a novel implementation of them. This implementation uses distributed processing and 

audio networks in an attempt to overcome some of the challenges that arise when creating larger immersive 

loudspeaker setups. The main challenges are,

Complicated system setup with many devices, cables and audio interfaces.

Large processing overheads.

Difficulty when interfacing between the various audio software systems, devices and algorithms 

that make up an immersive audio system.

The rest of this chapter will introduce the reader to the concept of 3D immersive audio and discuss its 

different representations. Then, a brief outline of distributed processing within the context of 3D 

Immersive Audio will be given, with reference to some currently available systems. This will provide the 

necessary context to introduce the problem statement and motivation for the implementation described in 

this thesis. There is a brief introduction to the application framework that is used for the project is provided 

followed by how this framework was enhanced so to implement a novel distributed solution for 3D 

immersive audio.

1.1 3D Immersive Audio

Immersive audio (also referred to as 3D spatial audio or immersive sound) is different from other 

monophonic, stereophonic and surround playback techniques. As the name suggests, its intention is to 

immerse, or envelop, a listener using a multitude of loudspeakers, or in some cases, headphones. In this 

thesis, 3D immersive audio will refer to using multiple loudspeakers within a 3D environment. This differs 

from surround sound even though surround sound techniques use multiple speakers. In the case of
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immersive sound, an algorithmic method is used to localize multiple sound sources to speakers within an 

environment. Immersive sound algorithms make it easier to both create and correctly playback the audio 

scene to an unspecified layout of loudspeakers. In contrast, a mix engineer creates surround sound mixes 

consisting of finite audio channels driving speakers within specific configurations. A surround sound mix 

requires that the audio is distributed in a multichannel format that can only be listened to correctly on 

standardized loudspeaker configurations. Whilst there are ways to encode to different loudspeaker 

configurations at the playback stage, it still requires the engineer to create the audio channels that feed the 

loudspeakers directly. This approach has been aptly named channel-based audio (CBA).

In order to create flexible listening systems that can be personalized to a user’s listening environment, the 

environment must be modelled according to a more abstract notion of objects. Objects being associated 

with the physical location of track sources, loudspeakers, loudspeaker materials and room materials. This

means

1 .

2.

that the 3D audio mixing process may be split into two parts,

Creating spatial metadata associated with audio sources within a spatial audio scene -  the 

authoring stage.

Using a renderer to generate the appropriate loudspeaker signals according to source and room 

metadata -  the playback stage.

In order to accomplish this, object-based audio (OBA) and scene-based audio (SBA) was developed as a 

means for a user to create a 3D ‘audio scene’ that both describes and produces the spatial information and 

directivity of audio tracks, whilst abstracting away from the act of manually generating the loudspeaker 

signals. The representation of this audio scene is no different from that of game objects in a video game. It 

gives a mix engineer the freedom to author the audio scene using a more intuitive representation of 3D 

space and passes the responsibility of generating appropriate loudspeaker signals for a particular 

configuration to an automated mixing renderer at the playback stage.

3D immersive audio is now being adopted in many different systems around the world. A large amount of 

public research and open source projects has pushed not only large commercial entities to create their own 

systems, but also many other smaller developers, to create their own do it yourself systems. There are 

various algorithms that are used to render 3D immersive content and, due to the nature of the algorithms, 

some may suit some applications more than the other. As alluded to at the beginning of this introduction, 

these applications can range from virtual reality, cinema, art and museum installations and music 

production and performance.

1.1.1 Representations used by 3D Spatial Audio

1.1.1.1 Object-based Audio (OBA)

Object-based mixing has been designed specifically for spatial audio and intends to simplify the mixing, 

distribution and rendering of spatial audio content (Bleidt, Borsum, Fuchs, & Weiss, 2014). Borrowing 

from game development concepts, each audio track is seen as an object with positional metadata that can 

be used by a spatial audio renderer to mix the audio appropriately to speaker outputs. Various parameters 

may be contained in the metadata that are used to describe the audio object’s position, volume, distance
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a n d  s p r e a d  w i t h i n  t h e  m i x .  T h i s  m e t a d a t a  m a y  a l s o  b e  a s s o c i a t e d  w i t h  t i m e s t a m p s  t h a t  a l l o w  t h e s e  

p a r a m e t e r s  t o  c h a n g e  o v e r  t i m e  i n  o r d e r  t o  c o m p o s e  a  s p a t i a l  a u d i o  m i x .  A  u s e r  w o u l d  t y p i c a l l y  u s e  a  

g r a p h i c a l  i n t e r f a c e  t o  p l a c e  a u d i o  o b j e c t s  o n  a  3 D  c a n v a s  t h a t  t h e n  h a v e  t h e i r  m e t a d a t a  r e c o r d e d .

A s  m e n t i o n e d  a t  t h e  b e g i n n i n g  o f  t h i s  c h a p t e r ,  o b j e c t - b a s e d  a u d i o  m i x i n g  i s  d i s t i n g u i s h e d  f r o m  t y p i c a l  

c h a n n e l - b a s e d  a u d i o  m i x i n g  i n  t h a t  i t  a b s t r a c t s  t h e  s p a t i a l  i n f o r m a t i o n  o f  a u d i o  t r a c k s  f r o m  t h e  p h y s i c a l  

m i x i n g  p r o c e s s .  T h i s  p r o v i d e s  a  h a n d l e  f o r  a  u s e r  t o  t h i n k  a b o u t  t h e  o b j e c t ’ s  l o c a t i o n  r a t h e r  t h a n  t h e  m i x  

l e v e l s  r e q u i r e d  t o  p l a c e  t h e  o b j e c t  i n  t h e  s p a c e  ( B a r c o ,  2 0 1 5 ) .  I n  c o n t r a s t ,  i f  c h a n n e l - b a s e d  m i x e s  a r e  t o  b e  

p e r c e i v e d  c o r r e c t l y  t h e y  n e e d  t o  b e  p l a y e d  b a c k  o n  a n  a u d i o  s y s t e m  v e r y  s i m i l a r  t o  t h e  o n e  t h a t  w a s  u s e d  t o  

m i x  i t .  T h u s ,  t h e s e  m i x e s  a r e  r e s t r i c t e d  t o  s p e c i f i c  c h a n n e l  c o u n t s  a n d  n e e d  t o  b e  r e m i x e d  a n d  r e m a s t e r e d  

f o r  d i f f e r e n t  s p e a k e r  c o n f i g u r a t i o n s  ( s u c h  a s  5 . 1 ,  7 . 1 ,  1 1 . 1  e t c ) .  O b j e c t - b a s e d  a u d i o  d i f f e r s  f r o m  t h e  c h a n n e l ­
b a s e d  a p p r o a c h  a s  i t  r e l i e s  o n  t h e  r e n d e r e r  t o  u s e  t r a c k  m e t a d a t a  t o  c a l c u l a t e  t h e  s p e a k e r  s i g n a l  l e v e l s  a t  

p l a y b a c k  t i m e .  T h i s  o f f e r s  m o r e  f l e x i b i l i t y  w h e n  d e p l o y i n g  s p a t i a l  a u d i o  c o n t e n t  a s  o n l y  t h e  p o s i t i o n a l  

i n f o r m a t i o n  o f  t r a c k  o b j e c t s  n e e d  t o  b e  r e c o r d e d .  T h e  r e n d e r e r  c a n  t h e n  r e n d e r  t h e  a u d i o  a c c o r d i n g  t o  t h e  

l o u d s p e a k e r  c o n f i g u r a t i o n .  T h e  s i g n a l s  f e e d i n g  e a c h  l o u d s p e a k e r  c h a n n e l  m a y  a l s o  b e  r e c o r d e d  s h o u l d  t h e  

u s e r  w a n t  a  c h a n n e l - b a s e d  m i x d o w n  f o r  t h e  l o u d s p e a k e r  a r r a y .  A l s o ,  i m p o r t a n t  t o  n o t e  i s  t h e s e  t w o  

a p p r o a c h e s  a r e  o f t e n  c o m b i n e d  t o  p r o v i d e  a c c u r a t e  o b j e c t - b a s e d  l o c a l i z a t i o n  f o r  s p e c i f i c  o b j e c t s  a n d  u s i n g  

c h a n n e l - b a s e d  a m b i e n c e .  T h i s  i s  d o n e  t o  h e l p  m i n i m i z e  l o a d s  p u t  o n  t h e  o b j e c t - b a s e d  r e n d e r e r .

A  s t a n d a r d i s e d  o b j e c t - b a s e d  a u d i o  s p e c i f i c a t i o n  w a s  f i r s t  i n t r o d u c e d  b y  t h e  E u r o p e a n  B r o a d c a s t i n g  U n i o n  

( E B U )  w i t h i n  t h e i r  " T E C H  3 3 6 4 "  a s  a n  " A u d i o  D e f i n i t i o n  M o d e l  ( A D M )  -  M e t a d a t a  S p e c i f i c a t i o n "  

( E u r o p e a n  B r o a d c a s t i n g  U n i o n ,  2 0 1 4 ) ,  w h i c h  h a s  r e c e n t l y  b e e n  a c c o m p a n i e d  b y  t h e  E B U  A D M  R e n d e r e r  

( E A R )  o p e n  s p e c i f i c a t i o n  t h a t  d e s c r i b e s  a  m e t h o d  o f  r e n d e r i n g  t h e  A D M  ( E u r o p e a n  B r o a d c a s t  U n i o n ,  

2 0 1 8 ) .  T h i s  h a s  b e e n  f o l l o w e d  b y  t h e  M P E G - H  3 D  a u d i o  s t a n d a r d  w h i c h  i s  d i r e c t e d  a t  b r o a d c a s t i n g  a n d  

d i s t r i b u t i o n  o f  i m m e r s i v e  a u d i o  c o n t e n t  ( H e r r e ,  H i l p e r t ,  K u n t z ,  &  P l o g s t i e s ,  2 0 1 5 )  ( M P E G - H ,  2 0 1 5 )  a s  w e l l  

a s  a  l o u d n e s s  m e a s u r e m e n t  s p e c i f i c a t i o n  f o r  m u l t i c h a n n e l  a u d i o  ( I n t e r n a t i o n a l  T e l e c o m m u n i c a t i o n s  U n i o n ,  

2 0 1 7 ) .  T h e r e  i s  a l s o  t h e  S o c i e t y  o f  M o t i o n  P i c t u r e  a n d  T e l e v i s i o n  E n g i n e e r s  ( S M P T E )  w o r k i n g  g r o u p  w h i c h  

h a v e  d e v e l o p e d  t h e  M u l t i - D i m e n s i o n a l  A u d i o  ( M D A )  o b j e c t - b a s e d  a u d i o  s p e c i f i c a t i o n  f o r  s i m i l a r  

r e a s o n i n g  ( S M P T E ,  2 0 1 8 )  ( S M P T E ,  2 0 1 8 ) .  A l o n g  w i t h  t h e s e  o p e n  s p e c i f i c a t i o n s ,  t h e r e  a r e  a l s o  m a n y  o t h e r  

p r o p r i e t a r y  v e r s i o n s  o f  O B A  t h a t  h a v e  b e e n  d e v e l o p e d  a n d  u s e d  i n  s o f t w a r e  d e v e l o p e d  b y  l a r g e r  c o m p a n i e s ’  

s u c h  a s  D o l b y  A t m o s  \  D T S : X  2  a n d  A u r o 3 D  A u r o M a x  3 .  D o l b y  h a s  a l s o  i m p l e m e n t e d  a n  a u d i o  f o r m a t  

k n o w n  a s  A C - 4  w h i c h  a l l o w s  f o r  O B A  t o  b e  e n c o d e d  a n d  d i s t r i b u t e d  a l o n g s i d e  C B A  ( D o l b y  L a b o r a t o r i e s ,  

2 0 1 5 ) .  A C - 4  i s  r e c o g n i z e d  a s  t h e  o f f i c i a l  s t a n d a r d  w i t h i n  t h e  E u r o p e a n  T e l e c o m m u n i c a t i o n s  S t a n d a r d s  

I n s t i t u t e  ( E T S I )  a n d  h a s  b e e n  a d o p t e d  b y  D i g i t a l  V i d e o  B r o a d c a s t i n g  ( D V B )  ( E T S I ,  2 0 1 5 )  ( D V B ,  2 0 1 8 ) .

1  D o b l y  A t m o s  -  h t t p s : / / w w w . d o l b y . c o m / u s / e n / t e c h n o l o g i e s / h o m e / d o l b y - a t m o s . h t m l

D T S : X  C r e a t o r  S u i t e  -  h t t p s : / / d t s . c o m / d t s x

A u r o 3 D  -  h t t p s : / / w w w . a u r o - 3 d . c o m / s y s t e m /

1.1.1.2 Scene-based Audio (SBA)

S B A  i s  a  h y b r i d i z a t i o n  o f  t h e  o b j e c t  a n d  c h a n n e l - b a s e d  a p p r o a c h e s .  T h e  m a i n  c o n c e p t  o f  S B A  i s  t o  e n c o d e  

a l l  t h e  a u d i o  o b j e c t s  i n t o  a  f i n i t e  n u m b e r  o f  c h a n n e l s  t h a t  m a y  t h e n  b e  d i s t r i b u t e d  a n d  d e c o d e d  t o  a  n o n -

https://www.dolby.com/us/en/technologies/home/dolby-atmos.html
https://dts.com/dtsx
https://www.auro-3d.com/system/
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d e f i n e d  s p e a k e r  c o n f i g u r a t i o n  a t  t h e  p l a y b a c k  s t a g e .  T h e  r e d u c t i o n  o f  a n  e n t i r e  a u d i o  s c e n e  i n t o  a  k n o w n  

n u m b e r  o f  c o m p o n e n t s  s i g n i f i c a n t l y  r e d u c e s  t h e  b a n d w i d t h  a n d  p r o c e s s i n g  t h a t  w o u l d  o t h e r w i s e  b e  

r e q u i r e d  w h e n  d i s t r i b u t i n g  a n d  r e n d e r i n g  O B A  o n  a  l a r g e  s c a l e .  T h i s  m a k e s  S B A  a  l i k e l y  c a n d i d a t e  f o r  

f u t u r e  d e v e l o p m e n t s  w i t h  h o u s e h o l d  3 D  i m m e r s i v e  a u d i o  a n d  b r o w s e r - b a s e d  m e d i a .

C u r r e n t l y ,  t h e  o n l y  r e n d e r i n g  a l g o r i t h m  t h a t  h a s  t h i s  f e a t u r e  i s  A m b i s o n i c s ,  w h i c h  i s  a l s o  k n o w n  a s  H i g h e r  

O r d e r  A m b i s o n i c s  ( H O A )  ( S h i v a p p a ,  M o r r e l l ,  S e n ,  P e t e r s ,  &  S a l e h i n ,  2 0 1 6 ) .  S B A  i m p l e m e n t e d  a s  H O A  i s  

i n c l u d e d  a l o n g s i d e  C B A  a n d  O B A  r e p r e s e n t a t i o n s  w i t h i n  t h e  E B U  A D M ,  t h e  M P E G - H  3 D  A u d i o  s t a n d a r d  

a n d  t h e  S M P T E  a u d i o  b i t s t r e a m  ( E u r o p e a n  B r o a d c a s t i n g  U n i o n ,  2 0 1 4 )  ( M P E G - H ,  2 0 1 5 )  ( S M P T E ,  2 0 1 8 ) .

1.2 Distributed Digital Signal Processing (DSP) in an

Immersive Context

T h e  c o n c e p t  o f  d i s t r i b u t e d  a u d i o  p r o c e s s i n g  d i s c u s s e d  i n  t h i s  t h e s i s  i s  n o t  n e w  a n d  a  n u m b e r  o f  d i s t r i b u t e d  

D S P  p r o d u c t s  s u c h  a s  t h e  U A D  s a t e l l i t e  4  a r e  a v a i l a b l e .  T h e s e  p r o d u c t s  h a v e  a  d e d i c a t e d  e x t e r n a l  p r o c e s s o r ,  

w h i c h  c a n  p r o c e s s  t h e  a u d i o  e x t e r n a l l y  b y  b e i n g  i n s e r t e d  i n t o  a  D S P  s i g n a l  c h a i n  s i m i l a r  t o  a  p l u g i n .  O n c e  

p r o c e s s e d ,  t h e  a u d i o  i s  t h e n  r o u t e d  b a c k  i n t o  t h e  s i g n a l  c h a i n ;  n o t  u n l i k e  a n  i n s e r t  o n  a  t r a d i t i o n a l  a n a l o g u e  

a u d i o  m i x e r .

4  h t t p s : / / w w w . u a u d i o . c o m / u a d - a c c e l e r a t o r s / u a d 2 - s a t e l l i t e - t h u n d e r b o l t . h t m l

A d a p t i n g  t h i s  t o  i m m e r s i v e  a u d i o ,  s y s t e m s  t h a t  r e n d e r  3 D  i m m e r s i v e  a u d i o  o f t e n  n e e d  t o  r u n  i n  t a n d e m  

w i t h  o t h e r  a u d i o  a p p l i c a t i o n s  r u n n i n g  o n  t h e  C P U  s u c h  a s  a  D i g i t a l  A u d i o  W o r k s t a t i o n  ( D A W ) .  T h e  

a l g o r i t h m s  u s e d  f o r  t h e  r e n d e r i n g  a r e  r e q u i r e d  t o  h a n d l e  m a t h e m a t i c a l  c a l c u l a t i o n s  p r i o r  t o  a c t u a l l y  

p r o c e s s i n g  t h e  a u d i o  -  w i t h  a l l  t h i s  n e e d i n g  t o  h a p p e n  i n  r e a l - t i m e .  T h e  a l g o r i t h m s  a r e  p r o c e s s o r  i n t e n s i v e ,  

a n d  e v e n  m o r e  s o  a s  t h e s e  s y s t e m s  b e c o m e  l a r g e r .  T h i s  m a k e s  3 D  i m m e r s i v e  a u d i o  a  g o o d  c a n d i d a t e  f o r  

d i s t r i b u t i n g  p r o c e s s i n g  a n d  t h e r e  a r e  a  n u m b e r  o f  d i s t r i b u t e d  s p a t i a l  a u d i o  s y s t e m s .  T h e  n e x t  c h a p t e r  

d e s c r i b e s  t h e  t y p i c a l  a p p r o a c h  t h a t  h a s  b e e n  u s e d  b y  a  n u m b e r  o f  a v a i l a b l e  s p a t i a l  a u d i o  s y s t e m s .

1.3 The “Big Box” Approach

T h e r e  a r e  m a n y  s p a t i a l  a u d i o  s y s t e m s  w h i c h  h a v e  a d o p t e d  w h a t  c a n  b e  c a l l e d  “ t h e  b i g  b o x ”  a p p r o a c h .  T h e  

b i g  b o x  a p p r o a c h  i s  a  t y p e  o f  d i s t r i b u t e d  p r o c e s s i n g ,  e x c e p t  i t  r e q u i r e s  c o m p u t e r  w o r k s t a t i o n s  w i t h  

o p e r a t i n g  s y s t e m s  a t t a c h e d  t o  e x t e r n a l  a u d i o  i n t e r f a c e s  t h a t  p r o v i d e  t h e  s p a t i a l  a u d i o  r e n d e r i n g  c a p a b i l i t y .  

A  t y p i c a l  d i s t r i b u t e d  s e t u p  m a y  b e  s i m i l a r  t o  w h a t  i s  s h o w n  i n  F i g .  1 .  T h e  r e n d e r e r  i s  g e n e r a l l y  c o n t r o l l e d  

b y  a  s i n g l e  c o n t r o l l e r  t h a t  s e n d s  b o t h  c l o c k  s y n c h r o n i z a t i o n  m e s s a g e s  a n d  r e n d e r e r  p a r a m e t e r s  o v e r  a  

n e t w o r k  t o  e a c h  b i g  b o x .  T h e  m u l t i c h a n n e l  p l a y b a c k  r e q u i r e s  t h a t  a  m u l t i c h a n n e l  a u d i o  i n t e r f a c e  i s  

c o n n e c t e d  t o  t h e s e  l a r g e  p r o c e s s o r s ,  w h e r e b y  e a c h  c h a n n e l  i s  f e d  f r o m  t h e  p r o c e s s o r  t h r o u g h  t h e  i n t e r f a c e  

t o  i t s  r e s p e c t i v e  l o u d s p e a k e r  i n  t h e  3 D  s p e a k e r  a r r a y .

https://www.uaudio.com/uad-accelerators/uad2-satellite-thunderbolt.html
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A variety of open source systems that use this approach 5 6. There are a few problems that can be 

highlighted when using this method,

1 .

2 .

3 .

4 .

5 .

It does not use a standard audio transport protocol.

Control methods are not interoperable between devices and operating systems.

Audio Clock Synchronization methods can be unreliable.

Processing power in each big box may not be fully utilized.

Scaling to large speaker arrays becomes more expensive.

For instance, systems like the HKU Game O f Life WFSCollider evade the problem of streaming 

multichannel audio by copying the audio stems to each big box 7. This results in a complicated, 

expensive setup prior to localizing the audio and is not typically wanted by performing artists looking 

to adopt spatial audio. The key problems for them being the lack of mobility and setup complexity.
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1.4 The Need for Distributed Endpoint Approach

The problems that are presented with the above approach may be overcome by splitting the processing 

power into small dedicated processing nodes, with each node performing the arithmetic and processing for 

a small number of speakers. This thesis introduces this concept as the “distributed endpoint approach”.

h t t p : / / f o r u m n e t . i r c a m . f r / p r o d u c t / p a n o r a m i x - e n /

h t t p : / / w w w . i a m o m a . o r g /

h t t p s : / / g i t h u b . c o m / G a m e Q f L i f e / W F S C o l l i d e r

http://forumnet.ircam.fr/product/panoramix-en/
http://www.jamoma.org/
https://github.com/GameOfLife/WFSCollider
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This approach makes use of an open and standardized audio network technology, and dedicated 

microcontrollers attached to speakers that can communicate on the network. The use of this technology 

addresses the problems of synchronization, audio transport, control and inefficient processor usage that has 

been highlighted with the big box approach. Also, since each endpoint processor is dedicated to powering a 

small subset of speakers, the spatial audio system can be scaled up incrementally whilst still providing the 

user with the benefit of a plug and play environment. For example, there is no need for additional audio 

interface installation.

C o n t r o l l e r

M a s t e r

R e n d e r e r

S l a v e s

A u d i o  
T r a c k s

C o n t r o l

C o m m a n d s

Fig. 2: The distributed endpoint approach.

Fig. 2 shows a basic distributed DSP approach. Distributed DSP endpoint processors situated on a network 

are controlled using commands sent from the host computer whilst also receiving audio from the host. 

There are three main issues that need to be addressed when distributing audio processes:

1. Real-time audio transport from host to processors.

2. Synchronization of processor clocks.

3. Remote processor control.

Provided a standard Ethernet audio protocol is used, these problems can be avoided whilst also providing 

the communication protocols to have each endpoint identified and connected when they are plugged into 

the network.

1.5 ImmerGo with Ethernet Audio Video Bridging -  The 

potential for distribution to speaker endpoints

B r i d g e
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A  t y p e  o f  d i s t r i b u t e d  e n d p o i n t  s p a t i a l  a u d i o  s y s t e m  i s  t h e  I m m e r G o  s p a t i a l  a u d i o  s y s t e m  t h a t  h a s  b e e n  

d e v e l o p e d  a t  R h o d e s  U n i v e r s i t y  ( F o s s  &  R o u g e t ,  2 0 1 5 ) .  I t  i s  a  c l i e n t - s e r v e r  a p p l i c a t i o n  t h a t  g i v e s  u s e r s  t h e  

a b i l i t y  t o  r e n d e r  O B A  c o n t e n t  i n  r e a l - t i m e  u s i n g  a  m o b i l e  d e v i c e  g r a p h i c a l  u s e r  i n t e r f a c e  ( G U I ) .  I t  r u n s  a s  a  

l i g h t w e i g h t  s t a n d a l o n e  d e s k t o p  a p p l i c a t i o n  t h a t  c o n t r o l s  m u l t i p l e  n e t w o r k  e n d p o i n t  a u d i o  p r o c e s s o r s  

a t t a c h e d  t o  l o u d s p e a k e r s .  E a c h  e n d p o i n t  c o n t a i n s  b o t h  a n  X M O S  a n d  S H A R C  p r o c e s s o r  t h a t  p e r f o r m  

c o n t r o l l a b l e  a u d i o  m i x i n g  o p e r a t i o n s  o n  a u d i o  s i g n a l s  r e c e i v e d  f r o m  t h e  n e t w o r k .  I m m e r G o  c o n t r o l s  t h e  

e n d p o i n t  m i x i n g  a c c o r d i n g  t o  v a l u e s  o u t p u t  b y  i t s  s p a t i a l  a u d i o  r e n d e r i n g  a l g o r i t h m  w i t h i n  t h e  h o s t  

m a c h i n e .  T h i s  m e c h a n i s m  a l l o w s  f o r  a u d i o  t r a c k s  t o  b e  l o c a l i z e d  w i t h  t h e  d e s i r e d  l o c a t i o n  t o  t h e  s p e a k e r  

c o n f i g u r a t i o n  w h i l s t  p u s h i n g  t h e  a u d i o  m i x i n g  p r o c e s s i n g  t o  t h e  e n d p o i n t  p r o c e s s o r s .

I m m e r G o  i s  b u i l t  o n  t o p  o f  t h e  E t h e r n e t  A V B  s t a n d a r d ,  w h i c h  p r o v i d e s  t h e  c o n t r o l  p r o t o c o l ,  c l o c k  

s y n c h r o n i z a t i o n  a n d  a u d i o  t r a n s p o r t  f o r  t h e  e n d p o i n t  p r o c e s s o r s .  T h e  s t a n d a r d  i s  b u i l t  o n  l a y e r  2  o f  t h e  

n e t w o r k  s t a c k  a n d  e n s u r e s  a  Q u a l i t y  o f  S e r v i c e  ( Q o S )  t h a t  g u a r a n t e e s  t h e  f o l l o w i n g :

1 . Z e r o  p a c k e t  l o s s .

2 .

3 .

J i t t e r - f r e e  c l o c k  s y n c h r o n i z a t i o n .

L o w - l a t e n c y  d e l i v e r y  o f  a u d i o  s a m p l e s  a n d  c o n t r o l  p a c k e t s .

E t h e r n e t  A V B  a l s o  h i d e s  t h e  c o m p l e x i t y  o f  i m p o r t a n t  c o m p o n e n t s  s u c h  a s  d e v i c e  d i s c o v e r y ,  a u d i o  

t r a n s m i s s i o n  a n d  s y n c h r o n i z a t i o n  w h i c h  a l l o w s  f o r  s i m p l e  p l u g  a n d  p l a y  o p e r a t i o n  b y  a  u s e r .

B e c a u s e  o f  t h i s ,  t h e  d i s t r i b u t e d  e n d p o i n t  a p p r o a c h  u s e d  w i t h i n  I m m e r G o  a l r e a d y  p r o v i d e s  a  s o l u t i o n  t o  

s o m e  o f  t h e  p r o b l e m s  d e s c r i b e d  w i t h  t h e  b i g  b o x  a p p r o a c h .  I n  p a r t i c u l a r ,

1 .

2 .

3 .

4 .

F o r  e v e r y  s p e a k e r ,  t h e r e  i s  a  s m a l l  p r o c e s s o r  t h a t  h a n d l e s  t h e  c a l c u l a t i o n s  a n d  a u d i o  p r o c e s s i n g  f o r  

t h a t  s p e a k e r .  T h i s  p r o v i d e s  t h e  a b i l i t y  t o  s c a l e  t h e  s p e a k e r  c o n f i g u r a t i o n  i n  s m a l l  i n c r e m e n t a l  s t e p s .  

T h e  E t h e r n e t  A V B  p r o t o c o l  p r o v i d e s  a  s t a n d a r d  a u d i o  t r a n s p o r t  a n d  c o n n e c t i o n  m a n a g e m e n t  

p r o t o c o l  d i s c o v e r s  d e v i c e s  o n  t h e  n e t w o r k ,  a n d  c a n  s t r e a m  a u d i o  s y n c h r o n o u s l y  b e t w e e n  a u d i o  

s o u r c e s  a n d  e n d p o i n t s .

E t h e r n e t  A V B ’ s  c l o c k i n g  a l g o r i t h m  e n s u r e s  t h a t  t h e  e n d p o i n t  d e v i c e s  h a v e  t h e i r  w o r d  c l o c k s  

s y n c h r o n i z e d .

T h e  p r o c e s s o r s  m a y  b e  c o n t r o l l e d  r e m o t e l y  b y  a  s e r v e r  t h a t  r e s p o n d s  t o  c l i e n t s  s e r v e d  i n  a  w e b  

b r o w s e r  w h i c h  e n a b l e s  i n t e r o p e r a b i l i t y  b e t w e e n  d e v i c e s  a n d  o p e r a t i n g  s y s t e m s .

I m m e r G o ’ s  u s e  o f  O B A  a n d  E t h e r n e t  A V B  p r o v i d e  t h e  f r a m e w o r k  f o r  i m p l e m e n t i n g  a n d  t e s t i n g  a  

d i s t r i b u t e d  e n d p o i n t  p r o c e s s o r  3 D  s p a t i a l  a u d i o  s y s t e m .  I n  p a r t i c u l a r ,  t h e  O B A  r e p r e s e n t a t i o n  e n a b l e s  t h e  

u s e  o f  o t h e r  s p a t i a l  a u d i o  a l g o r i t h m s  t o  c a l c u l a t e  m i x i n g  p a r a m e t e r s  b a s e d  o n  l o c a t i o n a l  i n f o r m a t i o n  o f  

t r a c k s  a n d  s p e a k e r s .

1.6 Hypothesis

T h e  I m m e r G o  s y s t e m  p r o v i d e s  a  l e v e l  o f  d i s t r i b u t e d  p r o c e s s i n g  b y  d i s t r i b u t i n g  t h e  t a s k  o f  m i x i n g  m u l t i p l e  

a u d i o  c h a n n e l s  t o  t h e  s p e a k e r  e n d p o i n t s .  T h i s  m i x i n g  p r o c e s s  i s  t h e  f i n a l  s t a g e  o f  t h e  D i s t a n c e  B a s e d
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A m p l i t u d e  P a n n i n g  a l g o r i t h m  ( D B A P )  c u r r e n t l y  u t i l i z e d  b y  I m m e r G o .  D B A P  i s  i n  i t s e l f  q u i t e  p r o c e s s o r  

i n t e n s i v e ,  a n d  a l l  t h e  c a l c u l a t i o n s  f o r  i t ,  a p a r t  f r o m  t h e  f i n a l  m i x i n g  s t a g e ,  a r e  p e r f o r m e d  o n  t h e  s e r v e r .

T h e  p r o j e c t  w o r k  o f  t h i s  t h e s i s  h a d  t w o  g o a l s :

1 .  T o  e x p a n d  o n  t h e  r a n g e  o f  a l g o r i t h m s  t h a t  t h e  I m m e r G o  s y s t e m  c o u l d  u t i l i z e .

2 .  T o  d i s t r i b u t e  f u r t h e r  a l g o r i t h m  p r o c e s s i n g  b e y o n d  j u s t  t h e  f i n a l  m i x i n g  s t a g e .

T h e  h y p o t h e s i s  t h a t  t h i s  p r o j e c t  w o r k  i n t e n d e d  t o  p r o v e  w a s  t h e  f o l l o w i n g :

i(The algorithmic processing required to deliver multichannel sound source localization can be successfully 

offloaded to processors that reside within speaker endpoints”

T o  p r o v e  t h i s  h y p o t h e s i s  f o r  a  v a r i e t y  o f  s p a t i a l  a u d i o  a l g o r i t h m s ,  I m m e r G o  w a s  m o d i f i e d  t o  c o n t a i n  

f u r t h e r  s p a t i a l  a u d i o  a l g o r i t h m s  i m p l e m e n t e d  a t  3  s u c c e s s i v e  s t e p s  o f  d i s t r i b u t i o n  a s  d e s c r i b e d  i n  Table 1.

Table 1: I t e r a t i o n s  o f  d i s t r i b u t i o n .

S t e p H o s t  C o m p u t e r X M O S  M i c r o c o n t r o l l e r S H A R C  D S P  C h i p

#  1 S p a t i a l  A u d i o  R e n d e r i n g  C a l c u l a t i o n s A u d i o  M i x i n g  O n l y N o t h i n g

# 2 N o t h i n g S p a t i a l  A u d i o  R e n d e r i n g  C a l c u l a t i o n s  

+  A u d i o  M i x i n g

N o t h i n g

#  3 N o t h i n g S p a t i a l  A u d i o  R e n d e r i n g  C a l c u l a t i o n s A u d i o  M i x i n g

T h e  f i r s t  s t e p  m a k e s  u s e s  o f  t h e  d i s t r i b u t e d  a u d i o  m i x i n g  m e c h a n i s m s  t h a t  a r e  c u r r e n t l y  i n  p l a c e  w i t h i n  t h e  

I m m e r G o  s y s t e m ,  b u t  w i t h  a d d i t i o n a l  r e n d e r i n g  a l g o r i t h m s .  T h e  s e c o n d  s t e p  i n c r e a s e s  t h e  l e v e l  o f  

d i s t r i b u t i o n  b y  p e r f o r m i n g  b o t h  t h e  s p a t i a l  a u d i o  r e n d e r i n g  c a l c u l a t i o n s  a n d  m i x i n g  o f  t h e s e  a l g o r i t h m s  

w i t h i n  t h e  e n d p o i n t s .  T h e  t h i r d  a n d  f i n a l  s t a g e  i n c r e a s e s  t h i s  l e v e l  o f  d i s t r i b u t i o n  b y  p e r f o r m i n g  t h e  

c a l c u l a t i o n s  o n  t h e  X M O S  p r o c e s s o r  a n d  t h e  a u d i o  m i x i n g  o n  t h e  S H A R C  D S P  c h i p .

T e s t s  h a v e  b e e n  c o n s t r u c t e d  t o  d e t e r m i n e  t h e  v i a b i l i t y  o f  d i s t r i b u t i o n  f o r  e a c h  o f  t h e  s t e p s  a n d  a p p l i e d  t o  a  

r a n g e  o f  a l g o r i t h m s .  T h e s e  t e s t s  a r e  d e s c r i b e d ,  a n d  c o n c l u s i o n s  a r e  d r a w n  r e l a t i n g  t o  t h e  h y p o t h e s i s .

T h r o u g h o u t  t h i s  t h e s i s ,  c o d e  e x a m p l e s  a r e  u s e d  t o  s h o w  e x a c t l y  h o w  c e r t a i n  m e c h a n i s m s  w e r e  b u i l t  i n  

e i t h e r  t h e  I m m e r G o  s o f t w a r e  a p p l i c a t i o n  o r  t h e  X M O S  p r o c e s s o r  f i r m w a r e .  W h e r e v e r  s h o w n ,  t h e  s h a d e d  

c o d e  e x a m p l e s  s h o w  t h e  c o d e  t h a t  i s  w i t h i n  t h e  s o f t w a r e  a p p l i c a t i o n ,  a n d  t h e  c o d e  t h a t  i s  n o t  s h a d e d  r e f e r s  

t o  c o d e  w i t h i n  t h e  X M O S  p r o c e s s o r  f i r m w a r e .
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Chapter 2

Ethernet AVB and ImmerGo - A 

platform for distributed immersive 

audio
T h e  I m m e r G o  s p a t i a l  a u d i o  s y s t e m  p r o v i d e s  a  f r a m e w o r k  f o r  t h e  i m p l e m e n t a t i o n  a n d  t e s t i n g  o f  a  

d i s t r i b u t e d  e n d p o i n t  s p a t i a l  a u d i o  r e n d e r i n g  s y s t e m  a t  t h e  t h r e e  l e v e l s  o f  d i s t r i b u t i o n  g i v e n  i n  t h e  p r e v i o u s  

c h a p t e r .  A s  d i s c u s s e d  i n  t h e  i n t r o d u c t i o n ,  I m m e r G o  i s  b u i l t  u p o n  t h e  E t h e r n e t  A V B  s t a n d a r d  a n d  u s e s  

E t h e r n e t  A V B  c o m p l i a n t  e n d p o i n t  d e v i c e s  t h a t  h a n d l e  t h e  s p a t i a l  a u d i o  m i x i n g .  A s  w e l l  a s  t h i s ,  I m m e r G o  

u s e s  o b j e c t - b a s e d  a u d i o  r e p r e s e n t a t i o n s  t o  p e r f o r m  i t s  s p a t i a l  a u d i o  r e n d e r i n g .  T h e s e  t w o  f e a t u r e s  a r e  a b l e  

t o  b e  u t i l i z e d  t o  f u r t h e r  e x t e n d  t h e  e n d p o i n t  d i s t r i b u t i o n  t h a t  i s  c u r r e n t l y  u s e d  b y  I m m e r G o .  T h e  e x t e n s i o n  

i s  a  r e m o t e - c o n t r o l  p r o c e s s i n g  s y s t e m  w h e r e  t r a c k  o b j e c t  c o o r d i n a t e s  a r e  s e n t  t o  t h e  d i s t r i b u t e d  e n d p o i n t  

p r o c e s s o r s  w h i c h  p e r f o r m  s p a t i a l  a u d i o  r e n d e r i n g  c a l c u l a t i o n s  a s  w e l l  a s  a u d i o  m i x i n g .  T h i s  c h a p t e r  w i l l  

d i s c u s s  t h e  i m p o r t a n t  a s p e c t s  o f  E t h e r n e t  A V B  a n d  I m m e r G o  t o  p r o v i d e  a  c o n t e x t  f o r  t h e  f u r t h e r  s t e p s  o f  

d i s t r i b u t e d  p r o c e s s i n g  i m p l e m e n t e d  w i t h i n  t h i s  p r o j e c t .

2.1 Ethernet AVB

2.1.1 Overview of Ethernet AVB

T h e  E t h e r n e t  A V B  s t a n d a r d  c o m p r i s e s  a  g r o u p  o f  o p e n  s t a n d a r d s  d e v e l o p e d  b y  t h e  I n s t i t u t e  o f  E l e c t r i c a l  

a n d  E l e c t r o n i c s  E n g i n e e r s  ( I E E E )  d e s i g n e d  s p e c i f i c a l l y  a s  a  s o l u t i o n  f o r  t i m e - s e n s i t i v e  a u d i o  n e t w o r k i n g .  I t  

o p e r a t e s  a t  t h e  l i n k  l a y e r  o f  a n  E t h e r n e t  n e t w o r k  a n d  h i d e s  t h e  c o m p l e x i t y  o f  r e a l - t i m e  a u d i o  t r a n s m i s s i o n  

f r o m  t h e  u s e r  e n s u r e d  t h e  a p p r o p r i a t e  Quality of Service ( Q o S ) .  T h e  d e v i c e  c o n t r o l  a n d  a u d i o  t r a n s p o r t  

f e a t u r e s  m a k e  i t  a  w o r t h y  c a n d i d a t e  f o r  f u r t h e r  l e v e l s  o f  t h e  d i s t r i b u t e d  e n d p o i n t  p r o c e s s i n g  a p p r o a c h .

T h e  E t h e r n e t  A V B  S t a n d a r d  a d d s  t w o  p r o t o c o l s :

1 .  I E E E  1 7 2 2  -  A u d i o  V i d e o  T r a n s p o r t  P r o t o c o l  ( A V T P )  ( I E E E ,  2 0 1 6 ) .

2 .  I E E E  1 7 2 2 . 1  -  A u d i o  V i d e o  D i s c o v e r y ,  E n u m e r a t i o n ,  C o n n e c t i o n  m a n a g e m e n t  a n d  C o n t r o l  

p r o t o c o l  ( A V D E C C )  ( I E E E ,  2 0 1 8 ) .

O n  t o p  o f  t h r e e  o l d e r  I E E E  8 0 2 . 1  p r o t o c o l s :

1 .

2 .

3 .

IEEE 802.IBA -  f o r  p r o f i l e s  a n d  o v e r v i e w  ( I E E E  ,  2 0 1 1 ) .

IEEE 802.IQ -  f o r  t r a f f i c  s h a p i n g  ( F Q T S S )  a n d  s t r e a m  r e s e r v a t i o n  p r o t o c o l  ( S R P )  ( I E E E  ,  2 0 1 4 ) .  

IEEE 802.IAS -  f o r  t i m e  s y n c h r o n i z a t i o n  ( g P T P  -  G e n e r a l i z e d  P r e c i s i o n  T i m e  P r o t o c o l )  ( I E E E  ,  

2 0 1 1 ) .
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T h e  1 7 2 2  p r o t o c o l  p r o v i d e s  t h e  a b i l i t y  f o r  r e a l - t i m e  m u l t i c h a n n e l  a u d i o  t r a n s m i s s i o n  b e t w e e n  d e v i c e s .  T h e  

1 7 2 2 . 1  p r o t o c o l  p r o v i d e s  c o n t r o l  a n d  c o n n e c t i o n  m a n a g e m e n t  o f  d e v i c e s  o n  t h e  n e t w o r k .  T h e  o l d e r  8 0 2 . 1  

p r o t o c o l s  e n s u r e  a  Quality of Service ( Q o S )  d e l i v e r y  o f  m e d i a  a n d  s y n c h r o n i z a t i o n  o f  d e v i c e  c l o c k s .

2.1.2 Ethernet AVB Devices

E t h e r n e t  A V B  c o m p l i a n t  d e v i c e s  m a y  b e  a s s i g n e d  a  c o m b i n a t i o n  o f  r o l e s  s p e c i f i e d  b y  t h e  1 7 2 2 . 1  s t a n d a r d .

1 .  A Controller, w h i c h  p e r f o r m s  c o n t r o l  o p e r a t i o n s  b y  s e n d i n g  c o m m a n d s  t o  d e v i c e s  o n  t h e  n e t w o r k .

2 .  A Talker, w h i c h  t r a n s m i t s  o n e  o r  m o r e  a u d i o  s t r e a m s  o n t o  a n  E t h e r n e t  A V B  n e t w o r k .

3 .  A Listener, w h i c h  r e c e i v e s  o n e  o r  m o r e  a u d i o  s t r e a m s  f r o m  a n  E t h e r n e t  A V B  n e t w o r k .

4 .  An Interface, u s e d  b y  a l l  o f  t h e  a b o v e  t o  c o m m u n i c a t e  w i t h  t h e  E t h e r n e t  A V B  n e t w o r k .

E a c h  o f  t h e s e  r o l e s  h a s  a s s o c i a t e d  w i t h  t h e m  r e p r e s e n t a t i o n s ,  c o m m a n d s  a n d  s t a t e  m e c h a n i s m s  t h a t  t h e  

d e v i c e  m u s t  i m p l e m e n t .

A  t a l k e r  d e v i c e  c a n  s t r e a m  a u d i o  t o  o t h e r  d e v i c e s  o n  t h e  n e t w o r k .  A  l i s t e n e r  d e v i c e  i s  o n e  t h a t  c a n  r e c e i v e  

a u d i o  s t r e a m s  f r o m  a  t a l k e r .  T h e  c o n t r o l l e r  i s  a b l e  t o  m a k e  c o n n e c t i o n s  b e t w e e n  t a l k e r s  a n d  l i s t e n e r s ,  a n d  

c o n t r o l  a n y  f u n c t i o n s  w i t h i n  t h e  d e v i c e .  A  d e v i c e  c a n  b e  a n y  c o m b i n a t i o n  o f  t h e s e  r o l e s .  F o r  i n s t a n c e ,  a  

d e v i c e  i s  a b l e  t o  b e  b o t h  a  t a l k e r  a n d  l i s t e n e r ,  w h i c h  m e a n s  i t  h a s  t h e  a b i l i t y  t o  b o t h  s t r e a m  a n d  r e c e i v e  

a u d i o  s t r e a m s  t o  a n d  f r o m  t h e  n e t w o r k .  A  d e v i c e  t h a t  i s  c a p a b l e  o f  s t r e a m i n g  a u d i o  m a y  a l s o  b e  a  c o n t r o l l e r  

c a p a b l e  o f  c o n t r o l l i n g  o t h e r  A V B  d e v i c e s  o n  t h e  n e t w o r k .  T h e s e  a l l  u s e  a n  A V B  i n t e r f a c e  t o  c o m m u n i c a t e  

w i t h  t h e  A V B  n e t w o r k .

Fig. 3 s h o w s  a  s i m p l e  E t h e r n e t  A V B  n e t w o r k .  H e r e ,  a u d i o  p r o c e s s i n g  i s  p e r f o r m e d  o n  a  l i v e  f e e d ,  a n d  t h e  

p r o c e s s e d  a u d i o  i s  r o u t e d  t o  t h e  s p e a k e r  o u t p u t s .  T h e  b l u e  a n d  p u r p l e  b o x e s  a r e  t h e  E t h e r n e t  A V B  

i n t e r f a c e s  w h i c h  a r e  u s e d  b y  e i t h e r  a  t a l k e r  s e n d i n g  a n  a u d i o  s o u r c e ,  o r  a  l i s t e n e r  r e c e i v i n g  a  s o u r c e .  T h e  

a u d i o  s o u r c e  r e c e i v e d  i n t o  t h e  p r o c e s s o r  f r o m  t h e  l i v e  f e e d  i s  s h o w n  a s  a  g r e e n  a r r o w  a n d  t h e  a u d i o  s e n t  

f r o m  t h e  p r o c e s s o r  t o  t h e  s p e a k e r s  i s  s h o w n  a s  a  p u r p l e  a r r o w .  T h e  r e d  p a t h  s h o w s  t h e  c o n t r o l l e r  

c o m m a n d s  s e n t  f r o m  t h e  A V B  c o n t r o l l e r  t o  t h e  e n d p o i n t s  w h i c h  c o u l d  c o n t r o l  a u d i o  p r o c e s s e s  a p p l i e d  t o  

t h e  s i g n a l  s u c h  a s  v o l u m e  c o n t r o l ,  d e l a y s  a n d  e q u a l i z e r s ,  a s  w e l l  a s  d e v i c e  c o n n e c t i o n s  b e t w e e n  a l l  t h e  

d e v i c e s  o n  t h e  n e t w o r k .

T h e  A p p l e  M a c i n t o s h  h a s  a  n a t i v e  E t h e r n e t  A V B  i m p l e m e n t a t i o n  t h a t  i s  b o t h  a  c o n t r o l l e r  a n d  E t h e r n e t  

A V B  t a l k e r  a n d  l i s t e n e r  e n t i t y .  I t  i s  e x p o s e d  t o  t h e  u s e r  a s  a  v i r t u a l  A V B  e n t i t y ’  a u d i o  d e v i c e .  T h e  

c o n f i g u r a t i o n  o f  t h i s  v i r t u a l  e n t i t y  m a y  b e  s e e n  i n  Fig. 4. I t  c a n  b e  c u s t o m i z e d  t o  h a n d l e  d i f f e r e n t  s t r e a m  

s i z e s  u s i n g  a  g r a p h i c a l  i n t e r f a c e .  T h i s  i s  i m p o r t a n t  w h e n  i n t e r f a c i n g  w i t h  d i f f e r e n t  A V B  d e v i c e s  o n  t h e  

n e t w o r k  a s  d i f f e r e n t  d e v i c e s  a r e  a b l e  t o  h a v e  t h e i r  o w n  s t r e a m  c o n f i g u r a t i o n s .
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Fig. 4: T h e  A p p l e  M a c i n t o s h  v i r t u a l  A V B  e n t i t y  s e t u p .

A  c o n t r o l l e r  c a n  m a n a g e  s t r e a m  c o n n e c t i o n s  b e t w e e n  t a l k e r  a n d  l i s t e n e r  d e v i c e s ,  a s  w e l l  a s  s e n d  c o n t r o l  

c o m m a n d  r e q u e s t s  t o  d e v i c e s .  T h e  c o n n e c t i o n  m a n a g e m e n t  p r o c e s s  c a n  b e  v i s u a l i z e d  u s i n g  a  c o n n e c t i o n  

r o u t i n g  m a t r i x .  F i g .  5  s h o w s  t h e  A p p l e  M a c i n t o s h  n a t i v e  A V D E C C  c o n t r o l l e r ’ s  c o n n e c t i o n  m a t r i x .  I n  t h i s  

d i a g r a m ,  t h e  t a l k e r  o u t p u t  s t r e a m s  f r o m  t h e  A p p l e ’ s  v i r t u a l  A V B  e n t i t y  t o  m u l t i p l e  D S P 4 Y O U  d o n g l e  

d e v i c e s .  T h e  t a l k e r  o f  t h e  U l t r a l i t e  d e v i c e  i s  a l s o  c o n n e c t e d  t o  t h e  l i s t e n e r  o f  t h e  A p p l e  v i r t u a l  A V B  e n t i t y .
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O n c e  a  c o n n e c t i o n  t o  a  l i s t e n e r  h a s  b e e n  m a d e ,  i t  n e e d s  t o  b e  d i s c o n n e c t e d  b e f o r e  c o n n e c t i n g  t o  a  d i f f e r e n t  

t a l k e r  o u t p u t .

Fig. 5: T h e  A p p l e  M a c i n t o s h  n a t i v e  A V D E C C  c o n t r o l l e r  c o n n e c t i o n  m a t r i x

2.1.3 Device Clock Synchronization, Traffic Shaping and Stream 

Reservation

T h e  p r o j e c t  i n  t h i s  t h e s i s  r e l i e s  o n  s a m p l e  a c c u r a t e ,  r e a l - t i m e  d e l i v e r y  o f  a u d i o  s t r e a m s  t o  m u l t i p l e  d e v i c e s .  

T h i s  i s  h a n d l e d  w i t h i n  t h e  s c o p e  o f  E t h e r n e t  A V B  a n d  a  b r i e f  o v e r v i e w  o f  t h e  c o m p o n e n t s  t h a t  a l l o w  t h i s  

w i l l  b e  d i s c u s s e d .

T h e  o l d e r  I E E E  8 0 2 . 1  r e a l - t i m e  n e t w o r k  p r o t o c o l s  t h a t  E t h e r n e t  A V B  i s  b u i l t  o n ,  p r o v i d e  s a m p l e  a c c u r a t e  

t r a n s m i s s i o n ,  p r e s e n t a t i o n  a n d  j i t t e r - f r e e  m e d i a  c l o c k  s y n c h r o n i z a t i o n  f o r  s t r e a m s  t r a n s m i t t e d  b e t w e e n  

A V B  d e v i c e s .  T h e  c l o c k  s y n c h r o n i z a t i o n  i s  h a n d l e d  b y  t h e  I E E E  8 0 2 . I A S  g e n e r a l i z e d  p r e c i s i o n  t i m e  

p r o t o c o l  ( g P T P )  ( I E E E  ,  2 0 1 1 ) .  T h e  g P T P  p r o v i d e s  a  c o m m o n  t i m e  b a s e  f o r  d e v i c e s  t h a t  i s  d e t e r m i n e d  

a c c o r d i n g  t o  t h e  g P T P  g r a n d m a s t e r  c l o c k .  T h e  g r a n d m a s t e r  c l o c k  f o r  a n  A V B  n e t w o r k  m a y  b e  s e t  

m a n u a l l y ,  o r  d e t e r m i n e d  a u t o m a t i c a l l y  u s i n g  t h e  g P T P  B e s t  M a s t e r  C l o c k  a l g o r i t h m .  P a c k e t s  c o n t a i n i n g  

e m b e d d e d  t i m i n g  i n f o r m a t i o n  f r o m  t h i s  a l g o r i t h m  a r e  e x c h a n g e d  b e t w e e n  d e v i c e s  t o  k e e p  d e v i c e  c l o c k s  

p r e c i s e l y  s y n c h r o n i z e d  w i t h i n  a  r a n g e  o f  r o u g h l y  5 0 0 n s .
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T h e  t r a f f i c  s h a p i n g  p r o c e s s  a n d  s t r e a m  r e s e r v a t i o n  p r o t o c o l  a r e  h a n d l e d  b y  t h e  I E E E  8 0 2 . I Q  p r o t o c o l .  I t  

p r o v i d e s  t h e  m e c h a n i s m s  8  t h a t  e n s u r e  e v e n  p a c k e t  t r a n s m i s s i o n  r a t e s ,  n e t w o r k  r e s o u r c e  r e s e r v a t i o n  a n d  t h e  

d y n a m i c  m a i n t e n a n c e  o f  e n d  t o  e n d  c o n n e c t i o n  s t r e a m s .

I E E E  S t d  8 0 2 . 1 Q - 2 0 1 1  C l a u s e  3 4 ,  " F o r w a r d i n g  a n d  Q u e u i n g  f o r  t i m e - s e n s i t i v e  s t r e a m s "

-  I E E E  S t d  8 0 2 . 1 Q - 2 0 1 1  C l a u s e  3 5 ,  " S t r e a m  R e s e r v a t i o n  P r o t o c o l "

9  P g 2 2  o f  ( I E E E ,  2 0 1 6 )

1 0  P g 4 1  o f  ( I E E E ,  2 0 1 6 )

2.1.4 The IEEE 1722 Protocol

T h e  I E E E  1 7 2 2  p r o t o c o l  i s  a l s o  k n o w n  a s  t h e  A u d i o  V i d e o  T r a n s p o r t  P r o t o c o l  ( A V T P ) .  I t  a l l o w s  f o r  t h e  

s t r e a m i n g  o f  u n c o m p r e s s e d ,  s y n c h r o n i z e d  a u d i o  t o  d e v i c e s  o n  t h e  n e t w o r k  w i t h  l o w  l a t e n c y ,  a n d  p r o v i d e s  

t h e  data unit e n c a p s u l a t i o n  o f  b o t h  c o n t r o l  m e s s a g e s  a n d  a u d i o  s t r e a m s  t r a n s m i t t e d  b e t w e e n  d e v i c e s .  T h e  

p a c k e t  l a y o u t  f o r  t h e  A V T P  i s  k n o w n  a s  t h e  A V T P  data unit ( A V T P D U ) .  T h e  A V T P D U  p a c k e t  l a y o u t  i s  

g i v e n  i n  Table 2 b e l o w .

T h e  A V T P D U  a l l o w s  a  v a r i e t y  o f  a u d i o  f o r m a t s  t o  b e  s e n t  o v e r  t h e  A V B  n e t w o r k 9 .  T h e  c o m m o n  f o r m a t  

f o r  a u d i o  i s  k n o w n  a s  t h e  A V T P  A u d i o  F o r m a t  ( A A F )  w h i c h  i s  g i v e n  i t s  o w n  s u b t y p e .  T h i s  f o r m a t  a l l o w s  

s t r e a m s  t o  c o n t a i n  s i n g l e  o r  m u l t i p l e  a u d i o  c h a n n e l s  w i t h  a  v a r i e t y  o f  s a m p l e  r a t e s ,  b i t  d e p t h s ,  a n d  f o r m a t s .  

A n  A A F  s t r e a m  c o n s i s t s  o f  a n  a u d i o  f r a m e  t h a t  h a s  a  g r o u p  o f  s a m p l e s  w h i c h  a r e  e n c o d e d  u s i n g  p u l s e  c o d e  

m o d u l a t i o n  ( P C M ) .  T h e  a u d i o  s a m p l e  b u f f e r  s i z e s  f o r  e a c h  a u d i o  s a m p l e  f r a m e  a r e  d e t e r m i n e d  a c c o r d i n g  

t o  a  r a t i o  o f  t h e  a u d i o  p l a y b a c k  s a m p l e  r a t e  t o  t h e  p a c k e t  t r a n s m i s s i o n  r a t e .  G e n e r a l l y ,  t h e  t r a n s m i s s i o n  r a t e  

i s  s e t  t o  1 2 5 p s .  T h i s  m e a n s  t h a t  f o r  3 2  c h a n n e l s  w i t h  a  p l a y b a c k  s a m p l e  r a t e  o f  4 8 k H z ,  t h e r e  w i l l  b e  6  a u d i o  

s a m p l e  f r a m e s  i n  a  p a c k e t ,  w i t h  e a c h  f r a m e  h o l d i n g  3 2  a u d i o  s a m p l e s .

T h e  I E E E  w o r k i n g  g r o u p  h a s  a l s o  a d a p t e d  1 0  o t h e r  a u d i o  f o r m a t s  s u c h  a s  t h e  6 1 8 8 3 - 6  f o r m a t  f i r s t  

i m p l e m e n t e d  w i t h i n  f i r e w i r e  ( T e c h n i c a l  C o m m i t t e e  1 0 0  -  D i g i t a l  s y s t e m  i n t e r f a c e s  a n d  p r o t o c o l s ,  2 0 0 5 )  t o  

b e  t r a n s f e r r a b l e  o v e r  t h e  E t h e r n e t  n e t w o r k .  T h i s  i s  t h e  a u d i o  f o r m a t  c u r r e n t l y  u s e d  b y  t h e  X M O S  e n d p o i n t s  

w i t h i n  t h e  I m m e r G o  s y s t e m .
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2.1.5 The IEEE 1722.1 Protocol

T h e  I E E E  1 7 2 2 . 1  p r o t o c o l  i s  a l s o  k n o w n  a s  t h e  A V D E C C  ( A u d i o / V i d e o  D i s c o v e r y  E n u m e r a t i o n  

C o n n e c t i o n  m a n a g e m e n t  a n d  C o n t r o l )  p r o t o c o l .  T h e  p r o t o c o l  d e s c r i b e s  a  d e v i c e  d e s c r i p t i o n  m o d e l ,  k n o w n  

a s  t h e  A V D E C C  E n t i t y  M o d e l  ( A E M ) ,  t h a t  a l l o w s  a n  A V B  d e v i c e  t o  a d v e r t i s e  i t s  c o n t r o l s  a n d  f u n c t i o n a l i t y  

t o  o t h e r  d e v i c e s  o n  t h e  n e t w o r k .  I t  a l s o  p r o v i d e s  t h e  n e c e s s a r y  p a c k e t  l a y o u t  f o r  t r a n s m i t t i n g  c o n t r o l  a n d  

c o n n e c t i o n  m a n a g e m e n t  m e s s a g e s  t o  t h e s e  d e v i c e s .

T h e  p r o t o c o l  i s  s p l i t  i n t o  f o u r  c o r e  c o m p o n e n t s  w h i c h  a r e  a s  f o l l o w s ,

1 .

2 .

3 .

4 .

Discovery i s  t h e  p r o c e s s  o f  A V D E C C  e n t i t i e s  a d v e r t i s i n g  t h e m s e l v e s  t o  o t h e r  A V D E C C  d e v i c e s  o n  

t h e  n e t w o r k .  D e v i c e s  a l s o  a d v e r t i s e  t h e i r  n e t w o r k  c o n n e c t i o n  s t a t u s .

Enumeration i s  t h e  p r o c e s s  o f  a d v e r t i s i n g  t h e  d e v i c e  A E M  s o  i t ’ s  c a p a b i l i t i e s  m a y  b e  u s e d  b y  a n  

A V D E C C  c o n t r o l l e r .  T h i s  i n f o r m a t i o n  i s  a l s o  u s e d  i n  c o n n e c t i o n  m a n a g e m e n t  t o  p r o v i d e  

i n f o r m a t i o n  o n  d e v i c e  c a p a b i l i t i e s  t o  e n s u r e  d e v i c e  c o n f i g u r a t i o n s  a r e  c o m p a t i b l e  p r i o r  t o  

c o n n e c t i n g .

Connection Management i s  t h e  p r o c e s s  o f  c o n n e c t i n g  a u d i o  s t r e a m s  f r o m  A V D E C C  d e v i c e s  t o  

o t h e r  A V D E C C  d e v i c e s .

Control i s  t h e  p r o c e s s  t h a t  a l l o w s  f o r  d e v i c e  f u n c t i o n s  t o  b e  c o n t r o l l e d  b y  a n  A V B  c o n t r o l l e r  o n  

t h e  n e t w o r k .

E a c h  o f  t h e s e  c o m p o n e n t s  c o m m u n i c a t e  a c c o r d i n g  t o  t h e i r  o w n  p r o t o c o l  a s  s h o w n  b e l o w ,

1 .

2 .

3 .

A V D E C C  D i s c o v e r y  P r o t o c o l  (ADP)

A V D E C C  C o n n e c t i o n  M a n a g e m e n t  P r o t o c o l  (ACMP)

A V D E C C  E n u m e r a t i o n  a n d  C o n t r o l  P r o t o c o l  (AECP)

T h e s e  p r o t o c o l s  e a c h  h a v e  a  u n i q u e  p a c k e t  s t r u c t u r e ,  o r  d a t a  u n i t ,  a s s o c i a t e d  w i t h  t h e m .  W h e n  A V D E C C  

p r o t o c o l  p a c k e t s  a r e  s e n t ,  t h e  A V D E C C  d a t a  u n i t  i s  e n c a p s u l a t e d  w i t h i n  a n  A V T P D U  p a c k e t  w i t h  t h e  

s u b t y p e  f i e l d  s p e c i f i c  t o  t h e  t y p e  o f  A V D E C C  m e s s a g e  a n d  t h e  s t r e a m  v a l i d  ( s v )  f i e l d  s e t  t o  0 .  T h e  r e s e a r c h  

p r e s e n t e d  i n  t h i s  t h e s i s  u s e s  A E C P ,  a n d  i t s  a s s o c i a t e d  A E C P  d a t a  u n i t  ( A E C P D U ) ,  t o  a l l o w  f o r  v a r i o u s  

p a r a m e t e r s  n e e d e d  f o r  a u d i o  s p a t i a l i z a t i o n  t o  b e  a d d r e s s e d  w i t h i n  e n d p o i n t  d e v i c e s .

T h e  c o m m o n  A E C P D U  l a y o u t  i s  g i v e n  i n  Table 3.
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T h e  A E C P  p a y l o a d  s p e c i f i c  d a t a  i s  u s e d  t o  s e n d  s p e c i f i c  c o n t r o l  a n d  e n u m e r a t i o n  r e q u e s t s ,  w h i c h  a r e  f o u n d  

i n  t h e  1 7 2 2 . 1  s p e c i f i c a t i o n s  ( I E E E ,  2 0 1 8 ) .  T h e  r e s e a r c h  i n  t h i s  t h e s i s  i s  p a r t i c u l a r l y  c o n c e r n e d  w i t h  t h e  

S E T _ M I X E R  A E C P  c o m m a n d  1 1  u s i n g  t h e  d e s c r i p t o r  t y p e  o f  M I X E R .  T h i s  c o m m a n d  i s  c u r r e n t l y  u s e d  b y  

I m m e r G o  t o  c o n t r o l  t h e  e n d p o i n t  d e v i c e s .  T h e  d a t a g r a m  u s e d  b y  t h i s  c o m m a n d  i s  s h o w n  i n  Table 4.

1 1  P g 2 1 3  o f  ( I E E E ,  2 0 1 8 )

T h e  i m p l e m e n t a t i o n  i n  t h i s  p r o j e c t  m a k e s  u s e  o f  t h e  v a r i o u s  d e s c r i p t o r  i n d e x e s  t o  a d d r e s s  p a r a m e t e r s  

w h i c h  c o n t r o l  a n  a u d i o  m i x e r  l o c a t e d  w i t h i n  t h e  e n d p o i n t  l i s t e n e r  d e v i c e s .  T h i s  p r o c e s s  w i l l  b e  e l a b o r a t e d  

o n  i n  t h e  f o l l o w i n g  s e c t i o n  a n d  l a t e r  c h a p t e r s .

A E C P  M e s s a g e  

S p e c i f i c  D a t a

s e q u e n c e _ i d

M I X E R  =  0 x 0 0 1 c d e s c r i p t o r  i n d e x
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2.2 ImmerGo

I m m e r G o  i s  a n  i m m e r s i v e  s o u n d  r e n d e r i n g  a n d  c o n t r o l  s y s t e m  t h a t  u t i l i z e s  E t h e r n e t  A V B  t o  t r a n s m i t  b o t h  

a u d i o  a n d  c o n t r o l  d a t a  t o  e n d p o i n t  d e v i c e s  o n  a  n e t w o r k .  I t  h a s  a  c l i e n t - s e r v e r - b a s e d  a p p r o a c h  t o  

s p a t i a l i z a t i o n  c o n t r o l  a n d  i s  d e s i g n e d  t o  r u n  i n  p a r a l l e l  w i t h  a n y  a u d i o  s o f t w a r e  t h a t  c a n  o u t p u t  

m u l t i c h a n n e l  a u d i o  t o  t h e  E t h e r n e t  A V B  n e t w o r k .  I t  c a n  w o r k  o n  a  M a c i n t o s h  O S X  w o r k s t a t i o n  o r  a  

W i n d o w s  1 0  w o r k s t a t i o n  w i t h  a n  A V B  c a p a b l e  n e t w o r k  c a r d .

2.2.1 ImmerGo Overview

T h e  I m m e r G o  s e r v e r  h a s  b e e n  b u i l t  u s i n g  a  c r o s s - p l a t f o r m  N o d e J S - b a s e d  1 2  f r a m e w o r k  f o r  d e s k t o p  

a p p l i c a t i o n s  c a l l e d  N W . J S  1 3  a n d  r u n s  a s  a  l i g h t w e i g h t  d e s k t o p  a p p l i c a t i o n .  T h e  s e r v e r  i s  a b l e  t o  r e c e i v e  

t r a c k  l o c a t i o n  u p d a t e s  f r o m  a  m o b i l e  c l i e n t  d e v i c e  a s  w e l l  a s  c o n n e c t ,  a n d  c o n t r o l ,  m u l t i p l e  A V B  e n d p o i n t  

d e v i c e s  o n  t h e  n e t w o r k .  I t  a l s o  p r o v i d e s  t h e  c a p a b i l i t y  f o r  t h e  c l i e n t  d e v i c e  t o  i n t e r a c t  w i t h  a  D A W .  

I m m e r G o ’ s  c l i e n t  d e v i c e s  u s e  w e b  s o c k e t s  t o  c o m m u n i c a t e  v a r i o u s  s p a t i a l i z a t i o n  a n d  D A W  t r a n s p o r t  

r e q u e s t s  t o  t h e  s e r v e r .  T h e  s e r v e r  u s e s  t h e s e  r e q u e s t s  t o  c o n t r o l  t h e  D A W ,  o r  p e r f o r m  i m m e r s i v e  a u d i o  

r e n d e r i n g  a n d  s e n d  a u d i o  m i x e r  u p d a t e s  t o  e n d p o i n t s .  I t  a l s o  u s e s  a  m e t a d a t a  c o n f i g u r a t i o n  f i l e  t o  

a u t o m a t i c a l l y  m a n a g e  s t r e a m  c o n n e c t i o n s  b e t w e e n  t h e  e n d p o i n t  d e v i c e s .  T h e s e  e n d p o i n t  d e v i c e s  a r e  A V B -  

e n a b l e d  a u d i o  p r o c e s s o r s  t h a t  a r e  a t t a c h e d  t o  s p e a k e r s ,  a n d  p e r f o r m  a u d i o  m i x i n g  a c c o r d i n g  t o  A E C P  

c o m m a n d s .

1 2  h t t p s : / / n o d e i s . o r g / e n /

1 3  h t t p s : / / n w j s . i o /

Fig. 6 s h o w s  a  t y p i c a l  s y s t e m  s e t u p .  I n  t h i s  d i a g r a m ,  t h e  I m m e r G o  s e r v e r  i s  h o s t e d  o n  a  s i n g l e  A p p l e  

M a c i n t o s h  c o m p u t e r .  I t  s e n d s  A V D E C C  r e q u e s t s  t o  e n d p o i n t  d e v i c e s  o n  t h e  A V B  n e t w o r k  u s i n g  A p p l e ’ s  

n a t i v e  v i r t u a l  A V B  e n t i t y .  I t  a l s o  c o m m u n i c a t e s  w i t h  a  D A W  v i a  a n  i n t e r n a l  M I D I  p o r t .  T h e  w e b  c l i e n t  i s  

h o s t e d  o n  a n y  d e v i c e  t h a t  h a s  a  w e b  b r o w s e r  a n d  c a n  c o n n e c t  t o  t h e  s a m e  n e t w o r k  t h a t  t h e  s e r v e r  i s  o n .  O n  

t h e  s e r v e r  h o s t ,  a n  X M L  f i l e  w i t h i n  t h e  s a m e  d i r e c t o r y  a s  t h e  s e r v e r  a p p l i c a t i o n  c o n t a i n s  l o u d s p e a k e r  

c o n f i g u r a t i o n  i n f o r m a t i o n  t h a t  c o n s i s t s  o f  e a c h  d e v i c e ’ s  m e d i a  a c c e s s  c o n t r o l  ( M A C )  a d d r e s s ,  t h e  n u m b e r  

o f  s p e a k e r s  a n d  t h e i r  p h y s i c a l  p o s i t i o n s  i n  t h e  r o o m .  U p o n  i n i t i a l i z a t i o n ,  t h i s  f i l e  i s  l o a d e d  i n t o  p r o g r a m  

m e m o r y  a n d  p a r s e d  i n t o  i t s  o w n  r o o m  m o d e l .  T h e s e  m o d e l s  a r e  a b l e  t o  b e  u s e d  b y  t h e  s p a t i a l  a u d i o  

r e n d e r e r  w i t h i n  t h e  s e r v e r  t o  o u t p u t  s p e a k e r  m i x  v a l u e s ,  a s  w e l l  a s  e n a b l e  t h e  s e r v e r  t o  s e n d  A V D E C C  

m e s s a g e s  t o  t h e  c o r r e c t  M A C  a d d r e s s e s  o f  e a c h  e n d p o i n t  d e v i c e .  T h e  A V D E C C  m e s s a g e s  p r o v i d e  t h e  

c o n t r o l  a n d  A V B  s t r e a m  c o n n e c t i o n  m a n a g e m e n t  b e t w e e n  e a c h  e n d p o i n t  d e v i c e  a n d  t h e  M a c  v i r t u a l  A V B  

e n t i t y .

https://nodejs.org/en/
https://nwjs.io/


I m m e r G o  u s e s  t h e  M A C  a d d r e s s e s  w i t h i n  t h a t  l o u d s p e a k e r  c o n f i g u r a t i o n  X M L  f i l e  t o  s e n d  A C M P  

m e s s a g e s  ( I E E E ,  2 0 1 3 )  t o  t h e  a p p r o p r i a t e  e n d p o i n t  d e v i c e s  t o  a u t o m a t i c a l l y  s e t  u p  r e l e v a n t  d e v i c e  

c o n n e c t i o n s  p r i o r  t o  s t r e a m i n g  a u d i o .  T h i s  r e m o v e s  t h e  n e e d  f o r  t h e  a u d i o  e n g i n e e r  t o  s e t  t h e m  m a n u a l l y .

T h e  s p a t i a l  a u d i o  r e n d e r e r  i s  s p l i t  i n t o  t w o  m a i n  p r o c e s s i n g  t a s k s  a s  s h o w n  i n  Fig. 6. T h e  f i r s t  i s  t h e  

r e n d e r i n g  o f  g a i n  v a l u e s  w i t h i n  t h e  s e r v e r  a c c o r d i n g  t o  i t s  r e n d e r i n g  a l g o r i t h m .  W h i c h  i s  f o l l o w e d  b y  t h e  

a u d i o  s a m p l e  m i x i n g  a c c o r d i n g  t o  t h e  r e n d e r e r ’ s  o u t p u t  a n d  d i g i t a l  t o  a u d i o  c o n v e r s i o n  o f  t h e  a u d i o  s i g n a l s  

t o  t h e  s p e a k e r s  c o n n e c t e d  t o  e a c h  e n d p o i n t .  E t h e r n e t  A V B  A E C P  p r o v i d e s  t h e  p r o t o c o l  f o r  t h e  c o n t r o l  o f  

e a c h  p r o c e s s o r ’ s  m i x e r  m a t r i x  b a s e d  o n  m i x e r  v a l u e s  o u t p u t  f r o m  t h e  s e r v e r ’ s  r e n d e r i n g  a l g o r i t h m .

A l l  t h e  r e a l - t i m e  r e n d e r i n g  c o m m u n i c a t i o n  a n d  r e n d e r i n g  c a l c u l a t i o n s  f r o m  c l i e n t  t o  s e r v e r  t o  e n d p o i n t  

d e v i c e s  h a p p e n s  a c c o r d i n g  t o  a  c l o c k .  T h i s  c l o c k  m a y  b e  i n t e r n a l  t o  t h e  I m m e r G o  s e r v e r ,  o r  a c c o r d i n g  t o  

M I D I  t i m e c o d e  ( M T C )  f r o m  t h e  D A W  v i a  t h e  i n t e r n a l  v i r t u a l  M I D I  b u s .  T h e  l a t t e r  i s  t h e  m e t h o d  u s e d  i n  

t h i s  p r o j e c t .  T h e  c l o c k  e n s u r e s  t h a t  t r a c k  o b j e c t  l o c a t i o n  u p d a t e s  h a p p e n  s y n c h r o n o u s l y ,  w h i l s t  a l s o  

a l l o w i n g  t h e i r  l o c a t i o n s  t o  b e  r e c o r d e d  a c c o r d i n g  t o  a  t i m e s t a m p  s o  t h e y  c a n  b e  p l a y e d  b a c k  a t  a  l a t e r  s t a g e .  

T h e  s e r v e r  a l s o  u s e s  t h e  i n t e r n a l  v i r t u a l  M I D I  b u s  t o  s e n d  m e s s a g e s  t o  t h e  D A W  w h i c h  c o n t r o l  t r a n s p o r t  

f u n c t i o n s  s u c h  a s  p l a y  a n d  p a u s e .

T h e  p r o j e c t  d e s c r i b e d  i n  t h i s  t h e s i s  m o d i f i e s  t h e  c o m m u n i c a t i o n  m e c h a n i s m  b e t w e e n  t h e  s e r v e r  a n d  t h e  

e n d p o i n t s  t o  s e n d  t r a c k  o b j e c t  c o o r d i n a t e s  i n s t e a d  o f  m i x e r  u p d a t e s  u s i n g  A E C P .  I t  a l s o  m o d i f i e s  e a c h  

e n d p o i n t  p r o c e s s o r  t o  h a v e  i t s  o w n  s p a t i a l  a u d i o  r e n d e r e r  t h a t  m a y  u s e  t h e s e  t r a c k  o b j e c t  c o o r d i n a t e s  w i t h  

t h e  s p a t i a l  a u d i o  r e n d e r e r  t o  m i x  t h e  a u d i o  a p p r o p r i a t e l y  t o  s p e a k e r  o u t p u t s .  T h e  f o l l o w i n g  s u b s e c t i o n  w i l l  

d e s c r i b e  t h e  s e r v e r  N W . J S  e n v i r o n m e n t  t o  p r o v i d e  a  c o n t e x t  f o r  t h e  m o d i f i c a t i o n s  d o n e  f o r  t h i s  p r o j e c t .
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2.2.2 The NW.JS Environment

N W . J S  i s  b u i l t  f r o m  t h r e e  d i f f e r e n t  w e b  t e c h n o l o g i e s ,  n a m e l y  t h e  N o d e J S  f r a m e w o r k ,  C h r o m i u m  a n d  a  

s m a l l  w e b  A P I .  I t  a l l o w s  f o r  d e s k t o p  a p p l i c a t i o n s  t o  b e  m a d e  u s i n g  w e b  t e c h n o l o g i e s .

N o d e J S  c o m e s  w i t h  i t s  o w n  p a c k a g e  m a n a g e r  c a l l e d  t h e  N o d e  P a c k a g e  M a n a g e r  ( N P M ) .  T h e  p a c k a g e  

m a n a g e r  a c t s  a s  a  r e p o s i t o r y  t h a t  t h i r d - p a r t y  d e v e l o p e r s  f r o m  t h e  N o d e J S  c o m m u n i t y  u s e  t o  u p l o a d  

l i b r a r i e s  o f  c o d e  t h a t  c a n  t h e n  b e  e a s i l y  i n c o r p o r a t e d  w i t h i n  o t h e r  a p p l i c a t i o n s .  I t  a l l o w s  f o r  t h e  l i n k i n g  o f  

m o d u l e s ,  w h i c h  a r e  h o s t e d  o n  t h e  o n l i n e  r e p o s i t o r y  1 4  b y  s i m p l y  u s i n g  t h e  N P M  c o m m a n d  l i n e  t o o l  t o  

i n s t a l l  t h e  p a c k a g e  i n t o  t h e  p r o j e c t  d i r e c t o r y .  F r o m  t h e r e ,  t h e  m o d u l e s  m a y  b e  i n c o r p o r a t e d  i n t o  t h e  p r o j e c t  

u s i n g  t h e  ‘ r e q u i r e ’  k e y w o r d  w i t h i n  t h e  c o d e b a s e  a s  s h o w n  i n  Listing 1.

1 4  h t t p s : / / w w w . n p m j s . c o m /

134 I const fs = require('fs'); // for fiLe reads/writes

Listing 1: M o d u l e  l i n k i n g  i n  J a v a s c r i p t

I m m e r G o  u s e s  t h e  f o l l o w i n g  N P M  p a c k a g e s ,

fs -  t o  r e a d / w r i t e  t o  a  f i l e

xml2js -  u s e d  t o  p a r s e  . x m l  f i l e s

mac -  u s e d  f o r  p a r s i n g  M A C  a d d r e s s e s

bufferEqual -  u s e d  t o  c o m p a r e  E t h e r n e t  b u f f e r s

path -  u s e d  t o  r e a d  d i r e c t o r y  p a t h s

midi -  u s e d  t o  i n t e r f a c e  w i t h  m i d i  d r i v e r s

pcap -  u s e d  t o  c a p t u r e  a n d  s e n d  E t h e r n e t  p a c k e t s

network -  p r o v i d e s  a n  i n t e r f a c e  t o  t h e  E t h e r n e t  n e t w o r k

h^P _  p r o v i d e  a  s e r v e r  t o  h a n d l e  H T T P  r e q u e s t s

socket.io -  p r o v i d e s  w e b  s o c k e t  i n t e r f a c e s  t o  t h e  a p p l i c a t i o n

xmldom -  u s e d  t o  p a r s e  X M L  f i l e s  i n t o  a  d o c u m e n t  o b j e c t  m o d e l  ( D O M )

underscore -  J a v a s c r i p t  h e l p e r  f u n c t i o n s

T h e  p r o j e c t  i n  t h i s  t h e s i s  m a d e  p a r t i c u l a r  u s e  o f  t h e  m i d i  p a c k a g e  a n d  t h e  c a p  p a c k a g e .  T h e  m i d i  p a c k a g e  i s  

u s e d  t o  c r e a t e  a  v i r t u a l  i n p u t  a n d  o u t p u t  p o r t  b e t w e e n  I m m e r G o  a n d  t h e  D A W  w h i c h  s e n d s  t i m e c o d e  f r o m  

t h e  D A W ,  a s  w e l l  a s  v a r i o u s  t r a n s p o r t  c o n t r o l s  b e t w e e n  t h e  D A W  a n d  I m m e r G o .  T h e  c a p  p a c k a g e  i s  u s e d  

t o  c a p t u r e  a n d  s e n d  A V D E C C  p a c k e t s  t o  c o n t r o l  t h e  e n d p o i n t  d e v i c e s  o n  t h e  n e t w o r k .

2.2.3 The ImmerGo Client

T h e  c l i e n t  p r o v i d e s  a  u s e r  w i t h  c o n t r o l  o v e r  t r a c k  s p a t i a l i z a t i o n  u s i n g  a  G U I  t h a t  i s  s e r v e d  w i t h i n  a  w e b  

b r o w s e r .  F i g .  7  s h o w s  t h e  G U L

https://www.npmjs.com/
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F i g .  7 :  T h e  I m m e r g o  U L

T h e  u p p e r  h a l f  o f  t h e  i n t e r f a c e  i s  t h e  t r a c k  o b j e c t  c o n t r o l  w i n d o w  a n d  h o l d s  v i s u a l  r e p r e s e n t a t i o n s  o f  

s p e a k e r  o b j e c t s  a n d  t r a c k  o b j e c t s .  I t  s h o w s  a  r o o m  w i t h  t h e  p h y s i c a l  s p e a k e r  l a y o u t  a n d  w a l l s  s u r r o u n d i n g  

t h e  s p e a k e r s .  S p e a k e r s  o n  t h e  r o o f  a r e  d e n o t e d  a s  s q u a r e s  w i t h  c i r c l e s  s u r r o u n d i n g  t h e m  a n d  s p e a k e r s  t o  t h e  

s i d e  a r e  d e n o t e d  a s  a  t y p i c a l  s p e a k e r  g r a p h i c ,  w i t h  s p e a k e r s  l o w e s t  i n  t h e  r o o m  b e i n g  m o r e  o p a q u e  t h a n  

s p e a k e r s  o n  t h e  t o p .  T h e  v i r t u a l  s o u r c e  m o v e m e n t s  f o r  a  s e l e c t e d  t r a c k  a r e  c o n t r o l l e d  b y  m o v i n g  t h e  p u r p l e  

d o t .  T h e  s m a l l e r  b l u e  d o t s  s h o w  t h e  p o s i t i o n  o f  t h e  o t h e r  t r a c k s  w h e n  t h e y  a r e  s e l e c t e d  f o r  d i s p l a y .  T h e  

w h i t e  l i n e  o n  t h e  w a l l  s h o w s  t h e  c u r r e n t  h e i g h t  o f  t h e  t r a c k  o b j e c t  i n  t h e  r o o m .  T h e  s l i d e r  o n  t h e  s i d e  o f  

t r a c k  o b j e c t  c o n t r o l  m a y  b e  u s e d  t o  c o n t r o l  t h e  h e i g h t  o f  t h e  o b j e c t .

T h e  l o w e r  h a l f  o f  t h e  i n t e r f a c e  h o l d s  a l l  t h e  t r a c k  s e l e c t i o n  b u t t o n s ,  a s  w e l l  a s  t h e  t r a c k ’ s  v o l u m e ,  s p r e a d  a n d  

t h e  D A W  t r a n s p o r t  c o n t r o l .  U s e r s  a r e  a b l e  t o  v i e w  o t h e r  s e l e c t a b l e  t r a c k s  b y  c l i c k i n g  o n  t h e  a r r o w s  t o  

e i t h e r  s i d e  o f  t h e  t r a c k  s e l e c t o r ,  a n d  t h e n  a b l e  t o  s e l e c t  a  t r a c k  b y  p r e s s i n g  o n  a  t r a c k  n u m b e r .  O n c e  

s e l e c t e d ,  t h e  l a r g e  p u r p l e  d o t  d e n o t e s  t h e  t r a c k  p o s i t i o n  a t  t h e  c u r r e n t  t i m e  a n d  i s  u s e d  t o  p o s i t i o n  t r a c k  

o b j e c t s  w h i c h  t h e n  h a v e  t h e i r  m e t a d a t a  s e n t  t o  t h e  s e r v e r  a n d  f e d  i n t o  t h e  s p a t i a l  a u d i o  r e n d e r e r  p i p e l i n e .  

T h e  c h e c k b o x  i n  t h e  b o t t o m  r i g h t  o f  t h e  c o n t r o l s  c a n  b e  s e l e c t e d  s o  t h a t  a  m o b i l e  c o n t r o l l e r  d e v i c e  c a n  b e  

t i l t e d  t o  p r o v i d e  a  h e i g h t  c h a n g e .  T h e r e  a r e  m u t e  a n d  s o l o  b u t t o n s  w h i c h  m a y  b e  s e l e c t e d  o n  a n y  t r a c k .  T h e  

s o l o  b u t t o n  m u t e s  a l l  t r a c k s  e x c e p t  t h e  c u r r e n t  t r a c k .  T r a n s p o r t  c o n t r o l s  f o r  p l a y ,  p a u s e ,  s t o p ,  f a s t  f o r w a r d  

a n d  r e w i n d  i n t e r a c t  w i t h  t h e  D A W  u s i n g  M I D I .  T h e  c u r r e n t  t i m e  p o s i t i o n  o f  t h e  D A W  i s  d i s p l a y e d  t o  t h e
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r i g h t  o f  t h e  t r a n s p o r t  c o n t r o l s .  I t  a l s o  h a s  a  r e c o r d ,  s a v e  a n d  l o a d  b u t t o n  t h a t  i s  u s e d  t o  r e c o r d ,  s a v e  a n d  

l o a d  t r a c k  p o s i t i o n  a u t o m a t i o n .  A  u s e r  c a n  s e l e c t  a  t r a c k  a n d  p r e s s  t h e  d i s p l a y  b u t t o n ,  w h i c h  w i l l  t h e n  

d i s p l a y  t h e  t r a c k ’ s  p o s i t i o n  i n  t h e  s o u n d  o b j e c t  c o n t r o l  w i n d o w .

T h e  c l i e n t  i t s e l f  c o m p r i s e s  t w o  f i l e s ,  a n  I m m e r g o C l i e n t . h t m l  a n d  m a i n . j s  f i l e .  T h e  H T M L  f i l e  p r o v i d e s  t h e  

s t r u c t u r e  f o r  t h e  w e b  b r o w s e r  a p p l i c a t i o n  a n d  t h e  . j s  f i l e  p r o v i d e s  t h e  f u n c t i o n a l i t y .  T h e s e  f i l e s  a r e  s e r v e d  t o  

a  w e b  b r o w s e r  u p o n  a n  H T T P  r e q u e s t  t o  t h e  U R L  s p e c i f i e d  b y  t h e  I m m e r G o  s e r v e r .

2.2.4 ImmerGo Renderer Definition Models

T h e  I m m e r G o  s y s t e m  t r e a t s  a n  i m m e r s i v e  a u d i o  s c e n e  a s  h a v i n g  t w o  m a i n  c o m p o n e n t s ,  t h e  t r a c k  o b j e c t s  

a n d  t h e  l o u d s p e a k e r  o b j e c t s .  T h e  m o d e l ’ s  c o n t e n t s  m a y  b e  p a s s e d  a s  p a r a m e t e r s  t o  s p a t i a l  a u d i o  r e n d e r i n g  

a l g o r i t h m s  t o  s o l v e  f o r  l o c a l i z a t i o n  m i x i n g  p a r a m e t e r s .  E a c h  m o d e l  h a s  i t s  o w n  m e t a d a t a  t h a t  d e s c r i b e s  i t s  

l o c a l i t y ,  i d e n t i f i c a t i o n  a n d  o b j e c t - s p e c i f i c  p a r a m e t e r s .  C o l l e c t i v e l y  t h e y  a r e  c a l l e d  t h e  “ A u d i o  D e f i n i t i o n  

M o d e l s ” .

2.2.4.1 Room Configuration Model

T h e  l i s t e n i n g  r o o m  c o n f i g u r a t i o n  m o d e l  i s  s h o w n  i n  Table 5 b e l o w .  T h e  m o d e l  h o l d s  e a c h  e n d p o i n t  

p r o c e s s o r  u s e d  b y  t h e  s y s t e m .  T h e s e  e n d p o i n t s  h a v e  a s s o c i a t e d  w i t h  t h e m  b o t h  t h e i r  E t h e r n e t  M A C  a d d r e s s  

a n d  t h e  l o u d s p e a k e r s  a t t a c h e d  t o  i t ,  w i t h  t h e i r  l o c a t i o n s .  T h i s  m o d e l  i s  h e l d  w i t h i n  a n  X M L  f i l e  w i t h i n  t h e  

I m m e r G o  p r o j e c t  d i r e c t o r y  t h a t  i s  r e a d  i n  b y  I m m e r G o  a t  s t a r t u p .  T h e  X M L  f i l e  h o l d i n g  t h e  s p e a k e r  

c o n f i g u r a t i o n  i s  g i v e n  i n  Listing 2. H e r e  w e  s e e  a n  e n d p o i n t  p r o c e s s o r  d e s c r i b e d  w i t h i n  t h e  “ a m p l i f i e r ”  t a g .  

T h i s  t a g  h a s  a s s o c i a t e d  w i t h  i t  a n  o b j e c t  v a r i a b l e  “ m a c a d r ”  t h a t  h o l d s  t h e  M A C  a d d r e s s  f o r  t h a t  e n d p o i n t  

d e v i c e .  W i t h i n  t h e  t a g  a r e  f u r t h e r  “ s p e a k e r ”  t a g s  t h a t  h o l d  t h e  l o c a t i o n  o f  e a c h  s p e a k e r  t h a t  i s  a t t a c h e d  t o  

t h e  e n d p o i n t  p r o c e s s o r .

R o o m  C o n f i g u r a t i o n  M o d e l  

E n d p o i n t  P r o c e s s o r s

-  M A C  A d d r e s s

-  L o u d s p e a k e r  L o c a t i o n s

Table 5: R o o m  C o n f i g u r a t i o n  M o d e l

I n  t h e  I m m e r G o  r u n t i m e ,  t h e  l o u d s p e a k e r s  f r o m  t h e  r o o m  c o n f i g u r a t i o n  X M L  a r e  r e a d  i n t o  a  l o u d s p e a k e r  

m o d e l  t h a t  h o l d s  t h e  l o u d s p e a k e r  l o c a t i o n  a n d  t h e  m i x  l e v e l s  f o r  e a c h  o f  t h e  t r a c k s  b e i n g  l o c a l i z e d .  T h e  

l o u d s p e a k e r  c o o r d i n a t e s  a r e  u s e d  b y  t h e  r e n d e r e r  t o  c a l c u l a t e  m i x  l e v e l s  f o r  e a c h  t r a c k  p o s i t i o n  a n d  f o r  

d i s p l a y  o n  t h e  c l i e n t  U I .  T h i s  i s  s h o w n  i n  Table 6.

L o u d s p e a k e r  M o d e l

P o s i t i o n  ( x , y , z )

M i x  l e v e l s  f o r  e a c h  t r a c k

Table 6: L o u d s p e a k e r  m o d e l
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1

2

3

4

5

6

7

8

9

1 0

1 1

1 2

1 3

1 4

1 5

1 6

1 7

1 8

1 9

2 0

2 1

2 2

2 3

2 4

2 5

2 6

2 7

2 8

< ? x m l  v e r s i o n = " 1 . 0 "  e n c o d i n g = " U T F - 8 " ? >

< c o n f i g >

< r o o m h e i g h t >  3 2 0  < / r o o m h e i g h t >

o m p l i f i e r  m a c a d r  =  " 7 0 : b 3 : d 5 : 1 2 : f 3 : c l " >

< s p e a k e r  n u m b e r  =  " 1 "  x p o s  =  " - 7 7 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< s p e a k e r  n u m b e r  =  " 2 "  x p o s  =  " - 6 3 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< / a m p l i f i e r >

< a m p l i f i e r  m a c a d r  =  " 7 0 : b 3 : d 5 : 1 2 : f 3 : b 9 " >

< s p e a k e r  n u m b e r  =  " 1 "  x p o s  =  " - 4 9 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< s p e a k e r  n u m b e r  =  " 2 "  x p o s  =  " - 3 5 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< / a m p l i f i e r >

o m p l i f i e r  m a c a d r  =  ” 7 0 : b 3 : d 5 : 1 2 : f 3 : b 6 " >

< s p e a k e r  n u m b e r  =  " 1 "  x p o s  =  " - 2 1 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< s p e a k e r  n u m b e r  =  " 2 "  x p o s  =  " - 7 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< / a m p l i f i e r >

o m p l i f i e r  m a c a d r  =  ” 7 0 : b B :  d 5 : 1 2 : f 3 :  b 7 " >

< s p e a k e r  n u m b e r  =  " 1 "  x p o s  =  " 7 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< s p e a k e r  n u m b e r  =  " 2 "  x p o s  =  " 2 1 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< / a m p l i f i e r >

o m p l i f i e r  m a c a d r  =  , r 7 0 : b 3 : d 5 : 1 2 : f 3 : b a " >

< s p e a k e r  n u m b e r  =  " 1 "  x p o s  =  " 3 5 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< s p e a k e r  n u m b e r  =  " 2 "  x p o s  =  " 4 9 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< / a m p l i f i e r >

< a m p l i f i e r  m a c a d r  =  , , 7 0 : b 3 : d 5 : 1 2 : f 3 : b 4 " >

< s p e a k e r  n u m b e r  =  " 1 "  x p o s  =  " 6 3 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< s p e a k e r  n u m b e r  =  " 2 "  x p o s  =  " 7 7 "  y p o s  =  " 0 "  z p o s  =  " 0  " >  < / s p e a k e r >

< / a m p l i f i e r >

< / c o n f i g >

Listing 2: T h e  r o o m  c o n f i g u r a t i o n  X M L .

I m m e r G o  u s e s  a  t r a c k  o b j e c t  m o d e l  f o r  s p a t i a l i z a t i o n .  T h i s  m o d e l  i s  c r e a t e d  f o r  e a c h  t r a c k  a n d  u p d a t e s  a r e  

m a d e  t o  i t  w h e n e v e r  t h e  c l i e n t  m o v e s  a  t r a c k .  T h i s  m o d e l  i s  s h o w n  i n  Table 7 b e l o w .

I m m e r G o  T r a c k  O b j e c t  M o d e l

Table 7 :  I m m e r G o  A u d i o  O b j e c t  M o d e l

-  P o s i t i o n  ( x , y , z )

-  S p r e a d

-  V o l u m e

Dynamic
Dynamic
Dynamic

-  T r a c k  I D Static
-  M u t e Mix Control
-  S o l o Mix Control
-  R e c o r d i n g

-  S e l e c t e d

Mix Control

T h e  m o d e l  c a n  b e  s p l i t  i n t o  s t a t i c ,  d y n a m i c  a n d  m i x  c o n t r o l  c o m p o n e n t s .

A  s t a t i c  c o m p o n e n t  i s  o n e  t h a t  i s  u n c h a n g e d ,  i n  t h i s  i n s t a n c e ,  t h e  t r a c k  I D .  I t  i s  a s s o c i a t e d  w i t h  e a c h  o u t p u t  

a u d i o  c h a n n e l  f r o m  t h e  D A W ,  a n d  w h e n  a  t r a c k  i s  s e l e c t e d  a  u s e r  i s  a b l e  t o  c o n t r o l  t h e  m o d e l  c o m p o n e n t s  

a n d  s e l e c t e d  t h e  t r a c k  t o  h a v e  s o m e  o f  t h e s e  c o m p o n e n t s  r e c o r d e d  f o r  l a t e r  p l a y b a c k .

T h e  d y n a m i c  c o m p o n e n t s ,  s u c h  a s  t h e  p o s i t i o n s ,  s p r e a d  a n d  v o l u m e ,  c a n  b e  c h a n g e d  b y  a  u s e r  o v e r  t i m e  

a n d  s a v e d  a c c o r d i n g  t o  a  t i m e s t a m p  f r o m  M I D I  T i m e c o d e .  T h i s  a l l o w s  f o r  t r a c k  m o v e m e n t  a n d  m i x i n g  

p a r a m e t e r s  t o  b e  r e c o r d e d  a n d  t h e n  p l a y e d  b a c k  a t  a  l a t e r  s t a g e .
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T h e  m i x  c o n t r o l  c o m p o n e n t s  a r e  t h e  s o l o ,  m u t e  a n d  r e c o r d i n g  v a r i a b l e s .

T h e s e  d e f i n i t i o n  m o d e l s  p r o v i d e  t h e  i n f o r m a t i o n  f o r  a  s p a t i a l  a u d i o  r e n d e r e r  t o  g e n e r a t e  m i x  v a l u e s  f o r  

t r a c k s  b e i n g  m i x e d  t o  l o u d s p e a k e r s .

2.2.5 ImmerGo’s Rendering Algorithm - Distance Based 

Amplitude Panning

T h e  d e f i n i t i o n  m o d e l s  d e s c r i b e d  i n  t h e  c h a p t e r  a b o v e  a r e  u s e d  b y  t h e  D i s t a n c e  B a s e d  A m p l i t u d e  P a n n i n g  

( D B A P )  a l g o r i t h m  i m p l e m e n t e d  w i t h i n  t h e  s e r v e r .  D B A P  w a s  i n t r o d u c e d  i n  ( L o s s i u s ,  B a l t a z a r ,  &  H o g u e ,  

2 0 0 9 )  a s  a  w a y  o f  u s i n g  o b j e c t - b a s e d  a u d i o  i n  m o r e  i r r e g u l a r  a n d  s p a r s e  l o u d s p e a k e r  a r r a n g e m e n t s .  I t  i s  

w e l l  s u i t e d  f o r  a  s p e a k e r  a r r a y  w h e r e  t h e  l i s t e n i n g  " s w e e t  s p o t "  i s  n o t  r e s t r i c t e d  t o  a  s p e c i f i c  p o s i t i o n .  F o r  

t h i s  r e a s o n ,  D B A P  c a n  b e  u s e d  i n  a  v a r i e t y  o f  r e a l - w o r l d  s i t u a t i o n s  s u c h  a s  c o n c e r t s ,  s t a g e  p r o d u c t i o n s ,  

i n s t a l l a t i o n s  a n d  m u s e u m  s o u n d  d e s i g n  ( L o s s i u s ,  B a l t a z a r ,  &  H o g u e ,  2 0 0 9 ) .  I t  i s  s t i l l  a  r e l a t i v e l y  n e w  

t e c h n i q u e  f o r  s o u n d  l o c a l i z a t i o n  a n d  o n l y  o n e  f o r m a l  e v a l u a t i o n  h a s  b e e n  d o n e  ( K o s t a d i n o v ,  R e i s s ,  &  

M l a d e n o v ,  2 0 1 0 ) .  T h i s  s e c t i o n  w i l l  e x p l a i n  t h e  t h e o r y  b e h i n d  D B A P  a n d  h o w  i t  h a s  b e e n  i m p l e m e n t e d  

w i t h i n  I m m e r G o .  M o s t  o f  t h i s  c h a p t e r ’ s  e x p l a n a t i o n  h a s  b e e n  t a k e n  f r o m  ( L o s s i u s ,  B a l t a z a r ,  &  H o g u e ,  

2 0 0 9 )  a n d  t o  a v o i d  c o n f u s i o n  t h e  n o t a t i o n  u s e d  i s  s i m i l a r  t o  t h e  n o t a t i o n  i n  ( L o s s i u s ,  B a l t a z a r ,  &  H o g u e ,  

2 0 0 9 ) .  T h e  w o r k  d o n e  i n  t h i s  t h e s i s  i s  c o n c e r n e d  w i t h  i m p l e m e n t a t i o n  o f  t h r e e  f u r t h e r  i m m e r s i v e  a u d i o  

r e n d e r i n g  a l g o r i t h m s  w i t h i n  I m m e r G o  a l o n g s i d e  D B A P ,  a n d  t h e r e f o r e  t h e i r  t e c h n i c a l  t h e o r y  w i l l  b e

d i s c u s s e d  a l o n g s i d e  t h e i r  i m p l e m e n t a t i o n  i n  l a t e r  c h a p t e r s .

2.2.5.1 DBAP Theory

D B A P  e x t e n d s  t h e  p r i n c i p l e  o f  e q u a l  i n t e n s i t y  p a n n i n g  f r o m  a  p a i r  o f  l o u d s p e a k e r s  t o  a  l o u d s p e a k e r  a r r a y  

o f  a n y  s i z e  w i t h  n o  p r i o r  a s s u m p t i o n s  a b o u t  t h e i r  p o s i t i o n s  i n  s p a c e  o r  r e l a t i o n s h i p  t o  e a c h  o t h e r  ( L o s s i u s ,  

B a l t a z a r ,  &  H o g u e ,  2 0 0 9 )  a n d  c a n  b e  u s e d  i n  b o t h  t w o  d i m e n s i o n s  a n d  t h r e e  d i m e n s i o n s .

S h o w n  i n  F i g .  8  b e l o w  a r e  t h e  m e a s u r e m e n t s  a n d  g e o m e t r y  a s s o c i a t e d  w i t h  t h e  D B A P  c a l c u l a t i o n  i n  t h r e e  

d i m e n s i o n s .
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( 2 . 1 3 )  b e l o w :

( 2 . 1 3 )

2.2.6 Panning Sources in ImmerGo

Fig. 9 s h o w s  t h e  I m m e r G o  a p p l i c a t i o n  f l o w  f r o m  w h e n  t h e  s p e a k e r  c o n f i g u r a t i o n  f i l e  i s  r e a d  i n t o  t h e  s e r v e r  

a p p l i c a t i o n  t o  l o c a l i z i n g  a  t r a c k  s o u r c e .

1 .  T h e  s p e a k e r  c o n f i g u r a t i o n  i s  f i r s t  l o a d e d  i n t o  m e m o r y ,

2 .  T h e  c o v a r i a n c e  f a c t o r  f o r  t h e  s p e a k e r  a r r a y  i s  s o l v e d  1 5 .

1 5  F o r  m o r e  d e t a i l  s e e  A p p e n d i x  A  A l

A t  t h i s  p o i n t ,  I m m e r G o  i s  r e a d y  t o  b e g i n  p a n n i n g .

1 .  T h e  u s e r  m a y  t h e n  m a k e  r e q u e s t s  t o  t h e  s e r v e r  o v e r  t h e  w e b s o c k e t  u s i n g  a  m o b i l e  d e v i c e ’ s  w e b  

b r o w s e r .

2 .  T h e  s e r v e r  r e s p o n d s  w i t h  t h e  I m m e r G o  U I .

O n c e  t h e  u s e r  h a s  t h e  c l i e n t  i n t e r f a c e  w i t h i n  t h e i r  b r o w s e r  t h e y  m a y  b e g i n  i n t e r a c t i n g  w i t h  t h e  s e r v e r .

1 .  W h e n  a  t r a c k  s o u r c e  i s  m o v e d  b y  a  c l i e n t ,  t h e  c o o r d i n a t e s  a r e  t r a n s m i t t e d  t o  t h e  s e r v e r .

2 .  O n c e  r e c e i v e d ,  t h e s e  a r e  u s e d  b y  t h e  D B A P  a l g o r i t h m  t o  c a l c u l a t e  t h e  m i x  l e v e l s  h o u s e d  i n  t h e  

l o u d s p e a k e r  m o d e l .

3 .  T h e  s e r v e r  t h e n  u p d a t e s  t h e  s p e a k e r  m o d e l  m i x  l e v e l s  f o r  t h a t  t r a c k .

4 .  T h e s e  m i x  l e v e l s  a r e  t h e n  s e n t  t o  t h e  e n d p o i n t s  e v e r y  t i m e  a n  M T C  f r a m e  i s  r e c e i v e d  f r o m  t h e

D A W .



The client device is able to send track updates once every 8ms. This value was set so to correspond to the 

intervals of the M TC quarter frame and was found experimentally to provide the best balance between 

accuracy and responsiveness.

Listing 3 shows the function used to receive the track objects into the server object models. When the 

socket receives the “coords” message, it updates the correct track object model, and then speaker mix levels 

for that track according to DBAP within the UpdateSpeakerMixLevels function.

2680

2681

2682

2683

2684

2685

2686
2687

2688

2689

2690

2691

2692

2693

// Within the ImmerGo server
// 3D coords for a given track are sent from cLient 
socket.on('coords', function(xCoord,yCoord,zCoord,trackNo) {

if (!(tracks3D[trackNo].mute)) {
// update the mix Levets for each speaker for the given track 
updateSpeakerMixLevels(trackNo, xCoord, yCoord, zCoord);

if (MTCOn == false) {
I // If there is no timecodej send updates to endpoints
| sendMixLevels();

}
}

});

Listing 3: Receiving track object updates within the server.

The DBAP algorithm implementation is given in Listing 4. Here the distance between the source and each 

loudspeaker is solved according to the algorithm described in section 2.2.5.4. Once every speaker’s gain 

value has been solved, and the normalization coefficient solved, the mix levels of that track for each speaker
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i s  s e t  b y  m u l t i p l y i n g  t h e  g a i n  v a l u e  b y  t h e  n o r m a l i z a t i o n  c o e f f i c i e n t .  E a c h  l o u d s p e a k e r s  a r r a y  h o l d i n g  t h e  

m i x  l e v e l s  f o r  t h e  t r a c k  b e i n g  p a n n e d  a r e  u p d a t e d  b y  t r a n s f o r m i n g  t h e  f l o a t i n g  p o i n t  c a l c u l a t i o n  i n t o  a n  8  

b i t  c h a r  w i t h  t h e  mixLevel Adjust v a r i a b l e  a n d  s c a l i n g  t h a t  b y  t h e  t r a c k ’ s  v o l u m e .

2 3 1 6

2 3 1 7

2 3 1 9

2 3 2 0

2 3 2 1

2 3 2 2

2 3 2 3

2 3 2 4

2 3 2 5

2 3 2 6

2 3 2 7

2 3 2 8

2 3 2 9

2 3 3 0

2 3 3 1

2 3 3 2

2 3 3 3

2 3 3 4

2 3 3 5

2 3 3 6

2 3 3 7

2 3 3 8

2 3 3 9

2 3 4 0

2 3 4 1

2 3 4 2

2 3 4 3

2 3 4 4

2 3 4 5

2 3 4 6

2 3 4 7

2 3 4 8

2 3 4 9

2 3 5 0

2 3 5 1

2 3 5 2

2 3 5 3

2 3 5 4

2 3 5 5

2 3 5 6

2 3 5 7

l e t  m i x L e v e l A d j u s t  =  2 5 5 ;  / /  ad justs the mix le ve l from 0-1 to 6-255 f o r  mixer m atrix 

l e t  r a d i u s  =  0 . 2 5 ;  / /  S pa tia l b lu r  constant

/ /  In  updateSpeakerMixLevels.. .
/ /  Perform DBAP w ith  source
f o r  ( l e t  i = 0 ;  i < s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + )  {  

d P o w e r [ i ]  =  [ ] ;

d ! n v e r s e P o w e r [ i ]  =  [ ] ;

f o r  ( l e t  j = 0 ;  j < s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h ;  j + + )  {  

x l  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . x ;

y l  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . y ;

z l  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . z ;

x l m i n u s x s  =  x l - x s ;

y l m i n u s y s  =  y l - y s ;

z l m i n u s z s  =  z l - z s ;

s u m o f s q u a r e s  =  M a t h . p o w ( x l m i n u s x s , 2 ) + M a t h . p o w ( y l m i n u s y s , 2 ) + M a t h . p o w ( z l m i n u s z s , 2 ) ;  

s p a t i a l b l u r  =  ( r a d i u s * c o v a r i a n c e ) ;

s p a t i a l b l u r  * =  s p a t i a l b l u r ;

/ /  d istance from v ir tu a l source to  speaker 
d  =  M a t h . s q r t ( s u m o f s q u a r e s  +  s p a t i a l b l u r ) ;  

d P o w e r [ i ] [ j ]  =  d ;

d i n v e r s e P o w e r [ i ] [ j ]  =  1 / d P o w e r [ i ] [ j ] ;  / /  Inverse power
/ /  Norm alization C o e ffic ie n t
p o w e r T o t a l  =  l * p o w e r T o t a l + M a t h . p o w ( d ! n v e r s e P o w e r [ i ] [ j ] , 2 ) ;

}

}

}

/ *  Set tra c k  le v e ls  V

/ /  For each a m p lif ie r  c a lc u la te  tra c k  m ix le v e ls  f o r  each speaker
f o r  ( v a r  i = 0 ;  i < s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + )  {

f o r  ( v a r  j = 0 ;  j < s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h ;  j + + )  {  

s p e a k e r C o n f i g .  a m p l i f i e r s [ i ]  . s p e a k e r s  [ j ]  . m i x l _ e v e l s [ t r a c k N o ]  =

( d ! n v e r s e P o w e r [ i ] [ j ]

* M a t h . s q r t ( p o w e r T o t a l ) )

* m i x L e v e l A d j u s t

* ( t r a c k s 3 D [ t r a c k N o ] . v o l u m e / 1 0 0 ) ;

Listing 4: The DBAP algorithm and updating the speaker mix levels within updateSpeakerMixLevels.

2.2.6.2 MIDI Synchronization from the DAW

A l l  t h e  r e a l - t i m e  t r a n s m i s s i o n  o f  t h e  e n d p o i n t  m i x e r  u p d a t e s  a r e  s y n c e d  t o  M I D I  T i m e  C o d e  ( M T C )  

r e c e i v e d  f r o m  t h e  D A W .  T y p i c a l l y ,  a n  M T C  f r a m e  r a t e  o f  3 0  f r a m e s  p e r  s e c o n d  i s  u s e d .  A  f u l l  M T C  f r a m e  

i s  r e p r e s e n t e d  i n  3 2  b i t s  a n d  s e n t  a s  4  s e p a r a t e  8  b i t  b y t e s  a t  q u a r t e r  f r a m e  i n t e r v a l s  o f  r o u g h l y  8 . 3 m s .

Fig. 10 s h o w s  h o w  t h e  M T C  i s  r e c e i v e d  w i t h i n  t h e  N W J S  a p p l i c a t i o n .  M T C  v a l u e s  a r e  s e n t  a s  2  b y t e  

m e s s a g e s  w i t h  t h e  m o s t  s i g n i f i c a n t  b y t e  c o n t a i n i n g  t h e  t y p e  o f  M I D I  m e s s a g e  r e c e i v e d  a n d  t h e  l e a s t  

s i g n i f i c a n t  b y t e  c o n t a i n i n g  t h e  a c t u a l  v a l u e .

F i r s t ,  t h e  M I D I  i n p u t  p o r t  i s  o p e n e d  u s i n g  t h e  N P M  M I D I  l i b r a r y  p r e v i o u s l y  m e n t i o n e d .  W h e n e v e r  t h e  

M I D I  i n p u t  p o r t  r e c e i v e s  a  m e s s a g e ,  i t  d e t e r m i n e s  w h a t  t y p e  o f  m e s s a g e  i t  i s .  I f  t h e  f i r s t  b y t e  i s  O x F l  t h e n
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t h e  s e r v e r  k n o w s  i t ’ s  r e c e i v i n g  a  q u a r t e r  f r a m e  o f  M T C  a n d  b e g i n s  b u i l d i n g  t h e  f r a m e ,  o t h e r w i s e  i t  d o e s  

n o t h i n g .  T h e  s e c o n d  b y t e  o f  t h e  m e s s a g e  i n d i c a t e s  t h e  M T C  t y p e :  f r a m e s ,  h o u r s ,  m i n u t e s  a n d  s e c o n d s .  

U s i n g  a  s w i t c h  s t a t e m e n t  w i t h  t h e  M T C  t y p e ,  t h e  s e r v e r  k n o w s  w h e r e  t o  s t a r t  f i l l i n g  t h e  M T C  f r a m e  s h o u l d  

t h e  p r o j e c t  b e  s t a r t e d  s o m e w h e r e  b e t w e e n  f r a m e s .  O n c e  a  f u l l  f r a m e  i s  r e c e i v e d ,  t h e  s e r v e r  s e n d s  t h e  s p e a k e r  

m i x  l e v e l s  w i t h i n  t h e  l o u d s p e a k e r  m o d e l  t o  t h e  e n d p o i n t s  a n d  s e n d s  t h e  M T C  v a l u e  b a c k  t o  t h e  c l i e n t  f o r  

v i s u a l  f e e d b a c k  o f  t h e  D A W  t i m e l i n e .

Fig. 10: R e c e i v i n g  a n  M T C  f r a m e .

2.2.6.3 Recording Track Object Updates as Automation

T h e r e  a r e  t w o  w a y s  t h a t  t r a c k  o b j e c t s  m a y  m o v e .  T h e  f i r s t  w a y  i s  b y  a  u s e r  s e l e c t i n g  a  t r a c k  a n d  m o v i n g  i t .  

T h e  o t h e r  w a y  i s  b y  p l a y i n g  b a c k  r e c o r d e d  t r a c k  m o v e m e n t s  w h i c h  a l l o w s  f o r  m u l t i p l e  t r a c k s  t o  m o v e  

s i m u l t a n e o u s l y  a t  e v e r y  M T C  q u a r t e r  f r a m e .  A n  o v e r v i e w  o f  t h i s  p r o c e s s  i s  p r e s e n t e d  s i n c e  i t  i s  u s e d  b y  a l l  

t h e  l o c a l i z a t i o n  t e c h n i q u e s  d i s c u s s e d  i n  t h i s  t h e s i s .  W h e n  a  t r a c k  i s  s e l e c t e d  f o r  r e c o r d i n g ,  i t s  p o s i t i o n s  a r e  

s a v e d  i n t o  a  t r a c k  n o d e  a c c o r d i n g  t o  t h e  c u r r e n t  q u a r t e r  f r a m e  r e c e i v e d  a n d  a d d e d  t o  a  l i n k e d  l i s t  o f  n o d e s  

f o r  t h a t  t r a c k .  T h e  t r a c k  n o d e  s t r u c t u r e  i s  s h o w n  i n  Table 8.

I m m e r G o  T r a c k  R e c o r d i n g  N o d e  

Q u a r t e r  F r a m e  C o u n t e r

P o s i t i o n  ( x , y , z )

Table 8: I m m e r G o ’ s  a u t o m a t i o n  t r a c k  

n o d e .

W h e n  t h e  r e c o r d i n g  b u t t o n  i s  p r e s s e d ,  t h e  s e r v e r  e n t e r s  t h e  r e c o r d i n g  s t a t e .  Fig. 11 d e s c r i b e s  t h e  r e c o r d i n g  

p r o c e s s  w h i l e  t h e  s e r v e r  i s  i n  t h e  r e c o r d i n g  s t a t e ,  f r o m  t h e  p o i n t  o f  r e c e i v i n g  a n  M T C  m e s s a g e :
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1. When a quarter of the MTC frame is received, the quarter frame is incremented.

2. If a track is selected, its current localization position is checked against the last saved position in 

the linked list.

3. If the position is changed, then a new track node is made with the current count of quarter frames.

4. This node is then saved to the end of the localization position list for that track.

Once the recording is completed, it may be stored in an XML formatted “.imm” file to be played back at a 

later stage using the load button on the client interface.

2.2.6.4 Automation Playback

The automation playback process is similar to the recording process. Fig. 12 below shows how automation 

that has been recently recorded, or read from a saved recording, may be played back.

i.

2.

3.

4.

First, an MTC quarter frame is received.

If the server is in playback state and the track is not selected, it will update the speaker mix levels 

for the track according to its coordinates at that quarter frame.

This is repeated for every track before the next quarter frame is received.

If track nodes do not exist beyond the current quarter frame, the track retains its coordinates as set 

by the user or a quarter frame from earlier in the automation.
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2.2.7 ImmerGo Speaker Endpoint Processors

I m m e r G o  i s  c u r r e n t l y  a b l e  t o  c o n t r o l  a  n u m b e r  o f  d i f f e r e n t  A V B  d e v i c e s  w h i c h  a r e  b u i l t  b y  m i n i D S P  1 6 .  

T h e  S P K - 4 P s  h a v e  b e e n  p r o v i d e d  b y  m i n i D S P  f o r  t h i s  r e s e a r c h  a n d  a r e  t h e  d e v i c e s  t h a t  w i l l  b e  u s e d  i n  t h i s  

p r o j e c t .  T h e  e n d p o i n t s  t h e m s e l v e s  w i l l  b e  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  f o l l o w i n g  c h a p t e r ,  b u t  f o r  n o w  i t  

i s  e n o u g h  t o  k n o w  t h a t  t h e  S P K - 4 P s  a r e  a b l e  t o  d r i v e  2  l o u d s p e a k e r s ,  o n e  a c t i v e  s p e a k e r  a n d  a  s e c o n d  

p a s s i v e  s p e a k e r  w i t h  i t s  p a s s i v e  o u t p u t .  I t  i s  a b l e  t o  r e c e i v e  a n  A V B  s t r e a m  o f  u p  t o  3 2  c h a n n e l s .  E a c h  o f  

t h e s e  d e v i c e s  h a s  a  S H A R C  D S P  c h i p  a n d  a n  X M O S  c h i p  p r o g r a m m e d  w i t h  f i r m w a r e  t h a t  i n c l u d e s  a  m i x e r  

m a t r i x  a n d  A V D E C C  h a n d l e r  f o r  c o n t r o l  m e s s a g e s  s e n t  f r o m  I m m e r G o .  T h e  S H A R C  D S P  c h i p  m a y  b e  

c o n t r o l l e d  u s i n g  t h e  X M O S  p r o c e s s o r  a l t h o u g h  t h i s  h a s  n o t  b e e n  d o n e  p r i o r  t o  t h i s  p r o j e c t .

1 6  N D  A C - 8  -  h t t p s : / / w w w . i m m e r s i v e d s p . c o m / p r o d u c t s / n - d a c 8

N D  A C - 2  -  h t t p s : / / w w w . i m m e r s i v e d s p . c o m / p r o d u c t s / n d a c - 2 - p o e

S P K - 4 P  -  h t t p s : / / w w w . i m m e r s i v e d s p . c o m / p r o d u c t s / s p k - 4 p

https://www.immersivedsp.com/products/n-dac8
https://www.immersivedsp.com/products/ndac-2-poe
https://www.immersivedsp.com/products/spk-4p
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Fig. 13: T h e  S P K - 4 P  a c t i v e  s p e a k e r .

2.2.8 Controlling the Speaker Endpoint with ImmerGo

E a c h  e n d p o i n t  m i x e r  i s  c o n t r o l l e d  b y  s e n d i n g  a n  A V D E C C  A E C P  S E T _ M I X E R  p a c k e t  t h a t  h a s  a  d e s c r i p t o r  

i n d e x  o f  0 x 0 0 6 0  f o l l o w e d  b y  t h e  m i x e r  d a t a .  Table 4 s h o w n  e a r l i e r  d e s c r i b e s  t h e  t e m p l a t e  A E C P D U  p a c k e t  

t h a t  w a s  u s e d  b y  t h e  s e n d i n g  m e c h a n i s m .  T h e  s e n d i n g  m e c h a n i s m  i s  i l l u s t r a t e d  i n  Fig. 14 b e l o w .  W h e n  

I m m e r G o  s e n d s  m i x e r  u p d a t e s ,  t h e  A E C P D U  i s  c o p i e d  a n d  i t s  d e s t i n a t i o n  a n d  s o u r c e  h e a d e r s  a r e  c h a n g e d  

a c c o r d i n g  t o  t h e  e n d p o i n t  M A C  f o r  t h e  S P K - 4 P  i t ’ s  s e n d i n g  t o .  T h e  l e n g t h  o f  t h e  d a t a  f i e l d  i s  u p d a t e d  

a c c o r d i n g  t o  t h e  l e n g t h  o f  t h e  p a r a m e t e r s  u s e d  t o  c o n t r o l  t h e  m i x e r  m a t r i x .  F o r  a  3 2 x 2  m i x e r  m a t r i x ,  t h e  

l e n g t h  w o u l d  b e  1 6  +  6 4  b y t e s ,  w i t h  t h e  1 6  b y t e s  u s e d  f o r  t h e  h e a d e r  f i e l d s  a n d  t h e  6 4  b y t e s  n e e d e d  f o r  e a c h  

c r o s s p o i n t  o f  t h e  m i x e r  m a t r i x .  T h e  m i x e r  m a t r i x  p a r a m e t e r s  a r e  a d d e d  s e q u e n t i a l l y  t o  t h e  d a t a  p a r a m e t e r s  

f i e l d .  O n c e  a d d e d ,  t h e  p a c k e t  i s  s e n t  t o  t h e  e n d p o i n t  u s i n g  p c a p  1 7  a n d  t h e  p r o c e s s  s t a r t s  a g a i n  f o r  t h e  n e x t  

e n d p o i n t  u n t i l  t h e y  h a v e  a l l  b e e n  u p d a t e d .

1 7  h t t p s : / / w w w . n p m i s . c o m / p a c k a g e / p c a p

https://www.npmjs.com/package/pcap
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2.3 Summary

T h i s  c h a p t e r  d i s c u s s e d  t h e  I m m e r G o  s y s t e m  a n d  h o w  i t  u t i l i z e s  E t h e r n e t  A V B  t o  c o n t r o l  e n d p o i n t  

p r o c e s s o r s  o n  t h e  n e t w o r k .  I t  c o v e r e d  t h e  s p a t i a l  a u d i o  r e n d e r i n g  a l g o r i t h m ,  D B A P ,  t h a t  i s  u s e d  w i t h i n  t h e  

I m m e r G o  s e r v e r ,  a s  w e l l  a s  t h e  m e c h a n i s m  u s e d  t o  s y n c h r o n i z e  t h e  s e n d i n g  o f  m i x  l e v e l s  t o  t h e  e n d p o i n t  

p r o c e s s o r s  f o r  t r a c k  l o c a l i z a t i o n .  T h e  f o l l o w i n g  c h a p t e r  w i l l  d i s c u s s  h o w  t h e  e n d p o i n t  p r o c e s s o r s  w e r e  a b l e  

t o  m i x  t h e  a u d i o  a s  w e l l  a s  r o u t e  a n d  u n p a c k  t h e  m i x e r  c o n t r o l  c o m m a n d s  s e n t  b y  I m m e r G o .
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T h e  e n d p o i n t  p r o c e s s o r s  u s e d  i n  t h i s  p r o j e c t  r e q u i r e d  a n  i n t e r f a c e  t o  t h e  E t h e r n e t  A V B  n e t w o r k  a n d  t h e

c a p a b i l i t y  t o  p e r f o r m  a r i t h m e t i c  a n d  D S P  o p e r a t i o n s .  A s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r ,  o n e  s u c h  d e v i c e

t h e  S P K - 4 P  b u i l t  b y  m i n i D S P .  E a c h  S P K - 4 P  h a s  a n  i n t e r n a l  c o n f i g u r a t i o n  t h a t  c a n  b e  s e e n  i n  F i g .  1 5 .  T h e

m a i n  c o m p o n e n t s  a r e  t h e  X M O S  a n d  S H A R C  D S P  p r o c e s s o r s ,  a s  w e l l  a s  a  P o w e r  O v e r  E t h e r n e t  P l u s

( P O E + )  m o d u l e  t h a t  a l l o w s  t h e  d e v i c e  t o  b e  p o w e r e d  w i t h  a n  A V B  c a p a b l e  P O E +  s w i t c h .  T h e  X M O S

p r o c e s s o r  h a s  b e e n  p r o g r a m m e d  a s  a n  A V B  l i s t e n e r .  I t  m a n a g e s  t h e  b u f f e r i n g  o f  a u d i o  t h a t  i s  r e c e i v e d  f r o m

t h e  n e t w o r k  a s  w e l l  a s  a n y  A V D E C C  c o m m a n d s . A t t a c h e d  o n  t h e  s a m e  P C B  i s  t h e  S H A R C  D S P  c h i p

w h i c h  i s  c o n t r o l l a b l e  u s i n g  c o m m a n d s  g i v e n  f r o m  t h e  X M O S  c h i p  p a s s e d  o v e r  t h e  I 2 C  d a t a  l i n e .  T h e

X M O S  r e c e i v e s  a u d i o  f r o m  t h e  A V B  n e t w o r k  a n d  t h e n  p a s s e s  t w o  c h a n n e l s  t o  t h e  S H A R C  D S P  o v e r  a n  I 2 S

b u s  w i t h  t w o  d a t a  l i n e s . T h e  a u d i o  s i g n a l s  a r e  t h e n  p a s s e d  t h r o u g h  t h e  S H A R C  c h i p  a n d  s e n t  o u t  t o  t h e  t w o

c l a s s  D  a m p l i f i e r s .  O n e  o f  t h e  a m p l i f i e r s  i s  d e d i c a t e d  t o  t h e  a c t i v e  s p e a k e r ,  t h e  o t h e r  i s  a t t a c h e d  t o  a n

o u t p u t  p o r t  t h a t  i s  u s e d  t o  p o w e r  a n  e x t e r n a l  s p e a k e r .  P r i o r  t o  t h i s  p r o j e c t ,  I m m e r G o  o n l y  m a d e  u s e  o f  t h e

X M O S  p r o c e s s o r  t o  p e r f o r m  t h e  m i x i n g  r e q u i r e d  t o  l o c a l i z e  t r a c k  s o u r c e s ,  w h i l s t  b y p a s s i n g  t h e  S H A R C

D S P  c h i p .  T h i s  c h a p t e r  w i l l  d i s c u s s  h o w  t h i s  w a s  a c h i e v e d ,  a n d  i n  d o i n g  s o ,  w i l l  p r o v i d e  i n f o r m a t i o n  a b o u t

a l l  t h e  n e c e s s a r y  m e c h a n i s m s  f o r  a n  e x t e n s i o n  t o  d e e p e r  l e v e l s  o f  d i s t r i b u t i o n .

Fig. 15: S P K - 4 P  i n t e r n a l  c o n f i g u r a t i o n .
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3.1 XMOS Processor Architecture

T h e  X M O S  p r o c e s s o r s  f o u n d  i n  t h e  S P K - 4 P  h a v e  t h e  X C O R E - 2 0 0  X E  a r c h i t e c t u r e  1 8 ,  w h i c h  i s  d e s i g n e d  t o  

a l l o w  t h e  p r o g r a m m i n g  o f  d e t e r m i n i s t i c  a n d  c o n c u r r e n t ,  r e a l - t i m e  a p p l i c a t i o n s .  T h e  p r o c e s s o r  h a s  

h a r d w a r e  o p e r a t i n g  s y s t e m  c o m p o n e n t s  k n o w n  a s  x T I M E  t e c h n o l o g y .  T h e  x T I M E  t e c h n o l o g y  i n c o r p o r a t e s  

t h e  p r o c e s s  s c h e d u l e r ,  t i m e r  a n d  m e m o r y  m a n a g e r ,  a n d  i s  d e s i g n e d  t o  a l l o w  r e a l - t i m e  p a r a l l e l  p r o c e s s i n g  

a p p l i c a t i o n s  t o  b e  p r e d i c t a b l e .  Fig. 16 s h o w s  t h e  l a y o u t  o f  t h e  p r o c e s s o r  a r c h i t e c t u r e .

1 8  h t t p : / / w w w . x m o s . c o m / p r o d u c t s / s i l i c o n / x c o r e - 2 0 0 / x e - s e r i e s

Fig. 16: X M O S  X C O R E - 2 0 0  p r o c e s s o r  a r c h i t e c t u r e .

A s  s h o w n  i n  Fig. 16, t h e  X C O R E - 2 0 0  p r o c e s s o r  i s  s p l i t  i n t o  t w o  p r o c e s s i n g  t i l e s  c o n n e c t e d  w i t h  t h e  

x C O N N E C T  s w i t c h .  E a c h  t i l e  h o l d s  8  l o g i c a l  c o r e s  t h a t  s h a r e  t h e  t i l e ’ s  p r o c e s s i n g  r e s o u r c e s  a n d  m e m o r y  

( S R A M )  b u t  a l s o  h a v e  t h e i r  o w n  r e g i s t e r s .  A s  w e l l  a s  t h i s ,  e a c h  t i l e  a l s o  h a s  i t s  o w n  I / O  p i n s  t h a t  a r e  

a c c e s s e d  t h r o u g h  t h e  h a r d w a r e  r e s p o n s e  p o r t s .  T h e  J T A G  p r o v i d e s  a  h e a d e r  t h a t  c a n  b e  u s e d  t o  u p l o a d  

f i r m w a r e  f r o m  t h e  X M O S  S D K  a n d  t h e  o n e - t i m e  p r o g r a m m a b l e  ( O T P )  m e m o r y  c o n t a i n s  t h e  b o a r d  

s p e c i f i c  i n f o r m a t i o n .  T h e  u n i v e r s a l  s e r i a l  b u s  i s  a v a i l a b l e  t o  b e  u s e d  b u t  i s  n o t  c u r r e n t l y  u s e d  w i t h i n  

I m m e r G o .  T h e  R G M I I  ( R e d u c e d  G i g a b i t  M e d i a  I n d e p e n d e n t  I n t e r f a c e )  i s  u s e d  t o  r e c e i v e d  d a t a  c o m i n g  

f r o m  t h e  E t h e r n e t  A V B  n e t w o r k .

T h e  p r o c e s s o r  r u n s  5 0 0 M I P S  a t  a  c y c l e  r a t e  o f  5 0 0 M h z  a n d  t h e  x T I M E  t i m i n g  a n d  s y n c h r o n i z a t i o n  

t e c h n o l o g y  e n s u r e s  t h a t  e a c h  l o g i c a l  c o r e  g e t s  u p  t o  1 2 5 M I P S  o f  c o m p u t i n g  b a n d w i d t h  w i t h o u t  b l o c k i n g  

t h e  o t h e r  c o r e s .  F o r  p r o g r a m m e r s ,  t h i s  m e a n s  t h a t  e a c h  o f  t h e  l o g i c a l  c o r e s  a p p e a r s  a s  i t s  o w n  s e p a r a t e  

p a r a l l e l  p r o c e s s o r  c a p a b l e  o f  r u n n i n g  m u l t i p l e  t a s k s  s i m u l t a n e o u s l y ,  t a s k s  o n  d i f f e r e n t  t i l e s  u s e  t h e  

x C O N N E C T  s w i t c h  t o  p a s s  d a t a  t o  o n e  a n o t h e r .  T h e  x T I M E  s c h e d u l e r  o n  e a c h  t i l e  e n s u r e s  t h a t  t a s k s  o n  

e a c h  t i l e ,  a n d  t h e i r  c o m m u n i c a t i o n ,  h a v e  t h e i r  t i m i n g  p r e d i c t a b l e  a c c o r d i n g  t o  t h e  p h a s e - l o c k e d  l o o p  c l o c k  

f r e q u e n c y  ( P L L ) .  T h i s  m a k e s  t h e m  v e r y  s u i t a b l e  f o r  r o b u s t  r e a l - t i m e  a p p l i c a t i o n  d e v e l o p m e n t  a n d  

p r o d u c t i o n .

http://www.xmos.com/products/silicon/xcore-200/xe-series
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E v e r y  X M O S  c h i p  t h a t  i s  m a n u f a c t u r e d  h a s  i t s  a r c h i t e c t u r e  i n f o r m a t i o n  p r o v i d e d  w i t h i n  a n  X M L  f o r m a t t e d  

. x n  f i l e .  T h i s  f i l e  i s  u s e d  b y  t h e  p r o g r a m  c o m p i l e r  t o  b u i l d  t h e  f i r m w a r e  c o r r e c t l y  f o r  t h e  p r o c e s s o r .  T h e  

S P K - 4 P  a r c h i t e c t u r e  m o d e l  i s  g i v e n  i n  t h e  “ D 4 U - m i n i D S P 2 x 4 . x n ”  f i l e  w i t h i n  t h e  X M O S  S D K  p r o j e c t .  A s  

s h o w n  i n  Listing 5, t h i s  f i l e  h o l d s  t h e  c h i p  s p e c i f i c  i n f o r m a t i o n  w i t h  t h e  n a m e ,  l o c a t i o n  a n d  f u n c t i o n  o f  

e a c h  p o r t ,  a s  w e l l  a s  t h e  c l o c k  c y c l e  s e t t i n g s  a n d  i n f o r m a t i o n .

1 <?xml v e r s i o n = " l .  0 "  e n c o d i n g = " I 7 T F - g " ? >

2 <Network xmlns="http://www.xmos.com" xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" xsi:schemaLocation="http://www.xmos.coi
3 <Type>Board</Type>
4 <Name>XS2 MC Audio</Name>
5 <Declarations>
6 <Declaration>tileref tile[2]</Declaration>
7 <Declaration>tileref usb_tile</Declaration>
8  < / D e c l a r a t i o n s >

9  < P a c k a g e s >

1 0  < P a c k a g e  i d = " 0 "  ’2 y ^ .=  "XS2-UnA-512-FB236">
1 1

1 2

1 3

1 4

1 5

1 6

1 7

1 8

1 9

2  0

2 1

2 2

2 3

2 4

2 5

2 6

2 7

2 8

2 9

3 0

3 1

3 2

3 3

3 4

3 5

3 6

3 7

3 8

3 9

4 0

4 1

< N o d e s >

<Node ld=”0" InPackageId="0" Type=”XS2-L16A-512" Oscillator="24MHz" SystemFrequency="500MHz" referencefrequency="100MHz">
< B o o t >

O o u r c e  L o c a t i o n = , r b o o t F I a s h " / >

< / B O O t >

<Tile Number-"0" Reference=”tilefOJ ">
<!—  QSPI for internal Flash — >
<Port Location= "XS1_PORT_1B" Name="P0RT_SQI_CS’7>
<Port Location= "XS1_PORT_1C" Name="PORT_SQI_SCLK"/>
< P o r t  L o c a t i o n = " X S l _ P O R Z _ 4 B "  N a m e =  "P0RT_SQT_SI0'7>

<!—  SPI — >
< P o r t  L o c a t i o n = " X S l _ P O R Z _ i A "  N a m e =  "PORT_SPI_MISO"/>
< P o r t  L o c a t i c m = " X S l _ P O B F _ I C "  N a m e =  "P0RT_SPI_CLK’7>
<Port Location="XSI PORT ID" Name="PORT SPI MOSI"/>

<!—  Audio Ports — >
<Port Location^ "XS 1_PORT_1E"
< P o r t  L o c a t i o n = " X S 1 _ P O R T _ 1 F "  

< P o r t  L o c a t i o n =  " X S 1 _ P O R P _ 1 G "  

< P o r t  L o c a t i o n = , , X S l _ P O R T _ i J f "  

< P o r t  L o c a t i o n = " X S l _ P O R Z _ l W "  

< P o r t  L o c a t i o n = " X S l _ P O R Z _ i O "  

< P o r t  L o c a t i o n =  "XSI PORT IP "

<!—  TDM Ports Same as I2S —
<Port Iocati.OYL="XSl_PORT_lE"
< P o r t  L o c a t i o n ^ X S l - P O R Z - i F "

<Port Location= "XS1_PORT_1G"
< P o r t  L o c a t i o n = " X S 1 2 p c ^ O ^ "

< P o r t  L o c a t i 0 n = " X S ' l  PORT IN "

Name= "PORT_I2S_ADCO "/ > 
Name= "PORT_I2S_DACO "/> 
N a m e =  "PORT_12S_APC1 '7> 

N a m e =  "PORT_I2S_DAC1 "/> 

N a m e =  "PORT_I2S_LRCLK"7 

N a m e =  "PORT_l2S_BCLK"/> 

N a m e =  "P0RT_MCLK_IN’7>

Name= "PORT_ TDM_ADC0 "/ >
Name= "PORT_ TDM_DAC0 "/ >
Name= "PORT_TDM_ADC1 "/>
N a m e =  "PORT_TDM_DAC1 '7>
N a m e = " P O R T  TDM F S’7>

Listing 5: D e v i c e  a r c h i t e c t u r e  s t r u c t u r e  c o n t a i n e d  w i t h i n  t h e  D 4 U - m i n i D S P 2 x 4 . x n  f i l e .

3.1.1 XMOS tasks

A s  m e n t i o n e d ,  X M O S  t a s k s  a r e  d e d i c a t e d  t o  a  l o g i c a l  c o r e  o n  e i t h e r  o f  t h e  t i l e s .  T o  h e l p  u n d e r s t a n d  t h i s ,  a  

b a s i c  l a y o u t  o f  t h e  X M O S  p r o g r a m  t a s k s  a n d  t h e i r  u n d e r l y i n g  r e l a t i o n s h i p  t o  t h e  a r c h i t e c t u r e  i s  g i v e n  i n  

Fig. 17. E a c h  I n d i v i d u a l  p r o c e s s i n g  t a s k  i s  a l l o c a t e d  i t s  o w n  l o g i c a l  c o r e  t h a t  i s  h o u s e d  o n  a  t i l e .  T h e  t i l e  i s  

c o n n e c t e d  t o  i t s  a s s o c i a t e d  I / O  p o r t s  a n d  t i m e r s .  T h e  t a s k s  p a s s  d a t a  t o  o n e  o t h e r  r e g a r d l e s s  o f  w h e t h e r  t h e y  

a r e  o n  t h e  s a m e  t i l e ,  u s i n g  c o m m u n i c a t i o n  a b s t r a c t i o n s  ( x C O N N E C T )  k n o w n  a s  c h a n n e l s  a n d  i n t e r f a c e s .  

T h e  I / O  p i n s ,  w h i c h  a r e  s o m e t i m e s  r e f e r r e d  t o  a s  G e n e r a l  P u r p o s e  I / O  ( G P I O )  p i n s ,  m a y  b e  u s e d  t o  s e n d  

d a t a  i n  a n d  o u t  o f  t h e  c h i p  t h r o u g h  t h e  h a r d w a r e  r e s p o n s e  p o r t s .  T h e r e  a r e  s e v e r a l  t i m e r s  w h i c h  m a y  b e  

i n s t a n t i a t e d  a n d  u s e d  b y  p r o c e s s i n g  t a s k s ,  t a s k s  r e a c t  t o  e v e n t s  s u c h  a s  d a t a  r e c e i v e d  f r o m  I / O  p i n s ,  

m e s s a g e s  f r o m  o t h e r  t a s k s  o r  t i m e r  e v e n t s .
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Fig. 17: T i l e s  a n d  t a s k s .

T h e  X M O S  d e v e l o p m e n t  k i t  u s e s  t h e  x C  l a n g u a g e  a n d  i t s  a s s o c i a t e d  x c c  c o m p i l e r .  T h e  l a n g u a g e  x C  i s  

s i m i l a r  t o  C  b u t  e n f o r c e s  c e r t a i n  r e s t r i c t i o n s  a n d  i m p l e m e n t s  n e w  d a t a  t y p e s  t h a t  a r e  r e q u i r e d  f o r  t h e  

c o n c u r r e n t  a r c h i t e c t u r e .  T h e  x C  t a s k s  g e t  c o m p i l e d  i n t o  a  b i n a r y  b e f o r e  b e i n g  f l a s h e d  t o  t h e  p r o c e s s o r  

m e m o r y  u s i n g  a  J T A G  c o n n e c t i o n .  T h e  f o l l o w i n g  s e c t i o n s  w i l l  d e s c r i b e  v a r i o u s  f u n c t i o n a l i t y  p r o v i d e d  b y  

t h e  X M O S  p r o c e s s o r s .  A s  s h o w n  i n  Fig. 17, e a c h  t a s k  r u n s  a s  a n  i n d e p e n d e n t  f u n c t i o n  t h a t  p e r f o r m s  

p r o c e s s i n g  w i t h i n  i t s  o w n  s c o p e  a n d  c a n  b e  p a s s e d  d a t a  f r o m  t h e  s c o p e  o f  o t h e r  p r o c e s s i n g  t a s k s .  T h e  l i m i t  

t o  h o w  m a n y  t a s k s  c a n  b e  c r e a t e d  i s  b a s e d  o n  t h e  l o g i c a l  c o r e s  a v a i l a b l e  i n  e a c h  t i l e ,  a n d  t h i s  l i m i t  i s  s h o w n  

w i t h i n  t h e  X M O S  S D K .

3.1.2 XMOS Pin Allocation

I / O  p i n s  f o r  b o t h  t i l e s  a r e  a d d r e s s a b l e  a s  “ i n  p o r t s ”  o r  “ o u t  p o r t s ” .  T i m e r s  m a y  a l s o  b e  i n s t a n t i a t e d ,  o f  

w h i c h  s o m e  a r e  d e d i c a t e d  t o  c l o c k e d  p o r t s ,  o r  “ b u f f e r e d  p o r t s ” .  A  b u f f e r e d  p o r t  a l l o w s  f o r  d a t a  t o  b e  s t o r e d  

i n  a  b u f f e r  a n d  s e n t  o u t  a c c o r d i n g  t o  a  t i m e r ,  s o  t h e  p r o c e s s o r  c a n  c o n t i n u e  w i t h  o t h e r  f u n c t i o n s .  T h i s  

f u n c t i o n a l i t y  i s  p a r t i c u l a r l y  u s e f u l  f o r  t h e  t r a n s m i s s i o n  o f  a u d i o  s a m p l e s  w h i c h  u s e  a  f i x e d  s a m p l e  r a t e .  

Listing 6 s h o w s  s o m e  o f  t h e  i m p o r t a n t  p o r t s  t h a t  a r e  i n s t a n t i a t e d  w i t h i n  t h e  m a i n  f i l e  o f  t h e  x C  p r o j e c t  

u s e d  b y  t h e  e n d p o i n t s  i n  t h i s  t h e s i s .  T h e  b u f f e r e d  p o r t s  a r e  u s e d  f o r  a u d i o  s a m p l e  t r a n s m i s s i o n  t o  a n d  f r o m  

t h e  I 2 S  d r i v e r .  T h e  c l o c k s  o n  t i l e  0  a r e  u s e d  t o  t r a n s m i t  t h e  m a s t e r  a n d  b i t  c l o c k  s i g n a l s  o u t  o f  t h e  p r o c e s s o r  

t o  s y n c h r o n i z e  t h e  S H A R C  p r o c e s s o r .  T h e  i n  p o r t  i s  u s e d  t o  r e c e i v e  t h e  c l o c k  s i g n a l  f r o m  t h e  X M O S  

p r o c e s s o r  m a s t e r  c l o c k .  T h e  o u t  p o r t s  o n  t i l e  1  a r e  u s e d  t o  c o n t r o l  t h e  L E D s  c o n n e c t e d  t o  t h e  S P K - 4 P .

1 on tile[0]: out buffered port:32 p_aud_dout[AVB_NUM_MEDIA_OUTPUTS/CHANNEL_PER_WIRE] = {PORT_TDM_DACO, PORT_TDM_DAC1}
2 on tile[0]: in buffered port:32 p_aud_din[AVB_NUM_MEDIA_INPUTS/CHANNEL_PER_WIRE] = {PORT_TDM_ADC0, PORT_TDM_ADC1};
3 on tile[0]: clock clk_tdm_bclk = XS1_CLKBLK_3;
4 on tile[0]: clock clk_tdm_inclk = XS1_CLKBLK_4;
5 on tile[0]: in port p_tdm_inclk = PORT_PLL_MCLK;
6 on tile[l]: out port p_leds_row = XS1_PORT_4C;
7 on tile[l]: out port p_leds_column = XS1_PORT_4D;

Listing 6: P o r t  d e c l a r a t i o n  w i t h i n  x C .
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3.1.3 XMOS Inter-task Communication

I n t e r - t a s k  c o m m u n i c a t i o n  i s  h a n d l e d  u s i n g  c h a n n e l s  o r  i n t e r f a c e s .  C h a n n e l s  c o n n e c t  p a r a l l e l  t a s k s  a n d  m a y  

b e  e i t h e r  b i d i r e c t i o n a l  o r  u n i d i r e c t i o n a l .  C h a n n e l s  t y p i c a l l y  p a s s  d a t a  s y n c h r o n o u s l y  u s i n g  a  h a n d s h a k i n g  

m e t h o d ,  w h i c h  g e n e r a l l y  s l o w s  c o d e  o n  t h e  r e c e i v i n g  e n d .  T h i s  h a n d s h a k i n g  p r o c e s s  m a y  b e  a v o i d e d  o n  

e v e r y  t r a n s a c t i o n  b y  u s i n g  s t r e a m i n g  c h a n n e l s .  A  s t r e a m i n g  c h a n n e l  c r e a t e s  a  p e r m a n e n t  c o n n e c t i o n  

b e t w e e n  t w o  t a s k s  a t  s t a r t u p .  T h i s  i s  s o  t h e  X M O S  p r o c e s s o r  k n o w s  d a t a  w i l l  b e  s t r e a m e d  c o n t i n u o u s l y  o n  

t h e  c h a n n e l .  Listing 7  s h o w s  a  s t r e a m i n g  c h a n n e l  c r e a t e d  a n d  g i v e n  t o  t w o  t a s k s  t h a t  a r e  a l l o c a t e d  t o  a  

s i n g l e  c o r e .  T h e  i n f i n i t e  w h i l e  l o o p  i n  t a s k  1  c r e a t e s  a n  i n t e g e r  w i t h  a  v a l u e  2 0 0  a n d  s e n d s  i t  t o  t a s k  2  u s i n g  

t h e  s t r e a m i n g  c h a n n e l ,  t a s k  2  r e c e i v e s  t h i s  i n t e g e r  u s i n g  a  c a s e  w i t h i n  a  s w i t c h  s t a t e m e n t  a n d  p r i n t s  t h e  

i n t e g e r  v a l u e .

1  v o id  t a s k 1 ( s t r e a m in g  ch a n  c _ b a s i c ) {  

i n t  s e n d i n t  =  2 DO;
3  w h i l e d )  {
4  / /  S e n d  i n t s

c b a s i c  < :  s e n d i n t ;

6  }

7  }

9 v o i d  t a s k 2 ( s t r e a m in g  ch a n  c _ b a s i c ) {

1 0  i n t  r e c e i v e d _ i n t ;

1 1  / /  R e c e i v e  a n  i n t

1 2  s e l e c t ]
1 3  c a s e  c b a s i c  : >  r e c e i v e d _ i n t :

1 4  p r i n t i n t l n ( r e c e i v e d _ i n t ) ;

1 5  b r e a k ;
1 6  }

1 7  

1 8  }  

1 9  

2 0  i n t  m ain  () { 

2 1  s t r e a m in g  ch a n  c _ b a s i c ;

2 2  p a r  {
t a s k l ( c _ b a s i c )  ;

2 4  t a s k 2 ( c _ b a s i c ) ;

2 5

2 6

2 7  }

r e t u r n  0;

Listing 7 :  C h a n n e l s  b e t w e e n  t w o  t a s k s  w i t h i n  x C .

C h a n n e l  c o m m u n i c a t i o n  c a n  b e c o m e  c o n f u s i n g  w h e n  p a s s i n g  v a r i o u s  t y p e s  o f  d a t a  b e t w e e n  t h e  t w o  

p r o c e s s i n g  t a s k s .  T h e  i n t e r f a c e  t y p e  a t t e m p t s  t o  s o l v e  t h i s  b y  p r o v i d i n g  a  m o r e  v e r b o s e  m e t h o d  o f  p a s s i n g  

d a t a  u n i d i r e c t i o n a l l y .  A n  i n t e r f a c e  i s  d e f i n e d  w i t h  a  s e t  o f  f u n c t i o n s ,  a n d  i s  g i v e n  t o  b o t h  t a s k s  i n t e n d i n g  t o  

s e n d  d a t a  t o  o n e  a n o t h e r .  T h e  p r o c e s s  r e c e i v i n g  d a t a  i s  g i v e n  t h e  r o l e  o f  a  s e r v e r  a n d  t h e  p r o c e s s  s e n d i n g  

d a t a  i s  g i v e n  t h e  r o l e  o f  t h e  c l i e n t .  T h i s  i s  d e m o n s t r a t e d  i n  Listing 8 b e l o w .  T h e  i n t e r f a c e  f u n c t i o n s  a r e  

d e f i n e d  a t  t h e  t o p  o f  t h e  f i l e .  T h i s  i n t e r f a c e  i s  t h e n  i n s t a n t i a t e d  w i t h i n  t h e  m a i n  f u n c t i o n ,  t a s k  1  i s  g i v e n  t h e  

c l i e n t  s i d e  o f  t h e  i n t e r f a c e  a n d  t a s k  2  i s  g i v e n  s e r v e r - s i d e ,  t a s k  1  m a k e s  a  c a l l  f i r s t  t o  t h e  pass_mtegers 

f u n c t i o n  a n d  t h e n  t h e  pass_float f u n c t i o n  o f  t h e  i n t e r f a c e  c l i e n t  t o  s e n d  i n t e g e r s  5  a n d  1 0  a n d  f l o a t  0 . 5  t o  

t h e  s e r v e r  o n  t a s k  2 .  t a s k  2  t h e n  p r i n t s  t h e  r e c e i v e d  i n t e g e r s  a n d  f l o a t  u s i n g  a  c a s e  s t a t e m e n t  w i t h i n  t h e  

i n t e r f a c e  s e r v e r .
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1  interface i _ p a s s _ p a r a m e t e r s  {

2

3

4

5

void pass_integers(int x, int y); 
void pass_float(float x )  ;

ovoid taskl(client interface i _ p a s s _ p a r a m e t e r s  i_client)
7  {

S

9

1 0  }

1 1

i _ c l i e n t . p a s s _ i n t e g e r s ( 5 ,  1 0 ) ;

i _ c l i e n t . p a s s _ f l o a t ( 0 . 5 ) ;

1 2  void task2(server interface i _ p a s s _ p a r a m e t e r s  i _ s e r v e r )

1 3  {

1 4

1 5

1 6

1 7

I S

1 9

2 0

2 1

2 2

2 3  }

2 4

select {
case i s e r v e r . p a s s i n t e g e r s (int x ,  int y ) :  

printf ( " R e c e i v e d :  % d ,  % d \ n " ,  x ,  y )  ;

break;
case i _ s e r v e r . p a s s _ f l o a t (float x ) :

/ /  h a n d l e  t h e  m e s s a g e

printf ( " R e c e i v e d :  % f \ n " ,  x )  ;

break;

2  5 int
2 6

2 7

28
2 9

3 0

3 1  }

main () {
interface i _ p a s s _ p a r a m e t e r s  i t a s k s ;

on t i l e [ 0 ] :  

on t i l e  [ 1 ] :

return 0;

t a s k l ( i _ t a s k ) ;

t a s k 2 ( i  t a s k ) ;

Listing 8: I n t e r f a c e  b e t w e e n  t w o  t a s k s  w i t h i n  x C .

3.1.4 XMOS Analysis Tools

T h e  X M O S  i n t e g r a t e d  d e v e l o p m e n t  e n v i r o n m e n t  ( I D E )  h a s  t o o l s  n e c e s s a r y  f o r  v i s u a l i z i n g  a n d  p r o f i l i n g  

p r o c e s s o r  f i r m w a r e .  T h e  t i m i n g  a n a l y z e r  t o o l s  a r e  a p t l y  n a m e d  X M O S  T i m i n g  A n a l y s i s  ( X T A )  t o o l s .  T h e s e  

t o o l s  a l l o w  f o r  v a r i o u s  f u n c t i o n s  a n d  d a t a  r o u t e s  t o  b e  t r a c e d  a n d  t i m e d  i n  a  s i m u l a t i o n .  X T  A  p r o v i d e s  t h e  

d i a g n o s t i c s  t o  e n s u r e  t h e  p r o c e s s o r ’ s  a p p l i c a t i o n  c o d e  i s  a b l e  t o  m e e t  r e a l - t i m e  d e m a n d s  p r i o r  t o  b e i n g  

f l a s h e d  o n t o  t h e  c h i p .  A s  s h o w n  l a t e r  i n  t h i s  t h e s i s ,  t h e  X T  A  t o o l  i s  u s e d  e x t e n s i v e l y  t o  p r o f i l e  t h e  s p a t i a l  

a u d i o  r e n d e r i n g  c a l c u l a t i o n s  t h a t  a r e  i m p l e m e n t e d  w i t h i n  t h e  X M O S  p r o c e s s o r .

3.2 ImmerGo’s XMOS Processor

T h e  S P K - 4 P  X M O S  p r o c e s s o r s  c o n t a i n  a  v e r s i o n  o f  a n  o p e n l y  a v a i l a b l e  A V B  i m p l e m e n t a t i o n  t h a t  i s  

m o d i f i e d  t o  c o n t a i n  a  m i x e r  m a t r i x .  T h i s  m i x e r  i s  a d d r e s s a b l e  u s i n g  t h e  A V D E C C  A E C P  S E T _ M I X E R  

c o m m a n d s  s e n t  b y  I m m e r G o .  S h o w n  i n  Fig. 18 i s  t h e  X M O S  A V B  f i r m w a r e  u s e d  b y  I m m e r G o .  T h e  

c o n t r o l  p a t h  i s  h i g h l i g h t e d  b y  t h e  f i n e l y  d a s h e d ,  p u r p l e  a r r o w s  a n d  t h e  a u d i o  p a t h  i s  h i g h l i g h t e d  b y  t h e  

d a s h e d ,  g r e e n  a r r o w s .  T h e  I m m e r G o  c o n t r o l l e d  m i x e r  m a t r i x  i s  l o c a t e d  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r  

t a s k .  T h e  a u d i o  i s  r o u t e d  i n t o  t h e  S H A R C  a u d i o  i n p u t ,  h o w e v e r ,  a l l  S H A R C  p r o c e s s i n g  h a s  b e e n  b y p a s s e d .  

T i l e  1  m a n a g e s  t h e  i n t e r f a c e  f r o m  t h e  p h y s i c a l  p o r t  t o  t h e  E t h e r n e t  M e d i a  A c c e s s  C o n t r o l  ( M A C )  w h i l s t  t i l e  

0  h o l d s  t h e  v a r i o u s  c o m p o n e n t s  o f  t h e  A V B  i m p l e m e n t a t i o n  a n d  a u d i o  p r o c e s s i n g .
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T h e  a u d i o  m a y  b e  b u f f e r e d  o n t o  t h e  I 2 S  d a t a  l i n e s  u s i n g  e i t h e r  t h e  I 2 S  d r i v e r  o r  t h e  T D M  d r i v e r .  T h e  I 2 S  

b u f f e r  a l l o w s  2  c h a n n e l s  t o  b e  t r a n s m i t t e d ,  w h i l e  t h e  T D M  d r i v e r  a l l o w s  3 2  c h a n n e l s  w h i c h  i s  i m p o r t a n t  f o r  

t h e  S H A R C  p r o c e s s i n g  o f  a l l  c h a n n e l s  r e c e i v e d  f r o m  t h e  A V B  s t r e a m .

T h i s  p r o j e c t ’ s  d e v e l o p m e n t  p r o c e s s  w a s  c o n c e r n e d  p r i m a r i l y  w i t h  m o d i f i c a t i o n s  t o  t h e  X M O S  m i x e r  m a t r i x  

a n d  t h e  m e c h a n i s m  t h a t  c o n t r o l l e d  i t .  A s  s u c h ,  i n  d e p t h  d i s c u s s i o n  i n t o  t h e  o t h e r  c o m p o n e n t s  w i l l  b e  

o m i t t e d ,  h o w e v e r ,  t h e  r e a d e r  i s  d i r e c t e d  t o  t h e  d o c u m e n t a t i o n  t h a t  d e s c r i b e s  t h e  X M O S  A V B  

i m p l e m e n t a t i o n  i f  t h e y ’ d  l i k e  a  c o m p l e t e  u n d e r s t a n d i n g  o f  e a c h  c o m p o n e n t 1 9 .

1 9  h t t p s : / / w w w . x m o s . c o m / d e v e l o p e r / p u b l i s h e d / a v b - d e s i g n - g u i d e ? p a g e = 4

3.2.1 The Audio Path

Fig. 19 s h o w s  t h e  p a t h  o f  t h e  a u d i o  s a m p l e s  f r o m  t h e  A V B  n e t w o r k  t h r o u g h  t h e  A u d i o  B u f f e r  M a n a g e r  t o  

t h e  I 2 S  l i n e s .  A u d i o  s a m p l e s  a r e  r e c e i v e d  a s  A V T P  p a c k e t s  b y  t h e  E t h e r n e t  M A C  t a s k .  T h e s e  a r e  t h e n  p a s s e d  

t o  t h e  1 7 2 2  L i s t e n e r  t a s k  w h i c h  u n p a c k s  t h e  A V T P  p a c k e t  a n d  p u s h e s  t h e  s a m p l e s  i n t o  t h e  m e d i a  F I F O s  

( F i r s t  i n  F i r s t  o u t )  b u f f e r s  h e l d  w i t h i n  t h e  A u d i o  S a m p l e  O u t p u t  B u f f e r  t a s k .  T h e  A u d i o  B u f f e r  M a n a g e r  

t a s k  t h e n  r u n s  a n  i n f i n i t e  l o o p  w h i c h  r e t r i e v e s  t h e  a u d i o  s a m p l e s  f r o m  t h e  F I F O s  a n d  t h e n  s e n d s  t h e m  t o  

t h e  I 2 S  d r i v e r  u s i n g  t h e  A u d i o  B u f f e r  M a n a g e r  t o  I 2 S  h a n d l e r .  T h e  m i x e r  m a t r i x  i s  i n s e r t e d  i n t o  t h e  A u d i o  

B u f f e r  M a n a g e r  t a s k  b e t w e e n  w h e r e  t h e  s a m p l e s  a r e  p u l l e d  f r o m  t h e  F I F O  a n d  s e n t  t o  t h e  I 2 S  m a s t e r .

https://www.xmos.com/developer/published/avb-design-guide?page=4
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Before discussing how the mixer matrix is incorporated, the method used by Audio Buffer Manager to pull 

samples from the FIFO is discussed using an example of an 8 channel AVB stream described in Fig. 20. 

The 1722 Listener task fills the media FIFO within the Audio Output Sample Buffer task with 24 bit audio 

samples from the 8 channels according to their timestamp . The channel samples within the FIFOs are 

interleaved such that the odd channel samples are filled in first, and the even channel samples filled second. 

The Audio Buffer Manager task runs an infinite while loop which then pulls the audio samples for each 

channel and fills a buffer with samples in their correct order. These samples are then passed to the I2S 

master. Since only 2 pins are available to transfer the channels, only the first 2 channels from the audio 

stream will be played with channel 1 going to loudspeaker 1 and channel 2 to loudspeaker 2.

Fig. 19: Path of audio through the Audio Buffer Manager task.

Fig. 20: Pulling samples from the FIFO and passing to the I2S master.
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3.2.2 The ImmerGo Mixer Matrix

I m m e r G o  u s e s  a n  a t t e n u a t i o n  m i x e r  m a t r i x  t h a t  a l l o w s  f o r  c h a n n e l s  f r o m  a n  A V B  s t r e a m  t o  h a v e  t h e i r  

v o l u m e s  f o r  e a c h  l o u d s p e a k e r  c o n t r o l l e d  p r i o r  t o  b e i n g  s u m m e d  t o g e t h e r .  A s  s h o w n  i n  Fig. 21, t h e  i n p u t s  

o f  t h e  m i x e r  m a t r i x  a r e  s e t  a c c o r d i n g  t o  t h e  n u m b e r  o f  a u d i o  c h a n n e l s  t h e  p r o c e s s o r  i s  a b l e  t o  r e c e i v e  w h i l e  

t h e  o u t p u t s  a r e  s e t  a c c o r d i n g  t o  t h e  t w o  s p e a k e r s  a t t a c h e d  t o  t h e  SPK-4P. Fig. 19 i n  t h e  p r e v i o u s  p a g e  

s h o w s  w h e r e  t h e  m i x e r  m a t r i x  l i e s  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k :  i n  b e t w e e n  t h e  p o i n t  t h a t  t h e  

s a m p l e s  a r e  p u l l e d  f r o m  t h e  F I F O s  a n d  s e n t  t o  t h e  I 2 S  d r i v e r .

Listing 9 s h o w s  t h e  f u n c t i o n  h e a d e r  f o r  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k  w i t h  t h e  c h a n n e l s  a n d  i n t e r f a c e s  

t h a t  a l l o w  f o r  t h e  t r a n s m i s s i o n  o f  a u d i o  f r o m  t h e  1 7 2 2  l i s t e n e r  t o  t h e  A u d i o  B u f f e r  M a n a g e r  a n d  t h e n  I 2 S  

d a t a  l i n e s .  T h e  i n t e r f a c e s  a n d  c h a n n e l s  a r e  l i s t e d  b e l o w ,  w i t h  t h e  i n t e r f a c e s  i m p o r t a n t  f o r  t h e  a u d i o  m i x i n g  

m o d i f i c a t i o n  b e i n g  b o l d e d ,

c_audio -  a  c h a n n e l  t h a t  s e n d s  a u d i o  s a m p l e s  t o  t h e  I 2 S  m a s t e r .

a u d i o _ i n p u t _ b u f  -  P u s h e s  a u d i o  s a m p l e s  o n t o  d o u b l e  b u f f e r  t o  b e  s e n t  t o  t h e  A V B  n e t w o r k .  

audio_output_buf -  P u l l s  s a m p l e s  f r o m  t h e  m e d i a  F I F O .

c _ m e d i a _ c t r l  -  U s e d  t o  s e t  s a m p l e  r a t e  a n d  c o n t r o l  o p t i o n s  f o r  t h e  A u d i o  B u f f e r  M a n a g e r  

audio_io_type -  t e l l s  t h e  A u d i o  B u f f e r  M a n a g e r  t o  u s e  t h e  I 2 S  o r  t i m e  d i v i s i o n  m u l t i p l e x i n g  

( T D M )  a s  s h o w n  i n  Listing 10.
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59 void audio_buffer_manager(streaming chanend c _ a u d i o ,

60 client p u s h _ i f  a u d i o _ i n p u t _ b u f ,

6 1  client p u l l _ i f  a u d i o _ o u t p u t _ b u f ,

6 2  chanend c m e d i a c t r l ,

6 3  const a u d i o _ i o _ t  a u d i o _ i o _ t y p e )  ;

Listing 9: Function header for the Audio Buffer Manager task.

56typedef enum a u d i o _ i o _ t

57 {
5 S  A U O IO _I2S_IO r
5 9 AUDIO_ TDM_ IO
6 0  }  a u d i o _ i o _ t ;

Listing 10:12S line settings.

Listing 11 shows the mixer matrix buffers for the input and output channels. These are defined within the 

Audio Buffer Manager task as 24 bit samples held within a 32 bit word. Also shown are the mixer matrix 

parameters which hold the attenuation amounts for the XMOS mixer.

1 2 9  / /  . . .  i n  a u d i o  b u f f e r  m a n a g e r  t a s k

1 3 0  / /  X M O S  m i x e r  g a i n  p a r a m e t e r s

signed char X M O S M i x e r V a l s  [ M A X _ S P E A K E R S ] [ M A X _ C H A N N E L S ] = { { 0 } } ;

1 4 4  / /  M i x e r  m a t r i x  i n p u t s

1 4 5  i n t 3 2 _ t  s a m p l e _ o u t _ b u f [ A V B _ N U M _ M E D I A _ O U T P U T S ]  =  { 0 } ;

1 4 6  / /  M i x e r  m a t r i x  o u t p u t s

1 4 7  i n t 3 2 _ t  s a m p l e s _ o u t [ M A X _ S P E A K E R S + 1 ]  =  { 0 } ;

Listing 11: XMOS mixer matrix variables within the Audio Buffer Manager task.

Listing 12 below shows how the mixer matrix was implemented within the XMOS firmware. First, the 

interleaved samples are pulled from the media FIFO which fills the sample buffer. These samples are then 

shifted right to create headroom for the mixer. The samples are then sent into the mixer matrix which 

scales them according to the values within the XMOSMixerVals array and sums to the correct speaker 

output.
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101
102
103
104
105
106
107
100
109
190
191
192
193
194
195
196
197
190
199
200
201
202
203
204
205
206
207
200
209
210
211
212
213

// Infinite While Loop within Audio Buffer Manager ...

default:
unsafe {

if (audio_io_type == AUDIO_I2S_IO) {
/* Pull samples from Media FIFOs */
#pragma loop unroll
for (int i=0;i<AVB_NUM_MEDIA_OUTPUTS;i+=2) { 

sample_out_buf[i] = audio_output_fifo_pull_sample(h_out, i, 
timestamp); 

sample_out_buf[i] = sample_out_buf[i] »  0;
}
#pragma loop unroll
for (int i=l;i<AVB_NUM_MEDIA_OUTPUTS;i+=2) { 

sample_out_buf[i] = audio_output_fifo_pull_sample(h_out, i, 
timestamp); 

sample_out_buf[i] = sample_out_buf[i] »  0;
} ' '

/* Mix the samples */
#pragma loop unroll
for(int i=0; i<MAX_SPEAKERS; i++) 
{ 

samples_out[i] = 0;
#pragma loop unroll
for(int j=0; j<MAX_CHANNELS; j++) 
{

samples_out[i] += sample_out_buf[j]*XMOSMixerVals[i][ j ];

}

c_audio <: (int32_t *unsafe)&samples_out;

Listing 12: X M O S  a t t e n u a t i o n - o n l y  m i x e r  m a t r i x  i n  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k .

T h e  m i x e r  m a t r i x  p a r a m e t e r s  a r e  u p d a t e d  a c c o r d i n g  t o  t h e  A V D E C C  A E C P  S E T _ M I X E R  c o m m a n d s  s e n t  

b y  t h e  I m m e r G o  s e r v e r  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  Fig. 22 s h o w s  h o w  t h e  A E C P  m e s s a g e s  a r e  

r o u t e d  t h r o u g h  t h e  f i r m w a r e  t a s k s  a f t e r  b e i n g  r e c e i v e d  b y  t h e  E t h e r n e t  M A C .

T h e  A E C P  S E T _ M I X E R  c o m m a n d  h a s  i t s  h e a d e r s  p a r s e d  w i t h i n  t h e  1 7 2 2 . 1  t a s k  t i l l  t h e  0 x 0 0 6 0  d e s c r i p t o r  

i n d e x .  I t  t h e n  p a s s e s  t h i s  d e s c r i p t o r  i n d e x  a n d  t h e  p a c k e t  d a t a  f i e l d  t o  t h e  A p p l i c a t i o n  t a s k  u s i n g  t h e  

i_1722_l_entity i n t e r f a c e .  T h e  A p p l i c a t i o n  t a s k  h a s  a  s e t  o f  s w i t c h  s t a t e m e n t s  w h i c h  c a n  h a v e  e v e n t s  

t r i g g e r e d  a c c o r d i n g  t o  t h e  d e s c r i p t o r  i n d e x .  I n  t h i s  c a s e ,  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 6 0  t e l l s  t h e  A p p l i c a t i o n  

t a s k  t o  u p d a t e  t h e  X M O S  m i x e r  m a t r i x  a c c o r d i n g  t o  t h e  d a t a  v a l u e  w i t h i n  t h e  p a c k e t .  A n  i n t e r n a l  i n t e r f a c e  

i_1722_l_mixer b e t w e e n  t h e  A p p l i c a t i o n  t a s k  a n d  t h e  A u d i o  B u f f e r  M a n a g e r  i s  t h e n  u s e d  t o  u p d a t e  t h e

X M O S  m i x e r  m a t r i x  p a r a m e t e r s .

T h e  i_1722_l_mixer i s  a n  avb_1722_l_mixer i n t e r f a c e  w h i c h  h a s  a  f u n c t i o n  t h a t  s e t s  t h e  X M O S  m i x e r  

m a t r i x  v a l u e s  a s  s h o w n  i n  Listing 13.

19 interface avb_1722_l_mixer {
void set_mixer_valu.es ( unsigned short num_mix_valueS; char mix_Valu.es []) 

21 };

Listing 13: I n t e r n a l  i n t e r f a c e  u s e d  t o  u p d a t e  t h e  X M O S  m i x e r  m a t r i x .
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A s  s h o w n  i n  Listing 14, w h e n  t h e  A p p l i c a t i o n  t a s k  r e c e i v e s  t h e  d a t a ,  i t  u n p a c k s  a l l  t h e  m i x e r  m a t r i x  v a l u e s  

a n d  t h e n  m a k e s  a  c a l l  c o n t a i n i n g  t h e  m i x e r  v a l u e s  w i t h  t h e  i_1722_l_mixer c l i e n t .  T h i s  i s  r e c e i v e d  b y  t h e  

i_1722_l_mixer s e r v e r  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k  w h i c h  r e c e i v e s  t h e  v a l u e s  a n d  u p d a t e s  t h e  

X M O S  m i x e r  m a t r i x  v a l u e s  a s  d e m o n s t r a t e d  i n  Listing 15.

495 // In the application task ...
case 0x60: { // Set XMOS Mixer Matrix

497 char mix_Values[64];
490 for (int i = 0; i < value5_length; i++) mix_Values[i] = va’

► i_l722_l_mixer . set_mixer_valu.es (values_length, mix Values) ;
500 return_status = AECP_AEM_STATUS_SUCCESS;
501 break;
502 }

Listing 14: Passing the mixer matrix values from the Application task to the Audio Buffer Manager.

3 6 9  / /  I n  t h e  A u d i o  B u f f e r  M a n a g e r  i n f i n i t e  w h i l e  l o o p  . . .

case i_l722_l_mi x e r . s e t _ m i x e r _ v a l u e s (unsigned short n u m _ m i x _ v a l u e s ,  char m i x _ V a l u e s [ ] )  
<  for (int 1 = 0 ;  i <  M A X S P E A K E R S ;  i + + )  {

3 7 2  /  for (int j  =  0 ;  j <  M A X _ C H A N N E L S ;  j + + )  {

X M O S M i x e r V a l s [ i ] [ j ]  =  m i x _ V a l u e s [ i n d e x + + ] ;
3 7 4  }
3 7 5  }

3 7 6  break;
3 7 7  }

Listing 15: Receiving the mixer matrix updates.

3.3 Summary

T h i s  c h a p t e r  r e v i e w e d  t h e  a r c h i t e c t u r e  o f  t h e  e n d p o i n t  p r o c e s s o r  u s e d  w i t h i n  t h e  I m m e r G o  s y s t e m .  A  

d i s c u s s i o n  o f  t h e  s t y l e  o f  p r o g r a m m i n g  r e q u i r e d  t o  p r o g r a m  t h e  X M O S  p r o c e s s o r  p r o v i d e d  i n f o r m a t i o n  o n  

t h e  m e c h a n i s m s  u s e d  b y  I m m e r G o  t o  i m p l e m e n t  t h e  f i r s t  l e v e l  o f  e n d p o i n t  d i s t r i b u t e d  p r o c e s s i n g .  T h i s  

d i s c u s s i o n ,  i n  p a r t i c u l a r ,  d e s c r i b e d  f r o m  t h e  e n d p o i n t  p e r s p e c t i v e  h o w  t h e  m i x e r  m a t r i x  w a s  u p d a t e d  w i t h



46 Chapter 3: Speaker Endpoint Processors

v a l u e s  o u t p u t t e d  f r o m  t h e  D B A P  a l g o r i t h m .  T o  d o  s o ,  a  b r i e f  o v e r v i e w  o f  t h e  A V B  f i r m w a r e  t h a t  i s  u s e d  b y  

t h e  S P K - 4 P  w a s  g i v e n .  T h i s  h i g h l i g h t e d  k e y  a r e a s  w i t h i n  t h e  X M O S  p r o c e s s o r  t h a t  w e r e  n e c e s s a r y  f o r  t h e  

i m p l e m e n t a t i o n  w i t h i n  t h i s  t h e s i s ’  p r o j e c t .  T h e  f o l l o w i n g  c h a p t e r  w i l l  d i s c u s s  h o w  t h e  m e c h a n i s m s  u s e d  b y  

I m m e r G o  w e r e  e x t e n d e d  t o  d i s t r i b u t e  m o r e  p r o c e s s i n g  t o  t h e  s p e a k e r  e n d p o i n t s .  T h e s e  e x t e n s i o n s  p r o v i d e  

a  f r a m e w o r k  t h a t  a l l o w s  f o r  m o r e  a l g o r i t h m s  t o  b e  i m p l e m e n t e d .
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Chapter 4

Modifications to ImmerGo
M o d i f i c a t i o n s  w e r e  r e q u i r e d  f o r  I m m e r G o  t o  i n c o r p o r a t e  f u r t h e r  s p a t i a l  a u d i o  r e n d e r i n g  a l g o r i t h m s ,  a n d  t o  

t h e n  h a v e  t h o s e  a l g o r i t h m s  d i s t r i b u t e d  t o  t h e  e n d p o i n t s .  T h e  o b j e c t - b a s e d  r e p r e s e n t a t i o n  a n d  A E C P  c o n t r o l  

m e c h a n i s m  u s e d  t o  c o n t r o l  t h e  e n d p o i n t s  s e r v e d  a s  a  c o n d u i t  f o r  c o n t r o l l i n g  t h e s e  a l g o r i t h m s  a n d  e n a b l i n g  

t h e m  t o  b e  m o r e  d e e p l y  d i s t r i b u t e d .  T o  a c h i e v e  t h e  d e e p e r  l e v e l s  o f  d i s t r i b u t i o n ,  a  n e w  t a s k  w a s  i n t r o d u c e d  

w i t h i n  t h e  S P K - 4 P  f i r m w a r e  c a l l e d  t h e  “ S p a t i a l  A u d i o  R e n d e r e r ”  ( S A R )  t a s k .  T h i s  t a s k  a c t s  a s  a  c o n t a i n e r  

w i t h i n  t h e  X M O S  p r o c e s s o r  t h a t  r e s p o n d s  t o  A E C P  c o n t r o l  m e s s a g e s  c o n t a i n i n g  I m m e r G o ’ s  r e n d e r e r  

d e f i n i t i o n  m o d e l s .

S i n c e  D B A P  h a d  a l r e a d y  b e e n  i m p l e m e n t e d  w i t h i n  t h e  I m m e r G o  s e r v e r ,  i t  w a s  t h e  f i r s t  t o  h a v e  i t s  

c a l c u l a t i o n s  d i s t r i b u t e d .  T h i s  c h a p t e r  w i l l  d i s c u s s  h o w  t h e  n e w  X M O S  S A R  t a s k  i m p l e m e n t s  t h e  D B A P  

a l g o r i t h m .  F i r s t ,  t h e r e  i s  a  d e s c r i p t i o n  o f  h o w  t h e  I m m e r G o  s e r v e r  w a s  m o d i f i e d  t o  s e n d  t h e  s p e a k e r  a n d  

t r a c k  o b j e c t  p o s i t i o n s  t o  t h e  e n d p o i n t  p r o c e s s o r  i n s t e a d  o f  t h e  s p e a k e r  m i x  l e v e l s .  T h i s  i s  f o l l o w e d  b y  a n  

o v e r v i e w  o f  t h e  n e w  f i r m w a r e  d e v e l o p e d  f o r  t h e  X M O S ,  w i t h  a  d e s c r i p t i o n  o f  h o w  t h i s  f i r m w a r e  i s  a b l e  t o  

r e c e i v e  t h e  s p e a k e r  a n d  t r a c k  l o c a t i o n s  a n d  u s e  t h e m  t o  p e r f o r m  t h e  D B A P  a l g o r i t h m  i n t e r n a l l y .  F i n a l l y ,  

t h e r e  i s  a  d e s c r i p t i o n  o f  h o w  f u r t h e r  d i s t r i b u t i o n  w a s  a c h i e v e d  u t i l i z i n g  t h e  S H A R C  D S P  p r o c e s s o r  a t t a c h e d  

t o  t h e  X M O S .

4.1 Modifying the ImmerGo Host to Send Audio Definition

Models

I t  w a s  f o u n d  t h a t  t h e  D B A P  c a l c u l a t i o n s  c o u l d  b e c o m e  v e r y  p r o c e s s o r  i n t e n s i v e  o n  t h e  h o s t  a s  t h e  n u m b e r  

o f  s p e a k e r s  a n d  t r a c k s  b e i n g  l o c a l i z e d  i n c r e a s e d .  I n  o r d e r  t o  m i t i g a t e  t h i s ,  t h e  c a l c u l a t i o n s  w e r e  m o v e d  t o  

t h e  s p e a k e r  e n d p o i n t s .  I m m e r G o  i s  n o w  m o d i f i e d  t o  s e n d  n o t  o n l y  t h e  m i x e r  l e v e l s ,  b u t  a l s o  t h e  s p e a k e r  

p o s i t i o n s ,  t r a c k  d a t a ,  a n d  a s  l a t e r  d i s c u s s e d ,  a l g o r i t h m  s p e c i f i c  c o n f i g u r a t i o n  d a t a  t o  t h e  S A R  i n c o r p o r a t e d  

w i t h i n  t h e  X M O S .  T o  a c h i e v e  t h i s ,  n e w  p a c k e t  t e m p l a t e s  w e r e  c r e a t e d  f o r  t h e s e  d a t a  s t r u c t u r e s  c o l l e c t i v e l y  

t e r m e d  t h e  “ A u d i o  D e f i n i t i o n  M o d e l s ” .

A s  d i s c u s s e d  i n  c h a p t e r  2 ,  t h e r e  a r e  t w o  t y p e s  o f  A u d i o  D e f i n i t i o n  M o d e l  u s e d  b y  I m m e r G o ,

T h e  R o o m  D e f i n i t i o n  M o d e l

T h e  T r a c k  O b j e c t  M o d e l

T h i s  s e c t i o n  w i l l  d e s c r i b e  h o w  t h e s e  w e r e  s e n t  f r o m  t h e  I m m e r G o  s e r v e r  t o  t h e  e n d p o i n t s .
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I m m e r G o  i s  r e q u i r e d  t o  s e n d  d a t a  f r o m  t h e  s e r v e r  t o  t h e  S A R  w i t h i n  t h e  e n d p o i n t  p r o c e s s o r s .  T h i s  i s  d o n e  

u s i n g  t h e  N P M  c a p  p a c k a g e ,  w h i c h  i s  a b l e  t o  s e n d  A V D E C C  c o m m a n d s  t o  t h e  e n d p o i n t  p r o c e s s o r s .  T h e  

s e r v e r  u s e s  t h e  g e n e r a l  p a c k e t  s t r u c t u r e  f o r  t h e  A E C P  S E T _ M I X E R  c o m m a n d  s h o w n  i n  Table 9 b e l o w .  T h i s  

p a c k e t  l a y o u t  i s  c r e a t e d  a s  a  t e m p l a t e  w i t h i n  t h e  s e r v e r  c o d e .  T h i s  t e m p l a t e  i s  t h e n  a b l e  t o  b e  c o p i e d  a n d  

m o d i f i e d  a c c o r d i n g  t o  w h a t  n e e d s  t o  b e  s e n t  t o  e a c h  e n d p o i n t  d e v i c e .

d e s c n p t o r j n d e x

A  E C P  M e s s a g e  

S p e c i f i c  D a t a

s e q u e n c e  i d

M I X E R  =  Q x O O l c

S E T _ M I X E R  =  O x O O l e

T h e  R o o m  D e f i n i t i o n  m o d e l  i s  s e n t  t o  t h e  e n d p o i n t  p r o c e s s o r s  a f t e r  e a c h  e n d p o i n t  d e v i c e  i n  t h e  s p e a k e r  

c o n f i g u r a t i o n  X M L  h a s  b e e n  d i s c o v e r e d .  Fig. 23 b e l o w  s h o w s  a  t y p i c a l  s p e a k e r  c o n f i g u r a t i o n  t h a t  m i g h t  b e  

a s s o c i a t e d  w i t h  t h e  X M L  f i l e .  E a c h  p r o c e s s o r  i s  a d d r e s s e d  w i t h  i t s  p a r t i c u l a r  M A C  a d d r e s s  a n d  a n  I D  

a s s o c i a t e d  w i t h  t h e  s p e a k e r s  t h a t  a r e  c o n n e c t e d  t o  i t .  W h e n  c a l c u l a t i n g  a n  a l g o r i t h m  i n t e r n a l l y ,  t h e  s p e a k e r  

I D  e n s u r e s  t h a t  t h e  m i x e r  m a t r i x  i s  u p d a t e d  w i t h  t h e  c o r r e c t  v a l u e  p e r t a i n i n g  t o  t h a t  s p e a k e r .

S p e a k e r  c o n f i g u r a t i o n

Fig. 23: S p e a k e r  C o n f i g u r a t i o n  w i t h  t h e i r  a s s o c i a t e d  M A C  a d d r e s s  a n d  u n i q u e  S p e a k e r  I D s .

T h e  A E C P  S E T _ M I X E R  p a c k e t  t h a t  i s  u s e d  t o  s e n d  t h e  s p e a k e r  c o n f i g u r a t i o n  i s  s h o w n  i n  Table 10 b e l o w .  

I n  t h e  f i r s t  t w o  b y t e s ,  t h e  I D s  a s s o c i a t e d  w i t h  t h e  s p e a k e r s  a t t a c h e d  t o  t h e  M A C  a r e  g i v e n .  T h e  s p e a k e r
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c o n f i g u r a t i o n  t h a t  m a y  b e  s e n t  i s  l i m i t e d  t o  2 5 5  s p e a k e r s  a n d  t h e  c o o r d i n a t e s  o f  e a c h  o f  t h e s e  s p e a k e r s  n e e d  

t o  b e  t o  e a c h  e n d p o i n t  t o  b e  u s e d  b y  t h e  D B A P  c a l c u l a t i o n .  E a c h  c o o r d i n a t e  h a s  i t s  e l e m e n t s  

r e p r e s e n t e d  a s  3 2  b i t  i n t e g e r s  w h i c h  g i v e  a  r a n g e  o f  c m  f o r  e a c h  c o o r d i n a t e  a n d  i s  p a c k e t i z e d  i n t o  4  b i t  

b y t e s ,  o n e  a f t e r  t h e  o t h e r ,  w i t h  a  f i n a l  t e r m i n a t i n g  i n t e g e r  o f  O x F F F F F F F F .  E a c h  e n d p o i n t  i s  t h e n  s e n t  t h e  

c o n f i g u r a t i o n ,  a l o n g  w i t h  t h e  I D s  o f  t h e  t w o  s p e a k e r s  i t ’ s  a t t a c h e d  t o ,  w i t h i n  a n  A E C P  S E T _ M I X E R

c o m m a n d .  T h e  d e s c r i p t o r  i n d e x  i s  s e t  t o  0 x 0 0 1 0 .  T h i s  d e s c r i p t o r  i n d e x  i s  i m p o r t a n t ,  a s  i t  t e l l s  t h e  e n d p o i n t  

t o  s e t  u p  t h e  e n d p o i n t  p r o c e s s o r ’ s  i n t e r n a l  s p e a k e r  c o n f i g u r a t i o n  w i t h  t h e  c o r r e c t  s p e a k e r  p o s i t i o n s .

M I X E R  =  0 X 0 0 1 C

Fig. 24 s h o w s  h o w  t h i s  s p e a k e r  c o n f i g u r a t i o n  i s  s e n t  a n d  t h e  c o d e  f o r  t h i s  p r o c e s s  i s  d e s c r i b e d  i n  g r e a t e r  

d e t a i l  i n  A p p e n d i x  A  A 3 .  T h e  s p e a k e r  c o n f i g u r a t i o n  i s  f i r s t  l o a d e d  i n t o  t h e  s e r v e r ,  a n d  t h e  e n d p o i n t  d e v i c e s  

i n  t h e  c o n f i g u r a t i o n  a r e  d i s c o v e r e d .  O n c e  d i s c o v e r e d ,  t h e  c o n f i g u r a t i o n  m a y  t h e n  b e  s e n t  t o  e a c h  d e v i c e .  

T h e  s p e a k e r  p o s i t i o n s  a r e  f i r s t  p a c k e t i z e d  i n t o  a  b u f f e r  w i t h  e a c h  c o o r d i n a t e  c o n v e r t e d  t o  4  b y t e s .  T h e n  t h i s  

d a t a  i s  a d d e d  t o  a n  A E C P  p a c k e t  w i t h  t h e  I D s  o f  t h e  s p e a k e r  c o n n e c t e d  t o  t h a t  e n d p o i n t .

s e q u e n c e _ i d

d e s c r i p t o r j n d e x  =  0 x 0 0 5 0
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Panning
Fig. 24: Sending the Room Definition Model to the Endpoint processor

A  t r a c k  q u e u e  h a s  b e e n  c r e a t e d  i n  t h e  s e r v e r  t o  e n a b l e  t h e  u p d a t i n g  o f  m u l t i p l e  s o u n d  s o u r c e s  a c c o r d i n g  t o

t h e  a u t o m a t i o n  t r a c k  a s  d e s c r i b e d  i n  c h a p t e r  2 .  T h e  q u e u e  e n s u r e s  t h a t  t r a c k  o b j e c t  u p d a t e s  a r e  s e n t  t o  t h e

e n d p o i n t s  a t  e v e r y  q u a r t e r  f r a m e  o f  M T C .  F o r  e v e r y  n e w  q u a r t e r  f r a m e  o f  M T C ,  t h e r e  w i l l  b e  d i f f e r e n t  

t r a c k s  w i t h i n  t h e  q u e u e  n e e d i n g  t o  h a v e  t h e i r  o b j e c t  m o d e l  u p d a t e d  s i n c e  s o m e  t r a c k  o b j e c t s  w i l l  b e  m o v e d  

w h i l e  o t h e r s  a r e  n o t .  T h i s  i s  s h o w n  i n  F i g .  2 5  b e l o w .  W h e n  a  t r a c k  p o s i t i o n  i s  u p d a t e d  b y  e i t h e r  a  u s e r ,  o r  

a u t o m a t i o n ,  i t s  I D  i s  a d d e d  t o  t h e  q u e u e  a t  t h e  c u r r e n t  q u a r t e r  f r a m e .  I D s  i n  t h e  q u e u e  a r e  t h e n  u s e d  b y  t h e  

s e n d i n g  m e c h a n i s m  t o  s e n d  t h e  t r a c k  o b j e c t  c o o r d i n a t e s  a s s o c i a t e d  w i t h  t h e  I D s  t o  t h e  e n d p o i n t s  f o r  t h a t  

q u a r t e r  f r a m e .  T h i s  p r o c e s s  i s  t h e n  c o n t i n u e d  f o r  s u b s e q u e n t  M T C  q u a r t e r  f r a m e s .



Fig. 25: Track queue updates for every interval

Fig. 26 s h o w s  t h e  m e c h a n i s m  u s e d  t o  s e n d  t r a c k  o b j e c t s  t h a t  a r e  s c h e d u l e d  f o r  u p d a t e s  t o  t h e  e n d p o i n t s  

a n d  c o d e  i s  e x p l a i n e d  i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  A  A 4 .  W h e n  a  t r a c k  s o u r c e  i s  m o v e d  e i t h e r  b y  a  u s e r  

a c t i o n  o r  a u t o m a t i o n ,  i t  h a s  i t s  o b j e c t  m o d e l  u p d a t e d  w i t h  t h e  n e w  c o o r d i n a t e s  f o l l o w e d  b y  i t s  I D  i s  a d d e d  

t o  a n  u p d a t e  q u e u e .  N o w ,  e v e r y  t i m e  t h e  s e r v e r  r e c e i v e s  a n  M T C  f r a m e  t h e  t r a c k  u p d a t e  q u e u e  i s  c h e c k e d .  

I f  i t  h o l d s  a n y  t r a c k  I D s ,  r e g a r d l e s s  o f  h o w  m a n y ,  t h e  t r a c k  I D s  a n d  c o o r d i n a t e s  a s s o c i a t e d  w i t h  t h o s e  I D s  

a r e  b u n d l e d  i n t o  a  s i n g l e  p a c k e t .  T h e  f i r s t  v a l u e  o f  t h e  p a c k e t  h o l d s  t h e  t o t a l  n u m b e r  o f  t r a c k s  t o  b e  

u p d a t e d  a t  t h a t  q u a r t e r  f r a m e .  F r o m  h e r e  t h e y  a r e  s e n t  t o  e a c h  e n d p o i n t  p r o c e s s o r .
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4.2 Introduction to the Spatial Audio Renderer task

T h e  r e m a i n d e r  o f  t h i s  c h a p t e r  w i l l  d i s c u s s  t h e  i n c o r p o r a t i o n  o f  t h e  S p a t i a l  A u d i o  R e n d e r e r  ( S A R )  t a s k  

w h i c h  a l l o w s  f o r  d e e p e r  l e v e l s  o f  d i s t r i b u t i o n  t o  b e  a c h i e v e d  w i t h  t h e  X M O S  p r o c e s s o r  f i r m w a r e .  T h e  S A R  

a c t s  a s  a  c o n t a i n e r  t h a t  h o l d s  a l l  t h e  c a l c u l a t i o n s  f o r  t h e  D B A P  a l g o r i t h m ,  a s  w e l l  a s  t h e  o t h e r  a l g o r i t h m s  

t h a t  a r e  i n t r o d u c e d  l a t e r  i n  t h i s  t h e s i s .

Fig. 27 s h o w s  t h e  l a y o u t  o f  t h e  m o d i f i c a t i o n s  t o  t h e  X M O S  p r o c e s s o r  t o  i n c o r p o r a t e  t h e  S A R .  T h e  g r e e n  

a r r o w s  s h o w  t h e  p a t h  o f  t h e  a u d i o  t h r o u g h  t h e  X M O S  f i r m w a r e .  T h e  p u r p l e  a r r o w s  s h o w  t h e  p a t h  o f  t h e  

c o n t r o l .  F o r  t h e  s e c o n d  l e v e l  o f  d i s t r i b u t i o n ,  t h e  S A R  t a s k  w a s  r e q u i r e d  t o  c a l c u l a t e  t h e  X M O S  m i x e r  m a t r i x  

v a l u e s  a n d  t h e n  s e t  t h e  m i x e r  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k  u s i n g  a n  i n t e r n a l  i n t e r f a c e .  F o r  t h e  

t h i r d  l e v e l  o f  d i s t r i b u t i o n ,  t h e  f i r m w a r e  w a s  m o d i f i e d  t o  m i x  t h e  a u d i o  u s i n g  t h e  S H A R C  D S P  m i x e r .

4.2.1 The Spatial Audio Renderer (SAR)

T h e  S A R  t a s k  f u l f i l s  t h r e e  c o r e  f u n c t i o n s ,

1 .

2 .

3 .

I n t e r p r e t s  t h e  A V D E C C  A E C P  S E T _ M I X E R  c o m m a n d s  r e c e i v e d  f r o m  I m m e r G o .

C a l c u l a t e s  m i x e r  m a t r i x  v a l u e s  a c c o r d i n g  t o  a  s p e c i f i c  s p a t i a l  a u d i o  r e n d e r i n g  a l g o r i t h m .

C o n t r o l s  b o t h  t h e  X M O S  a n d  S H A R C  m i x e r  m a t r i c e s .

T h e  S A R  t a s k  w a s  i m p l e m e n t e d  o n  t i l e  0  a l o n g s i d e  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k  a s  s h o w n  i n  Listing 16.
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4 02
4 03
404

on tile[0]: audio_buffer_manager(c_audio, i_imr, i_au.dio_in_push, i_audio_out_pull, c_media_ctl[0]r AUDIO_I2S_IO} 

on tile[0]: spatial_audio_renderer (i_1722_l_control, i_imr);

Listing 16: S p a t i a l  A u d i o  R e n d e r e r  d e c l a r a t i o n .

T h e  f o l l o w i n g  s u b s e c t i o n s  w i l l  d e s c r i b e  h o w  e a c h  o f  t h e s e  c o m p o n e n t s  w e r e  i m p l e m e n t e d  a n d  u s e d  f o r  t h e  

d i s t r i b u t i o n  o f  t h e  D B A P  a l g o r i t h m .

4.2.1.1 Functions within the Spatial Audio Renderer

T h e  S A R  h a s  f u n c t i o n s  w h i c h  a r e  c o n t r o l l e d  b y  I m m e r G o  u s i n g  d i f f e r e n t  d e s c r i p t o r  i n d i c e s  s h o w n  i n  T a b l e  

1 1 .  H e r e  t h e  d e s c r i p t o r  i n d i c e s  0 x 0 0 0 1  a n d  0 x 0 0 0 4  a l l o w  f o r  t h e  X M O S  p r o c e s s o r  t o  c o n t i n u e  r e c e i v i n g  

m i x e r  l e v e l s  a n d  r e s p o n d i n g  t o  t h e m .  T h e  d e s c r i p t o r  i n d e x  0 x 0 0 0 1  i s  u s e d  t o  s e t  t h e  X M O S  m i x e r  m a t r i x  

a n d ,  p r o v i d e d  t h e  S H A R C  m i x e r  f i r m w a r e  i s  e n a b l e d ,  0 x 0 0 0 4  s e t s  t h e  S H A R C  m i x e r  m a t r i x .  F o r  D B A P  t o  

b e  c a l c u l a t e d  i n t e r n a l l y  w i t h i n  t h e  S A R ,  f i r s t  t h e  s p e a k e r  c o n f i g u r a t i o n  p o s i t i o n s  a r e  s e t  w i t h  t h e  d e s c r i p t o r  

i n d e x  0 x 0 0 1 0 ,  a n d  t h e n  t h e  D B A P  a l g o r i t h m  c a n  b e  u s e d  w i t h  d e s c r i p t o r  i n d e x  0 x 0 0 2 0  w i t h  t h e  t r a c k  o b j e c t  

m e t a d a t a  w i t h i n  t h e  p a c k e t .

Table 11: A E C P  S E T _ M I X E R  d e s c r i p t o r  i n d i c e s  f o r  D B A P  o p e r a t i o n s  w i t h i n  t h e  S A R .

D e s c r i p t o r  I n d e x F u n c t i o n

0 x 0 0 0 1  :  S e t  X M O S  M i x e r  G a i n  V a l u e s S e t s  t h e  X M O S  m i x e r  m a t r i x  g a i n  p a r a m e t e r s

0 x 0 0 0 4  :  S e t  S H A R C  M i x e r  G a i n  V a l u e s S e t s  t h e  S H A R C  m i x e r  m a t r i x  g a i n  p a r a m e t e r s

0 x 0 0 1 0  :  S e t  S p e a k e r  C o n f i g u r a t i o n S e t  t h e  S p a t i a l  A u d i o  R e n d e r e r  S p e a k e r  C o n f i g u r a t i o n

0 x 0 0 2 0  :  P e r f o r m  D B A P P e r f o r m s  D B A P  f o r  t r a c k  s o u r c e  p o s i t i o n s

0 x 0 0 6 0  :  T r a c k  V o l u m e C o n t r o l s  v o l u m e  f o r  a  p a r t i c u l a r  t r a c k

0 x 0 0 6 1  :  T r a c k  M u t e C o n t r o l  m u t e  f o r  a  p a r t i c u l a r  t r a c k

0 x 0 0 6 2  :  T r a c k  S o l o C o n t r o l  s o l o  f o r  a  p a r t i c u l a r  t r a c k

4.2.1.2 The Spatial Audio Renderer Structure

T h e  S A R  t a s k  w a s  r e q u i r e d  t o  h o l d  v a r i a b l e s  t h a t  a r e  u s e d  b y  t h e  D B A P  a l g o r i t h m  t o  s o l v e  f o r  m i x e r  v a l u e s  

i n t e r n a l l y .  T h e s e  a r e  l i s t e d  b e l o w .

Speaker Configuration -  H o l d s  t h e  s p e a k e r  l o c a t i o n s  f o r  t h e  e n t i r e  s p e a k e r  a r r a y .

The ID of Speakers -  2  e l e m e n t  a r r a y  h o l d i n g  t h e  I D s  o f  t h e  s p e a k e r s  a t t a c h e d  t o  t h e  e n d p o i n t .

Track Sources -  A r r a y  h o l d i n g  e a c h  t r a c k  s o u r c e  p o s i t i o n .

Track Mutes -  A r r a y  h o l d i n g  t h e  m u t e  s t a t e  o f  e a c h  t r a c k .

Track Solos -  A r r a y  h o l d i n g  t h e  s o l o  s t a t e s  o f  e a c h  t r a c k .

Track Volumes -  A r r a y  h o l d i n g  t h e  v o l u m e s  o f  e a c h  t r a c k .

Mixer Gain Parameters -  A r r a y  h o l d i n g  t h e  f l o a t i n g  p o i n t  g a i n  v a l u e s  o f  e a c h  t r a c k  t o  e a c h  

s p e a k e r .

XMOS Mixer Parameters -  A n  a r r a y  h o l d i n g  t h e  g a i n s  t h e  s i g n e d  8  b i t  i n t e g e r  f o r m a t  f o r  t h e  

X M O S  m i x e r  m a t r i x

The distance of source to each speaker -  A n  a r r a y  h o l d i n g  t h e  d i s t a n c e  o f  a  s o u r c e  t o  e a c h  s p e a k e r  

u s e d  f o r  t h e  D B A P  a l g o r i t h m .
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T h e  S A R  t a s k  i s  r e q u i r e d  t o  c o m m u n i c a t e  i n t e r n a l l y  w i t h  t h e  A p p l i c a t i o n  t a s k  t o  r e c e i v e  c o m m a n d s  f r o m  

t h e  I m m e r G o  s e r v e r  t o  p e r f o r m  b o t h  m i x e r  a n d  a u d i o  d e f i n i t i o n  m o d e l  u p d a t e s .  A s  w e l l  a s  t h i s ,  i t  i s  

r e q u i r e d  t o  c o n t r o l  X M O S  m i x i n g  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r  a n d ,  f o r  t h e  d e e p e s t  l e v e l  o f  

d i s t r i b u t i o n ,  c o n t r o l  S H A R C  m i x i n g  o v e r  t h e  S P I  b u s .  T h e  i_1722_l_entity i n t e r f a c e  w a s  u s e d  a l o n g  w i t h  

n e w l y  i n t r o d u c e d  i n t e r f a c e s .  T h e  n e w l y  i n t r o d u c e d  i n t e r f a c e s  t h a t  c o n n e c t  t h e s e  t a s k s  a r e  s h o w n  i n  Fig. 28. 

T h e s e  i n t e r f a c e s  a r e ,

i_1722_l_control -  I n t e r f a c e  w h i c h  m a k e s  s p e c i f i c  c a l l s  t o  t h e  S A R  t a s k  f r o m  t h e  A p p l i c a t i o n  t a s k .  

i_imr -  I n t e r f a c e  b e t w e e n  t h e  S A R  a n d  A u d i o  B u f f e r  M a n a g e r  t o  c o n t r o l  t h e  X M O S  m i x e r .  

DSP_AddrParaLoad -  F u n c t i o n  w h i c h  l o a d s  p a r a m e t e r s  o n t o  t h e  S H A R C  D S P  c h i p .

T h e r e  a r e  d i f f e r e n t  v e r s i o n s  o f  t h e  f i r m w a r e .

1 .  X M O S  m i x e r  i m p l e m e n t e d  a n d  S H A R C  p r o c e s s i n g  d i s a b l e d .

2 .  T h e  S H A R C  m i x e r  e n a b l e d  w i t h  n o  m i x i n g  o n  t h e  X M O S  p r o c e s s o r .

T h e  d i a g r a m  i n  Fig. 28 s h o w s  h o w  t h e  S A R  w o u l d  c o n t r o l  b o t h .  T h e  X M O S  m i x e r  i s  c o n t r o l l e d  u s i n g  t h e  

i_imr i n t e r f a c e  i n t r o d u c e d  a b o v e .  T h e  S H A R C  m i x e r  i s  c o n t r o l l e d  w i t h  t h e  DSP_AddrParaLoad f u n c t i o n  

w h i c h  u s e s  t h e  p h y s i c a l  I / O  p i n s  c o n n e c t i n g  t h e  S P I  b u s  b e t w e e n  t h e  X M O S  a n d  S H A R C .  T h i s  w i l l  b e  

d i s c u s s e d  i n  m o r e  d e p t h  i n  t h e  f o l l o w i n g  s e c t i o n .

A s  s h o w n  i n  Fig. 28, w h e n  A E C P  c o n t r o l  c o m m a n d s  a r e  s e n t  f r o m  t h e  I m m e r G o  s e r v e r  t h e y  a r e  p a s s e d  

f r o m  t h e  E t h e r n e t  M A C  t o  t h e  1 7 2 2 . 1  t a s k  a c c o r d i n g  t o  t h e i r  h e a d e r s .  T h e  1 7 2 2 . 1  t a s k  t h e n  m a k e s  a  

c a l l b a c k  t o  t h e  A p p l i c a t i o n  t a s k  w h i c h  e x t r a c t s  t h e  d a t a  a n d  d e s c r i p t o r  i n d i c e s  f r o m  t h e  S E T _ M I X E R  

c o m m a n d .  T h e  i_1722_l_entity i n t e r f a c e  i s  u s e d  b y  t h e  1 7 2 2 . 1  t a s k  t o  p a s s  t h i s  d a t a ,  a n d  h a s  t h e  f u n c t i o n s  

s p e c i f i c a l l y  f o r  s e n d i n g  c o m m a n d  s p e c i f i c  d a t a .

Fig. 29 s h o w s  h o w  e a c h  d e s c r i p t o r  i s  r o u t e d  f r o m  t h e  A p p l i c a t i o n  t a s k  t o  t h e  S A R .  W h e n  t h e  A p p l i c a t i o n  

t a s k  r e c e i v e s  a  S E T _ M I X E R  c a l l b a c k ,  i t  m a k e s  c a l l s  t o  t h e  S A R  b a s e d  o n  t h e  d e s c r i p t o r  i n d e x  w i t h i n  t h e  

c o m m a n d .  T h e  c a l l s  a r e  m a n a g e d  t h r o u g h  t h e  i_1722_l_control i n t e r f a c e  c l i e n t  w h i c h  i s  a n
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avb_1722_l_control i n t e r f a c e .  A s  s h o w n  i n  Listing 17 b e l o w ,  i t  h a s  f u n c t i o n s  t h a t  c o r r e s p o n d  t o  t h o s e  l i s t e d  

i n  T a b l e  1 1 .

1 interface avb_1722_l_control {
2
3
4
5
6

7
8
5};

void 
void 
void 
void 
void 
void 
void

set_speakerConfig(unsigned char i d s [ ] , unsigned char c o n f i g [ ] ) ;

perform_DBAP(unsigned char noSrcs,char s r c [ ] ) ;

set_gainXMOSMixerVals( unsigned short n u m _ v a l u e s ,  char g a i n _ V a l u e s [ ] ) ;  

set_gainSHARCMixerVals( unsigned short n u m _ v a l u e s ,  char g a i n _ V a l u e s [ ] ) ;  

mute(unsigned char i d s r c ,  unsigned char e n a b l e d ) ;

solo(unsigned char i d _ s r c ,  unsigned char e n a b l e d ) ;

volume(unsigned char id_src, unsigned char volume);

Listing 17: The control interface between the application task and SAR.

T h e  S A R  s e t s  t h e  v a l u e s  o f  t h e  X M O S  m i x e r  m a t r i x  u s i n g  t h e  i_imr i n t e r f a c e .  T h i s  i n t e r f a c e  i s  s i m i l a r  t o  t h e  

i_1722_l_mixer d e s c r i b e d  i n  Listing 18 o f  t h e  p r e v i o u s  c h a p t e r  a n d  h a s  a  f u n c t i o n  w h i c h  s e t s  t h e  m i x e r  

m a t r i x  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r .  T h e  m e t h o d  o f  s e t t i n g  t h e  S H A R C  m i x e r  m a t r i x  w i l l  b e  d i s c u s s e d  

l a t e r  i n  t h i s  c h a p t e r .

4.2.1.3 Handling ImmerGo Commands

T h e  S A R  i s  r e q u i r e d  t o  r e c e i v e  d a t a  f r o m  A V D E C C  A E C P  S E T _ M I X E R  c o m m a n d s  a s  d i s c u s s e d  i n  t h e  

p r e v i o u s  s e c t i o n .  T h i s  s u b s e c t i o n  w i l l  d i s c u s s  h o w  t h e  d a t a  i s  u n p a c k e d  a n d  u s e d  b y  t h e  S A R ,  s t a r t i n g  w i t h  

s i m p l e  u p d a t e s  t o  t h e  X M O S  m i x e r  m a t r i x  a s  d i s c u s s e d  i n  t h e  p r e v i o u s  c h a p t e r ,  a n d  t h e n  m o v i n g  f u r t h e r  

i n t o  t h e  I m m e r G o  A u d i o  D e f i n i t i o n  M o d e l s .

4.2.1.3.1 Controlling the XMOS mixer matrix

T h e  i_imr i n t e r f a c e  i s  n o t  u n l i k e  t h e  avb_1722_l_mixer i n t e r f a c e  d i s c u s s e d  i n  t h e  p r e v i o u s  c h a p t e r s  a n d ,  a s  

m e n t i o n e d ,  i s  u s e d  b y  t h e  S A R  t o  c o n t r o l  t h e  X M O S  m i x e r  m a t r i x . ,  h o w e v e r ,  I m m e r G o  n o w  c o n t r o l s  t h e  

X M O S  m i x e r  d i r e c t l y  b y  s e n d i n g  a n  A E C P  S E T _ M I X E R  c o m m a n d  w i t h  a  0 x 0 0 0 1  d e s c r i p t o r  i n d e x  a l o n g  

w i t h  t h e  m i x e r  c r o s s p o i n t  p a r a m e t e r s .  W h e n  r e c e i v e d  b y  t h e  S A R ,  t h e  p a r a m e t e r s  a r e  u n p a c k e d  i n t o  t h e  

d a t a  s t r u c t u r e  t h a t  h o l d s  t h e  X M O S  m i x e r  v a l u e s .  O n c e  u n p a c k e d  a n d  s t o r e d ,  a  c a l l  w i t h  t h e  i_imr i n t e r f a c e  

c l i e n t  i s  m a d e  t o  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k ’ s  i_imr s e r v e r  w h i c h  u p d a t e s  t h e  m i x e r  m a t r i x  v a l u e s .

Listing 18 b e l o w  s h o w s  t h e  u n p a c k i n g  a n d  s e n d i n g  p r o c e s s  w i t h i n  t h e  S A R .



4 6 1

4  6 2

4  6 3

4 6 4

4 6 5

4 6 6

4  6 7

4 6 8

4 6 9

4 7 0

4 7 1

4 7 2

4 7 3

4 7 4

4 7 5

/ /  I n  t h e  S A R  t a s k  . . .

case i _ 1 7 2 2 _ l _ c o n t r o l . s e t _ g a i n X M O S M i x e r V a l s (unsigned short n u m _ m i x _ v a l u e s ,  char m i x _ V a l u e s [ ] ) :  {

/ *  S e t  X M O S  m i x e r  g a i n  p a r a m e t e r s  * /

i n d x  =  0 ;

# p r a g m a  l o o p  u n r o l l

for (int i  =  0 ;  i  <  M A X S P E A K E R S ;  i + + ) {

#pragma l o o p  u n r o l l

for(int j  =  0 ;  j  <  M A X _ C H A N N E L S ;  j + + ) {  

X M O S M i x e r V a l s [ i ] [ j ]  =  m i x _ V a l u e s [ i n d x + + ] ;  / /  U p d a t e  X M O S  m i x e r  g a i n  v a l u e s

}

i i m r . s e n d X M O S g a i n v a l s { p t r X M O S M i x e r V a l s ) ;  / /  S e n d  t o  A u d i o  B u f f e r  M a n a g e r

break;

Listing 18: Updating the XMOS mixer matrix gain values.

4.2.1.3.2 Unpacking the Speaker Configuration

F o r  t h e  s e c o n d  l e v e l  o f  d i s t r i b u t i o n ,  t h e  S A R  i s  r e q u i r e d  t o  r e c e i v e  e v e r y  s p e a k e r ’ s  c o o r d i n a t e  t o  s o l v e  f o r  

D B A P .  A s  s h o w n  e a r l i e r  i n  Fig. 23 e a c h  s p e a k e r  h a s  a n  I D  a s s o c i a t e d  w i t h  i t .  T h e  I D s  o f  t h e  s p e a k e r s  

a t t a c h e d  t o  t h e  e n d p o i n t  a r e  u s e d  t o  d e t e r m i n e  w h i c h  s p e a k e r s  i n  t h e  e n t i r e  c o n f i g u r a t i o n  a r e  a t t a c h e d  t o  

t h a t  e n d p o i n t .

W h e n  t h e  S A R  r e c e i v e s  t h e  s p e a k e r  c o n f i g u r a t i o n ,  t h e  u n p a c k i n g  p r o c e s s  b e g i n s .  T h i s  p r o c e s s  i s  d e s c r i b e d  

i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  A  A 5  a n d  s h o w n  s u c c i n c t l y  b y  t h e  d i a g r a m  i n  Fig. 30. W h e n  t h e  s e t  s p e a k e r  

c o n f i g u r a t i o n  c o m m a n d  i s  c a l l e d ,  f i r s t  t h e  I D s  o f  t h e  s p e a k e r  a t t a c h e d  t o  t h e  e n d p o i n t  a r e  s t o r e d .  T h e n  e a c h  

b y t e  o f  t h e  s p e a k e r  c o o r d i n a t e  i s  u n p a c k e d  i n t o  a  3 2  b i t  i n t e g e r  a n d  c a s t  i n t o  a  f l o a t i n g  p o i n t  v a l u e  f o r  

s u b s e q u e n t  u s e  i n  c a l c u l a t i o n s .  I f  a  v a l u e  t h a t  i s  u n p a c k e d  i s  O x F F F F F F F ,  t h e  e n d  o f  t h e  c o n f i g u r a t i o n  h a s  

b e e n  r e a c h e d  a n d  t h e  l o o p  t e r m i n a t e d .  A f t e r  a l l  t h e  p o s i t i o n s  a r e  u n p a c k e d ,  t h e  X M O S  m i x e r  c r o s s p o i n t s  

a r e  r e s e t  t o  0 .

Fig. 30: Unpacking the speaker configuration into the SAR.
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4.2.1.3.3 Unpacking Track Sources

I n  o r d e r  t o  p e r f o r m  D B A P ,  a n d  a n y  o t h e r  o f  t h e  s p a t i a l  a u d i o  a l g o r i t h m s ,  t r a c k  s o u r c e  I D s  a n d  t h e i r  

c o o r d i n a t e s  n e e d  t o  b e  r o u t e d  t o  t h e  c o r r e c t  f u n c t i o n  w i t h i n  t h e  S A R .  F o r  D B A P ,  t h e  d e s c r i p t o r  i n d e x  f o r  

t h i s  r o u t i n g  i s  0 x 0 0 2 0 .  W h e n  t h i s  d e s c r i p t o r  i n d e x  i s  r e c e i v e d ,  t h e  r a w  d a t a  f r o m  t h a t  p a c k e t  i s  r o u t e d  t o  t h e  

D B A P  a l g o r i t h m  w i t h i n  t h e  S A R .  A s  d i s c u s s e d  i n  s e c t i o n  4 . 1 . 3 ,  t r a c k  s o u r c e  c o o r d i n a t e s  a r e  s e n t  a s  4  b y t e s  

p r e p e n d e d  w i t h  t h e i r  I D .  W h e n  r e c e i v e d  b y  t h e  S A R ,  t h e  r a w  d a t a  n e e d s  t o  b e  c a s t  i n t o  a  f l o a t i n g  p o i n t  a n d  

s t o r e d  f o r  u s e  b y  t h e  D B A P  c a l c u l a t i o n s .  O n c e  t h e  s o u r c e  c o o r d i n a t e s  a r e  u n p a c k e d ,  t h e  D B A P  a l g o r i t h m  i s  

p e r f o r m e d  f o r  t h e  t r a c k  a n d  t h e  m i x e r  v a l u e  i s  s t o r e d .  T h i s  p r o c e d u r e  i s  t h e n  r e p e a t e d  f o r  t h e  n e x t  t r a c k .  

O n c e  a l l  t h e  t r a c k  s o u r c e s  a r e  u p d a t e d  a n d  n e w  m i x e r  v a l u e s  s a v e d ,  t h e  m i x e r  m a t r i x  i s  s e t  a c c o r d i n g  t o  t h e  

n e w  v a l u e s .  T h i s  p r o c e s s  i s  d e s c r i b e d  i n  Fig. 31 a n d  s h o w n  i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  A  A 6 .

4.2.2 DBAP within the SAR

A n  o v e r v i e w  o f  h o w  t h e  D B A P  a l g o r i t h m  i s  i m p l e m e n t e d  i n  t h e  S A R  i s  s h o w n  i n  Fig. 32 b e l o w .  W h e n  a n  

A E C P  S E T _ M I X E R  c o m m a n d  i s  s e n t  w i t h  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 2 0 ,  i t  r o u t e s  t h e  p a c k e t  d a t a  h o l d i n g



e a c h  t r a c k  I D  a n d  p o s i t i o n s  a t  t h a t  M T C  t i m e s t a m p  t o  t h e  f u n c t i o n  w h i c h  c a l c u l a t e s  t h e  D B A P  a l g o r i t h m ,  

T h e n ,

1 .

2 .

3 .

4 .

5 .

6 .

7 .

8 .

9 .

F o r  e a c h  t r a c k ,  t h e i r  c o o r d i n a t e  i s  u n p a c k e d  a s  s h o w n  i n  t h e  p r e v i o u s  s u b s e c t i o n .

T h e  d i s t a n c e  o f  t h e  s o u r c e  t o  e a c h  s p e a k e r  i s  c a l c u l a t e d  a n d  s t o r e d  i n  a n  a r r a y  f o r  u s e  i n  t h e  

r e m a i n d e r  o f  t h e  f u n c t i o n .

T h e  n o r m a l i z a t i o n  f a c t o r  i s  s o l v e d .

T h e  d i s t a n c e  o f  t h e  s o u r c e  t o  t h e  s p e a k e r  c o n n e c t e d  t o  t h e  p r o c e s s o r  i s  s e l e c t e d  w i t h  t h e  s p e a k e r  

I D .

T h i s  i s  u s e d  t o  s o l v e  f o r  t h e  i n v e r s e  d i s t a n c e  f o r  t h e  s p e a k e r  c o n n e c t e d  t o  t h e  e n d p o i n t .

T h e  n o r m a l i z a t i o n  f a c t o r  a n d  i n v e r s e  d i s t a n c e  a r e  m u l t i p l i e d  t o g e t h e r  t o  g e t  t h e  g a i n  v a l u e  f o r  t h e  

c o r r e c t  s p e a k e r  a n d  s t o r e d  w i t h i n  t h e  S A R .

T h i s  i s  r e p e a t e d  f o r  t h e  n e x t  s p e a k e r .

I f  t h e r e  a r e  f u r t h e r  t r a c k  s o u r c e s ,  t h i s  e n t i r e  p r o c e s s  i s  r e p e a t e d  w i t h  t h e  n e w  t r a c k .

O n c e  t h e  g a i n s  f o r  e a c h  t r a c k  a r e  s o l v e d ,  t h e y  a r e  p a s s e d  t o  t h e  X M O S  m i x e r  m a t r i x  o v e r  t h e  i_imr 

i n t e r n a l  i n t e r f a c e .

S e n d  U p d a t e  t o  M i x e r

Fig. 32: D B A P  a l g o r i t h m  w i t h i n  t h e  X M O S  p r o c e s s o r .

T h e  o u t p u t  o f  t h e  D B A P  a l g o r i t h m  i s  r e q u i r e d  t o  b e  s c a l e d  f r o m  f l o a t i n g  p o i n t  i n t o  a  s i g n e d  c h a r  f o r m a t  

a n d  a d d e d  t o  t h e  X M O S  M i x e r  p a r a m e t e r s  s t r u c t u r e  f o r  u s e  b y  t h e  X M O S  m i x e r  m a t r i x .  T h e s e  v a l u e s  a r e  

t h e n  p a s s e d  t o  t h e  A u d i o  B u f f e r  M a n a g e r  o v e r  t h e  i_imr c l i e n t  i n t e r f a c e  a s  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 1 . 3 . 1 .
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T h e  f o l l o w i n g  s u b s e c t i o n  w i l l  d e s c r i b e  h o w  t h e  d e e p e s t  l e v e l  o f  d i s t r i b u t i o n  i s  a c h i e v e d  b y  u s i n g  t h e  

S H A R C  m i x e r  m a t r i x  i n s t e a d  o f  t h e  X M O S  m i x e r  m a t r i x .

T h e  S H A R C  p r o c e s s o r  h a s  b e e n  p r o g r a m m e d  b y  e n g i n e e r s  a t  m i n i D S P .  I t  r e q u i r e s  t h e  T D M  d r i v e r  t o  

t r a n s f e r  3 2  a u d i o  c h a n n e l s  f r o m  t h e  X M O S  c h i p  o v e r  t h e  t w o  I 2 S  l i n e s  t o  i t s  m i x e r  m a t r i x  a n d  a s  s u c h ,  t h e  

f i r m w a r e  u s i n g  t h e  S H A R C  m i x e r  m a t r i x  o m i t s  t h e  i_imr i n t e r f a c e  a n d  t h e  X M O S  m i x e r  m a t r i x  w i t h i n  t h e  

A u d i o  B u f f e r  M a n a g e r .  S h o w n  i n  Fig. 33, s a m p l e s  t h a t  a r e  r e t r i e v e d  b y  t h e  1 7 2 2  l i s t e n e r  a r e  p a s s e d  t h r o u g h  

t h e  A u d i o  B u f f e r  M a n a g e r  t o  t h e  T D M  m a s t e r ,  w h i c h  s e n d s  a l l  3 2  c h a n n e l s  t o  t h e  S H A R C  m i x e r  m a t r i x .  

T h e  m i x e r  m a t r i x  i s  t h e n  c o n t r o l l e d  b y  t h e  S A R  u s i n g  t h e  DSP_AddrParaLoad f u n c t i o n  p r o v i d e d  b y  

m i n i D S P .  T h i s  f u n c t i o n  s e n d s  p a r a m e t e r s  t o  t h e  S H A R C  o v e r  t h e  S P I  b u s  u s i n g  t h e  p h y s i c a l  I / O  p o r t s  

c o n n e c t e d  t h e  X M O S  t o  t h e  S H A R C .

Fig. 33: A u d i o  p a t h  a n d  c o n t r o l  p a t h  f r o m  t h e  h o s t  c o m p u t e r  t o  S H A R C  D S P .

Listing 19 b e l o w  s h o w s  t h a t  t h e  s p a t i a l  a u d i o  r e n d e r e r  u s e s  n o w  o m i t s  t h e  i_imr i n t e r f a c e .  T h e  

audio Jjuffer_manager t a s k  i s  g i v e n  t h e  T D M  audio_io_type w h i c h  e n s u r e s  t h e  s a m p l e s  a r e  b u f f e r e d  o n t o  

t h e  d a t a  l i n e  c o r r e c t l y .

425 on tile[0]: audio_buffer_manager(c_audio, i_audio_in_push, i_audio_out_pull, c_media_ctl[0], AUDIO_TDM_IO)
4 2 6

427 on tile[0]: spatial_audio_renderer(i_1722_l_control);

Listing 19: X M O S  p r o j e c t  w i t h  t h e  S H A R C  m i x e r  m a t r i x .

A s  s h o w n  i n  Fig. 34 b e l o w ,  t h e  S H A R C  c o n t a i n s  a  m i x e r  m a t r i x  t h a t  h a s  a  p r o c e s s  b l o c k  f o r  s a m p l e  

a t t e n u a t i o n  a n d  d e l a y  o p e r a t i o n s  a t  e a c h  m a t r i x  c r o s s  p o i n t .  A f t e r  t h e  s u m m a t i o n ,  b e f o r e  s e n d i n g  t o  t h e  

s p e a k e r  o u t p u t s ,  t h e r e  i s  a  l o w  p a s s  H R  f i l t e r  w h i c h  h e l p s  t o  p r e v e n t  t e a r i n g  a n d  p o p p i n g  w h e n  c h a n g i n g  

d e l a y  p a r a m e t e r s .  T h i s  i s  f o l l o w e d  b y  a n  a m p l i t u d e  s m o o t h i n g  f i l t e r  w h i c h  i s  u s e d  t o  p r e v e n t  l a r g e  c h a n g e s  

i n  v o l u m e  a s  t h e  m i x i n g  v a l u e s  a r e  c h a n g e d .  T h i s  m i x e r  m a t r i x  i s  p r o g r a m m a b l e  t o  h a v e  u p  t o  3 2  i n p u t s  

a n d  1 0  o u t p u t  w i t h  e a c h  d e l a y  p r o c e s s  h a v i n g  a  d e l a y - l i n e  o f  1 0 2 4  s a m p l e s .  T h e  S P K - 4 P  i s  o n l y  c o n n e c t e d  

t o  2  o u t p u t s ,  s o  t h e  m i x e r  i s  s e t  u p  a s  a  3 2 x 2  m a t r i x  a n d  i s  t h e  m a t r i x  s i z e  t h a t  w i l l  b e  u s e d  t h r o u g h o u t  t h e  

r e m a i n d e r  o f  t h e  t h e s i s .
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s p e a k e r  1  s p e a k e r  2  . .  s p e a k e r  M

Fig. 34: T h e  M I M O  m a t r i x  f o u n d  i n  t h e  S H A R C  p r o c e s s o r .

4.3.1 SHARC DSP Control

T h e  S H A R C  m i x e r  i s  c o n t r o l l e d  b y  s e n d i n g  p a r a m e t e r s  a s  a  s t r e a m  o f  b y t e s  o v e r  t h e  S P I  b u s .  T h e s e  

p a r a m e t e r s  c h a n g e  t h e  p a r a m e t e r s  o f  t h e  p r o c e s s i n g  b l o c k s  w i t h i n  t h e  m i x e r  m a t r i x .  T h e  t e c h n i q u e  u s e d  t o  

s e n d  t h e  b y t e s  o v e r  t h e  S P I  b u s  i s  b e y o n d  t h e  s c o p e  o f  t h i s  t h e s i s ,  h o w e v e r ,  t h e  m e t h o d s  u s e d  b y  t h e  S A R  t o  

u p d a t e  t h e  S H A R C  D S P  w i l l  b e  d i s c u s s e d .

4.3.1.1 The SHARC Mixer matrix Parameters

T h e  S H A R C  m i x e r  m a t r i x  h a s  3  p r o c e s s e s  t h a t  a r e  a d d r e s s e d  w i t h  t h e  f o l l o w i n g  p a r a m e t e r s ,

G a i n  a n d  s a m p l e  p o l a r i t y  c o n t r o l  u s i n g  a  f l o a t i n g  p o i n t  Q I .  1 5  r e p r e s e n t a t i o n  ( O b e r s t a r ,  2 0 0 7 ) .

D e l a y  l i n e  c o n t r o l  i n  s a m p l e s .

H R  c o n t r o l  a n d  a m p l i t u d e  s m o o t h  f i l t e r  u s i n g  c o e f f i c i e n t s  b e t w e e n  0  a n d  1 .

T h e  p r o c e s s o r  b l o c k s  a r e  a d d r e s s e d  a c c o r d i n g  t o  t h e  s c h e m a  s h o w n  i n  Fig. 35. T h e  m i x e r  m a t r i x  c r o s s p o i n t  

p r o c e s s i n g  o p e r a t i o n s  a r e  a d d r e s s e d  u s i n g  i n d i c e s  0 - 6 4 ,  w i t h  0 - 3 1  b e i n g  t h e  f i r s t  c o l u m n  c r o s s  p o i n t s  a n d  

3 2 - 6 3  b e i n g  t h e  s e c o n d  c o l u m n  c r o s s  p o i n t s .  T h e  d e l a y  a n d  a t t e n u a t i o n  b l o c k s  s h a r e  a  s i n g l e  a d d r e s s  i n d e x ,  

a n d  t h e  f i l t e r s  h a v e  t h e i r  o w n  a d d r e s s e s  l o c a t e d  a t  6 5  a n d  6 6 .
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4.3.1.2 Setting SHARC DSP Mixer matrix Crosspoints

T h e  g a i n  a n d  s a m p l e  p o l a r i t y  c o n t r o l  a r e  s e t  u s i n g  p a r a m e t e r s  i n  t h e  Q I .  1 5  r e p r e s e n t a t i o n  w h i c h  i s  u s e d  b y  

t h e  S H A R C  t o  r e p r e s e n t  a  f l o a t i n g  p o i n t  n u m b e r  a s  a  1 6  b i t  f i x e d  p o i n t  i n t e g e r .  T h i s  a l l o w s  f o r  1 6 - b i t  

r e s o l u t i o n  w h e r e  e v e r y  s t e p  i s  —  b e t w e e n  - 1  a n d  1 .  A s  s h o w n  i n  Fig. 36, t h e  Q I .  1 5  r e p r e s e n t a t i o n  

i n c o r p o r a t e s  a  p o l a r i t y  f l i p  i n d i c a t e d  b y  a  1  o r  0  i n  t h e  m o s t  s i g n i f i c a n t  b i t  o f  t h e  1 6 - b i t  n u m b e r .

1 5o

N u m b e r  t h a t  i s  1 5 p o i n t s  b e l o w  t h e  

d e c i m a l  p o i n t

0  -  N o  p o i n t  i i v  f l i p M S B  0  :  C o n v e r t  f l o a t i n g  p o i n t  t o  1 5  b i t s

1  -  p o l a r i t y  f l i p
M S B  1  :  C o n v e r t  f l o a t i n g  p o i n t  t o  1 5  b i t s  

a n d  d o  t w o s  c o m p l e m e n t

Fig. 36: Q I .  1 5  r e p r e s e n t a t i o n .

I n  o r d e r  t o  t r a n s f o r m  t h e  f l o a t i n g  p o i n t  m i x e r  v a l u e s  i n t o  Q I .  1 5  f o r m a t ,  a  c o n v e r s i o n  i s  r e q u i r e d  a n d  i s  

s h o w n  i n  Listing 20 b e l o w .  H e r e ,  a  g a i n  v a l u e  i s  r e c e i v e d  a s  a  6 4  b i t  f l o a t i n g  p o i n t  v a l u e .  I f  i t  i s  l e s s  t h a n  

z e r o ,  m e a n i n g  t h e  p o l a r i t y  o f  t h e  s a m p l e  s h o u l d  b e  f l i p p e d ,  t h e  s i g n  b i t  i s  s e t  t o  1  a n d  t h e  a b s o l u t e  v a l u e  o f  

t h e  f l o a t i n g  p o i n t  i s  t r a n s f o r m e d  i n t o  a  1 5  b i t  i n t e g e r ,  w h i c h  h a s  a  2 s  c o m p l e m e n t  c o n v e r s i o n  a p p l i e d  t o  i t .  

T h i s  i s  r e t u r n e d  a n d  s e t s  t h e  r e m a i n i n g  1 5  b i t s .  I f  t h e  v a l u e  i s  p o s i t i v e ,  t h e n  t h e  m o s t  s i g n i f i c a n t  b i t  i s  s e t  t o
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0  a n d  t h e  f l o a t i n g  p o i n t  i s  t r a n s f o r m e d  i n t o  a  1 5  b i t  n u m b e r  w i t h o u t  t h e  2 s  c o m p l e m e n t  c o n v e r s i o n  a n d  

a d d e d  t o  t h e  r e m a i n i n g  b i t s .

8 #define HALFSIXTEENBIT 32767

157 unsigned short fs_to_Q115(double fs gain){
158// 2s complement of a double val
159// Convert 1 = 0x7FFF, -1 = 0x8001
160 unsigned short output;
161 unsigned short sign;
162 unsigned short fractional;
163
164 if (fs_gain < 0){
165 sign = 1;
166 //Do twos complement
167 fractional = (unsigned short)(ceil(((-l*fs_gain)*HALFSIXTEENBIT)));
168 fractional = -fractional+l;
169 output = (sign «  16) | fractional;
170
171 } else 1
172 fractional = (unsigned short)(ceil((fs_gain*(HALFSIXTEENBIT))));
173 output = fractional;
174 }
175
176
177 return output;
178 }

Listing 20: C o d e  t h a t  c o n v e r t s  f l o a t i n g  p o i n t  i n t o  Q I .  1 5  r e p r e s e n t a t i o n .

T h e  d e l a y  p a r a m e t e r  i s  g i v e n  s i m p l y  a s  a  d e l a y  i n  s a m p l e s .  T h e  D B A P  a l g o r i t h m  d o e s  n o t  r e q u i r e  a n y  d e l a y  

p a r a m e t e r s  t o  b e  c h a n g e d  s o  i t  i s  a l w a y s  g i v e n  a  v a l u e  o f  0 .

A s  s h o w n  i n  Fig. 37, a  m a t r i x  c r o s s p o i n t ’ s  g a i n  a n d  d e l a y  p a r a m e t e r s  a r e  s e t  u s i n g  a  s i n g l e  3 2 - b i t  w o r d  w i t h  

t h e  1 6  m o s t  s i g n i f i c a n t  b i t s  r e s e r v e d  f o r  t h e  Q I .  1 5  g a i n  v a l u e  a n d  t h e  1 6  l e a s t  s i g n i f i c a n t  b i t s  r e s e r v e d  f o r  

t h e  a m o u n t  o f  d e l a y .

M u l t i p l e  c r o s s p o i n t s  m a y  b e  s e t  i n  o n e  c o m m a n d  b y  s e n d i n g  a  b l o c k  o f  p a r a m e t e r s  t o  t h e  S H A R C ,  w i t h  a  

s t a r t i n g  a d d r e s s  a n d  a  m e s s a g e  c o u n t  p a r a m e t e r  a s  s h o w n  i n  Fig. 38 a n d  Fig. 39. Fig. 38 h a s  l o u d s p e a k e r  

c r o s s p o i n t  v a l u e s  s e t  f o r  t r a c k  2  a n d  t r a c k  3 .  Fig. 39 s h o w s  t r a c k  2 ’ s  c r o s s p o i n t s  b e i n g  s e t  f o r  t h e  

l o u d s p e a k e r s .
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Fig. 39: S e t t i n g  c r o s s p o i n t s  2 - 3 .

W h e n  p e r f o r m i n g  t h e  D B A P  c a l c u l a t i o n s ,  t h e  g a i n  v a l u e s  o f  l o u d s p e a k e r s  c o n n e c t e d  t o  a  s i n g l e  t r a c k  a r e  s e t  

d i r e c t l y  a f t e r  b e i n g  s o l v e d ,  f o l l o w e d  b y  a n y  s u c c e s s i v e  t r a c k  u p d a t e s .  T h i s  i s  s h o w n  i n  F i g .  4 0  o n  t h e  

f o l l o w i n g  p a g e  a n d  d e s c r i b e d  i n  g r e a t e r  i n  A p p e n d i x  A  A 7 .  W h e n  t h e  t r a c k  s o u r c e  i s  m o v e d ,  t h e  m i x e r  

c r o s s p o i n t s  f o r  t h a t  t r a c k  a r e  s o l v e d  a c c o r d i n g  t o  D B A P .  T h e s e  p a r a m e t e r s  a r e  t h e n  l o a d e d  i n t o  t h e  

p a r a m e t e r  b u f f e r  w i t h  s p e c i a l  c a r e  t o  c o n v e r t  t h e  g a i n  v a l u e s  t o  Q I .  1 5 .  E v e r y  t i m e  p a r a m e t e r s  a r e  a d d e d  t o  

t h e  b u f f e r ,  t h e  m e s s a g e  c o u n t e r  i s  i n c r e m e n t e d .  A  p o i n t e r  t o  t h e  f i r s t  e l e m e n t  i n  t h e  p a r a m e t e r  b u f f e r  i s  s e n t  

t o  t h e  S H A R C  u s i n g  t h e  DSP_AddrParaLoad f u n c t i o n  w i t h  a d d i t i o n a l  a r g u m e n t s  f o r  t h e  a d d r e s s  o f  t h e  f i r s t  

m a t r i x  c r o s s p o i n t  a n d  t h e  m e s s a g e  c o u n t e r  w h i c h  i s  u s e d  t o  s e t  f u r t h e r  c r o s s p o i n t s  a c c o r d i n g  t o  s u b s e q u e n t  

p a r a m e t e r s  w i t h i n  t h e  b u f f e r .

4.4 Endpoint Clock Synchronization

S p a t i a l  a u d i o  r e n d e r i n g  r e q u i r e s  s a m p l e  a c c u r a t e  d e l i v e r y  o f  s a m p l e s  t o  t h e  s p e a k e r s  p l a y i n g  t h e  a u d i o .  

E t h e r n e t  A V B  p r o v i d e s  d e v i c e  w o r d  c l o c k  s y n c h r o n i z a t i o n  u s i n g  t h e  g e n e r a l i z e d  P r e c i s i o n  T i m e  P r o t o c o l .  

T h e  X M O S  a n d  S H A R C  p r o c e s s o r s  a r e  s y n c h r o n i z e d  t o  t h e  s a m e  w o r d  c l o c k  w h e n  o n  t h e  n e t w o r k .  T h e  

d e t e r m i n i s t i c  a r c h i t e c t u r e  p r o v i d e d  b y  t h e  X M O S  p r o c e s s o r s  g u a r a n t e e s  t h a t  a l l  t h e  c a l c u l a t i o n s  a n d  a u d i o  

r o u t i n g  h a p p e n s  s y n c h r o n o u s l y  w i t h i n  e a c h  i n d i v i d u a l  p r o c e s s o r  a c c o r d i n g  t o  t h e  w o r d  c l o c k .
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4.5 Summary

T h i s  c h a p t e r  h a s  d i s c u s s e d  m o d i f i c a t i o n s  t h a t  w e r e  d o n e  t o  t h e  e x i s t i n g  I m m e r G o  a p p l i c a t i o n  i n  o r d e r  t o  

d i s t r i b u t e  t h e  D B A P  c a l c u l a t i o n s  t o  t h e  X M O S  p r o c e s s o r .  T h e  S p a t i a l  A u d i o  R e n d e r e r  ( S A R )  w a s  

i n t r o d u c e d  a s  a  n e w  p r o c e s s i n g  t a s k  w i t h i n  t h e  X M O S  p r o c e s s o r  a n d  w a s  a b l e  t o  r e s p o n d  t o  A E C P  

c o m m a n d s  f r o m  I m m e r G o .  T h e  S A R  a l l o w e d  f o r  I m m e r G o  t o  c a l c u l a t e  m i x e r  v a l u e s  w i t h i n  t h e  s e r v e r  a n d  

s e n d  t h e  m i x i n g  p a r a m e t e r s  o u t  t o  t h e  e n d p o i n t  m i x e r s  a s  i t  h a s  d o n e .  A s  w e l l  a s  t h i s ,  t h e  S A R  w a s  a l s o  a b l e  

t o  p e r f o r m  t h e  D B A P  c a l c u l a t i o n s  i n t e r n a l l y .  T o  d o  t h i s ,  I m m e r G o  w a s  r e q u i r e d  t o  b e  a b l e  t o  p a c k e t i z e  a n d  

s e n d  i t s  a u d i o  d e f i n i t i o n  m o d e l s  f o r  t h e  s p e a k e r  c o n f i g u r a t i o n  a n d  t r a c k  o b j e c t s .  A n  o v e r v i e w  o f  h o w  t h e  

S A R  p e r f o r m e d  t h e  D B A P  c a l c u l a t i o n s  a n d  c o n t r o l  b o t h  t h e  i n t e r n a l  X M O S  m i x e r  a n d  t h e  S H A R C  m i x e r  

t o  t h e  o u t p u t  w a s  d i s c u s s e d .  T h i s  c h a p t e r  s h o w e d  h o w  t w o  v e r s i o n s  o f  f i r m w a r e  w e r e  d e v e l o p e d ,  o n e  w h e r e  

t h e  S A R  c o n t r o l l e d  t h e  X M O S  m i x e r  w h i l s t  t h e  S H A R C  p r o c e s s o r  w a s  b y p a s s e d  a n d  a n o t h e r  w h e r e  t h e  

X M O S  m i x e r  m a t r i x  w a s  r e m o v e d  a n d  t h e  S H A R C  m i x e r  w a s  e n a b l e d .
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Chapter 5

Vector Base Amplitude Panning
V e c t o r  b a s e  a m p l i t u d e  p a n n i n g  ( V B A P )  w a s  t h e  f i r s t  n e w  r e n d e r i n g  a l g o r i t h m  a d d e d  t o  t h e  I m m e r G o  

s y s t e m .  T h i s  c h a p t e r  w i l l  d i s c u s s  t h e  t h e o r y  t h a t  u n d e r l i e s  t h e  a l g o r i t h m  a n d  h o w  i t  w a s  i m p l e m e n t e d  

w i t h i n  t h e  I m m e r G o  s y s t e m  a t  e a c h  l e v e l  o f  e n d p o i n t  d i s t r i b u t i o n .

V B A P  i s  a n  o b j e c t - b a s e d ,  a m p l i t u d e  p a n n i n g  t e c h n i q u e  d e v e l o p e d  b y  V i l l e  P u l k k i  a n d  h i s  t e a m  i n  t h e  l a t e  

9 0 s  ( P u l k k i  V . ,  1 9 9 7 ) .  A s  s t a t e d  i n  t h e  p a p e r ,  i t  w a s  " d e v e l o p e d  a s  a n  a p p r o a c h  t o  m e e t  t h e  c o m p u t e r  m u s i c  

c o m p o s e r s ’  l a c k  o f  a  t o o l  t o  m i x  m u l t i p l e  i n p u t  c h a n n e l s  t o  m u l t i p l e  l o u d s p e a k e r s  p l a c e d  a r o u n d  a n d  a b o v e  

t h e  l i s t e n e r "  ( P u l k k i  V . ,  1 9 9 7 ) .  I t  h a s  s i n c e  g a i n e d  p o p u l a r i t y  i n  c o m m e r c i a l  c i n e m a  a n d  b r o a d c a s t i n g  a n d  

i s  a  p r o m i n e n t  p a r t  o f  r e n d e r i n g  s u i t e  p r o v i d e d  i n  t h e  M P E G - H  O b j e c t  R e n d e r e r  ( H e r r e ,  H i l p e r t ,  K u n t z ,  &  

P l o g s t i e s ,  2 0 1 5 ) .  I t  h a s  a l s o  b e e n  i m p l e m e n t e d  a s  a  r e n d e r e r  f o r  D T S : X ’ s  M D  A  O b j e c t - b a s e d  I m m e r s i v e  

A u d i o  S p e c i f i c a t i o n  ( E T S I ,  2 0 1 5 )  u s e d  i n  a p p l i c a t i o n s  l i k e  A v i d ’ s  M D A C r e a t o r ,  a s  w e l l  a s  t h e  E B U  A u d i o  

D e f i n i t i o n  M o d e l  R e n d e r e r  ( E A R )  d e s c r i b e d  i n  t h e  E B U  T e c h  3 3 8 8  ( E u r o p e a n  B r o a d c a s t  U n i o n ,  2 0 1 8 ) .

V B A P  r e p r e s e n t s  t h e  p a n n i n g  a r e a  a s  a  v e c t o r  s p a c e  u s i n g  a  v e c t o r  b a s e  f o r m e d  f r o m  v e c t o r s  c o n n e c t i n g  t h e  

l i s t e n e r  p o s i t i o n  t o  e a c h  l o u d s p e a k e r  p o s i t i o n .  I t  t h e n  u s e s  t h e s e  b a s i s  v e c t o r s  t o  l o c a l i z e  a n  a u d i o  p o s i t i o n  

b e t w e e n  m u l t i p l e  s p e a k e r s .  I t s  2 D  v e r s i o n  c a n  b e  p r o v e n  t o  c o i n c i d e  w i t h  s t e r e o p h o n i c  p a n n i n g  l a w s ,  b u t  

t h e  u s e  o f  a  v e c t o r  b a s e  h a s  t h e  a d v a n t a g e  o f  e x t e n d i n g  t o  m a n y  l o u d s p e a k e r s  t h a t  c a n  b e  i r r e g u l a r l y  p l a c e d  

a r o u n d  a  l i s t e n e r .  A s  s u c h ,  t h i s  s e c t i o n  w i l l  b e g i n  w i t h  a n  o v e r v i e w  o f  s t e r e o p h o n i c  p a n n i n g  f o l l o w e d  b y  2 D  

V B A P ,  t h e n  3 D  V B A P  w i t h  m u l t i p l e  s p e a k e r s .  T h i s  w i l l  b e  f o l l o w e d  b y  t h e  i m p l e m e n t a t i o n  w i t h i n  

I m m e r G o  a t  t h e  d i f f e r e n t  l e v e l s  o f  d i s t r i b u t i o n .

5.1 The Theory Behind VBAP

5.1.1 Stereophonic Panning

S t e r e o p h o n i c  p a n n i n g  i s  c o n s i d e r e d  a  p s y c h o a c o u s t i c  m e t h o d  o f  p a n n i n g  b e c a u s e  i t  u s e s  a  p s y c h o a c o u s t i c  

i l l u s i o n  t o  l o c a l i z e  a  s o u r c e  b e t w e e n  t w o  s p e a k e r s .  T h e  f o r m u l a t i o n  a s s u m e s  t h a t  t w o  l o u d s p e a k e r s  e m i t  

c o h e r e n t  s i g n a l s  t o  a  l i s t e n e r  s i t u a t e d  a t  a  s w e e t  s p o t  b e t w e e n  t h e m .  T h e s e  s i g n a l s  m a y  h a v e  d i f f e r e n t  

a m p l i t u d e s  w h i c h  i s  w h a t  c r e a t e s  t h e  i l l u s i o n  t h a t  t h e r e  i s  a  s i n g l e  a u d i t o r y  e v e n t  t a k i n g  p l a c e  i n  t h e  a r e a  

b e t w e e n  t h e  l o u d s p e a k e r s .

A s  s h o w n  i n  F i g .  4 1 ,  t w o  l o u d s p e a k e r s  a r e  p o s i t i o n e d  s y m m e t r i c a l l y  a b o u t  a n  a n g l e  w i t h  r e s p e c t  t o  t h e  

p l a n e .  T h e  s i g n a l s  c o m i n g  f r o m  t h e s e  l o u d s p e a k e r s  a r e  c o n t r o l l e d  u s i n g  t w o  g a i n  f a c t o r s  a n d  

r e s p e c t i v e l y .  A  v i r t u a l  s o u r c e  i s  a b l e  t o  b e  p o s i t i o n e d  b e t w e e n  t h e s e  l o u d s p e a k e r s  a c c o r d i n g  t o  a  p a n n i n g  

l a w  t h a t  d e t e r m i n e s  t h e  l e v e l  o f  t h e  s i g n a l  f r o m  e a c h  l o u d s p e a k e r .

T h e  d i r e c t i o n  o f  a  m o n o  v i r t u a l  s o u r c e  i s  d e t e r m i n e d  a c c o r d i n g  t o  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  a m p l i t u d e s  

c o m i n g  f r o m  b o t h  l o u d s p e a k e r s .  I f  t h e  v i r t u a l  s o u r c e  i s  m o v i n g ,  i t ’ s  l o u d n e s s  s h o u l d  r e m a i n  c o n s t a n t  a n d



g1 g2

𝑔1
2 + 𝑔2

2 = 𝐶

𝐶 > 0

 

𝐥1 = [𝑙1𝑥   𝑙1𝑦]
𝑇

𝐥2 = [𝑙2𝑥  𝑙2𝑦]
𝑇

𝐩 =

[𝑝1  𝑝2]
𝑇

𝐩 = [𝑝1  𝑝2]
𝑇

𝐩 𝐥1 𝐥2

𝐩 = 𝑔1𝐥𝟏 + 𝑔2𝐥𝟐

𝑔1 𝑔2

𝑝1 = 𝑔1𝑙1𝑥 + 𝑔2𝑙2𝑥
𝑝2 = 𝑔1𝑙1𝑦 + 𝑔2𝑙2𝑦



𝐩𝐓 = 𝐠𝐋12

𝐠 = [𝑔1   𝑔2] 𝐋12 = [𝒍𝟏   𝒍𝟐] =  [
𝑙1𝑥 𝑙1𝑦
𝑙2𝑥 𝑙2𝑦

]

𝐋12
−1

𝐠 = 𝐩𝐓𝐋12
−𝟏 = [𝑝1  𝑝2] [

𝑙1𝑥 𝑙1𝑦
𝑙2𝑥 𝑙2𝑦

]
−1

𝐠 = [𝑔1   𝑔2] 𝐋12 = [𝒍𝟏   𝒍𝟐] =  [
𝑙1𝑥 𝑙1𝑦
𝑙2𝑥 𝑙2𝑦

]

𝐋12𝐋12
−1 = 𝐈 𝐈 𝜑0 ≠ 0°

𝜑0 ≠ 90°

𝜑0 ≠ 45°

𝐠𝐬𝐜𝐚𝐥𝐞𝐝 =
√𝐶𝐠

√𝑔1
2 + 𝑔2

2



 

𝑔1
2 + 𝑔2

2 + 𝑔3
2 = 𝐶

𝐶 > 0

𝐶 = 1. 



𝐠 = 𝐩𝐋123
−𝟏 = [𝑝1  𝑝2  𝑝3] [

𝑙1𝑥 𝑙1𝑦 𝑙1𝑧
𝑙2𝑥 𝑙2𝑦 𝑙2𝑧
𝑙3𝑥 𝑙3𝑦 𝑙3𝑧

]

−𝟏

𝐠 = [𝑔1   𝑔2  𝑔3]

s 𝑡

[

𝐿1(𝑡)

𝐿2(𝑡)

𝐿3(𝑡)
] = s(t) ∗ [

𝑔1 
𝑔2
𝑔3
]

 

𝑂(𝑛 log 𝑛)



 

𝑁

(𝑥1, 𝑦1, 𝑧1), (𝑥2, 𝑦2, 𝑧2) … (𝑥𝑛 , 𝑦𝑛, 𝑧𝑛)

 

 

𝐋𝑞𝑟𝑠
−𝟏 𝑞 𝑟 𝑠

1 ≤  𝑁

 𝐠 = [𝑔1   𝑔2  𝑔3]

 𝐠

 



°

Chapter 5: Vector Base Amplitude Panning

Fig. 45: M D A P  s p r e a d  s o u r c e s .  S p r e a d  a n g l e  i s  6 0  w i t h  3  r i n g s  c o n t a i n i n g  2 0  s o u r c e s .

A  m e t h o d  o f  c o n s t r u c t i n g  t h e s e  r i n g s  h a s  b e e n  d e s c r i b e d  i n  ( P u l k k i  V . ,  1 9 9 9 )  a n d  i m p l e m e n t e d  a s  a  

M A T L A B  s i m u l a t i o n  i n  ( P o l i t i s  &  P u l k k i ,  2 0 1 5 ) .  E a c h  r i n g  i s  m a d e  b y  c o n s t r u c t i n g  m u l t i p l e  v e c t o r s  t h a t  

a r e  s p a c e d  e q u a l l y  w i t h i n  a  c i r c l e  a n d  a r e  p e r p e n d i c u l a r  t o  t h e  p r i m a r y  d i r e c t i o n .  T h e s e  v e c t o r s  a r e  t h e n  

s q u e e z e d  i n t o  a  r i n g  s u r r o u n d i n g  t h e  p r i m a r y  v i r t u a l  s o u r c e ,  u s i n g  a  c h o s e n  a n g l e  w h i c h  i s  c o n s i d e r e d  

s p r e a d  w i d t h .  T h i s  c a n  b e  r e p e a t e d  s o  t h a t  m u l t i p l e  r i n g s  a r e  c r e a t e d  a t  d i f f e r e n t  s p r e a d  w i d t h s .  T h i s  m a y  

o n l y  p r o v e  u s e f u l  i n  s p e a k e r  a r r a y s  w i t h  m a n y  s p e a k e r s ,  s i n c e  t h e  p a n n i n g  w i l l  h a v e  a  f i n e r  r e s o l u t i o n  w i t h  

t h e  i n c r e a s e d  l o u d s p e a k e r  t r i a n g l e s .

5.2 VBAP Implementation

T h e  V B A P  c a l c u l a t i o n s  h a v e  b e e n  i m p l e m e n t e d  i n  b o t h  t h e  I m m e r G o  N W J S  f r a m e w o r k  a n d  t h e  e n d p o i n t  

X M O S  p r o c e s s o r s .  A s  m e n t i o n e d  l a t e r  i n  t h i s  s u b s e c t i o n ,  p r o c e s s i n g  t i m i n g  c o n s t r a i n t s  p r e v e n t e d  M D A P  

f r o m  b e i n g  i m p l e m e n t e d  w i t h i n  t h e  e n d p o i n t  p r o c e s s o r s .

5.2.1 VBAP in NWJS

T h e  V B A P  a l g o r i t h m  i s  i m p l e m e n t e d  a s  a  s e p a r a t e  J a v a s c r i p t  m o d u l e  n a m e d  “ V B A P . j s ”  t h a t  i s  u s e d  b y  t h e  

s e r v e r  c o d e .  T h i s  m o d u l e ’ s  f u n c t i o n a l i t y  w a s  s p l i t  i n t o  t w o  m a i n  p a r t s ,

1 .  D e t e r m i n e  t h e  c o n v e x  h u l l  a n d  i t s  a s s o c i a t e d  i n v e r t e d  m a t r i c e s  r e q u i r e d  f o r  t h e  m a t r i x  c a l c u l a t i o n .

2 .  P e r f o r m  V B A P  o n  a  v i r t u a l  s o u r c e  a n d  s e n d  m i x e r  v a l u e s  t o  t h e  X M O S  e n d p o i n t  p r o c e s s o r s .

T h e  V B A P  m o d u l e  u s e d  t w o  N P M  l i b r a r i e s  t o  s p e e d  u p  t h e  d e v e l o p m e n t  p r o c e s s .  T h e s e  a r e ,
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Mathjs 20 -  for matrix and vector operations.

Quickhull3d 21 -  for calculation of the convex hull of the loudspeaker array.

The VBAP module works as an API by exposing the core functions used by the ImmerGo server. The 

functions that are exposed from the VBAP library, and used by the ImmerGo server, are given in the 

diagram Fig. 46 below. VBAP.js exports the functions shown in Listing 21. The VBAP.js module exports 

the SetMesh function which is called with the loudspeaker positions, ls_pos, and allows the server to 

determine the convex hull, IsMesh, and inverse loudspeaker matrices, ls_inv_mtx, required for the panning 

calculation. Once set, these variables may be retrieved from the module using the get_invLsMtx and 

get_triFaces functions.

The functions highlighted within the client in Fig. 46 we modified for use by VBAP. The setSrcCoords 

function is used to set the track model within the soundControlWindow. This function was modified to 

force the virtual source to remain restricted to the loudspeaker convex hull. When the server receives 

coordinates, it sets them to a track using the setCurrentCoords. The spread angle of the source may also be 

set with the setSpread function which is used by the client to activate MDAP. VBAP.js exports the vbap3 

function which is called with the virtual source position and returns mixer values that are sent to the 

endpoints using the updateSpeakerMixLevels function.

2 1  h t t p s : / / w w w . n p m j s . c o m / p a c k a g e / q u i c k h u l l 3 d

https://www.npmjs.com/package/mathjs
https://www.npmjs.com/package/quickhull3d


z = √r2 − x2 − y2
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5 2 5

5 2 6

5 2 7

5 2 8

5 2 9

5 3 6

m o d u l e . e x p o r t s = {

S e t M e s h : S e t M e s h ,  

g e t S p r e a d S r c D i r s : g e t S p r e a d S r c D i r s  

v b a p 3 : v b a p 3 ,

g e t i n v L s M t x  :  g e t i n v L s M t x ,  

g e t t r i F a c e s  :  g e t t r i F a c e s  } ;

Listing 21: M o d u l e  e x p o r t s  w i t h i n  t h e  V B A P . j s  l i b r a r y .

T h e  V B A P  l i b r a r y  h o l d s  g l o b a l  v a r i a b l e s  p e r t a i n i n g  t o  t h e  V B A P  c o n f i g u r a t i o n  a s  s h o w n  i n  Listing 22.

1 2  v a r  I s  m e s h  =  n e w  l s M e s h ( ) ;

1 3  v a r  i n v _ l s _ m t x  =  [ ]

1 4

j ^  7 + ^ ^ + ^  cLasses ^  ̂  ̂  ̂  ̂  y

1 6  f u n c t i o n  l s M e s h ( f a c e s ?  v e r t i c e s ) {

1 7  / *  Loudspeaker mesh */
1 8  t h i s . f a c e s  =  f a c e s ;

1 9  t h i s . v e r t i c e s  =  v e r t i c e s ;

2 0  }

// Convex huLL mesh
// Inverse Loudspeaker matrices

// Each triangLe faces vertices
// Every vertice in the configuration

Listing 22: V B A P  l i b r a r y  g l o b a l  v a r i a b l e s .

V B A P  r e s t r i c t s  v i r t u a l  s o u r c e s  t o  t h e  c o n v e x  h u l l  o f  t h e  l o u d s p e a k e r s  w h i c h  a r e  p l a c e d  i n  a  s p h e r e ,  o r  

h e m i s p h e r e  a r o u n d  t h e  l i s t e n e r .  T h e  I m m e r G o  c l i e n t  U I  w a s  m o d i f i e d  t o  g i v e  a  v i s u a l  r e p r e s e n t a t i o n  o f  

p a n n i n g  a  v i r t u a l  s o u r c e  a r o u n d  a  h e m i s p h e r e  a s  s h o w n  i n  Fig. 47 b e l o w .

Fig. 47: I m m e r G o  V B A P  c l i e n t

W h e n  a  c l i e n t  p a n s  a  s o u r c e  u s i n g  V B A P ,  t h e  Z  c o o r d i n a t e  i s  s o l v e d  a c c o r d i n g  t o  t h e  x  a n d  y  c o o r d i n a t e s  

a n d  t h e  r a d i u s  o f  t h e  s p h e r e  u s i n g  e q u a t i o n  ( 5 . 1 0 ) .  T h i s  e n s u r e s  t h a t  t h e  v i r t u a l  s o u r c e  r e m a i n s  o n  t h e  

s p h e r e .

( 5 . 1 0 )
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5.2.1.1 Calculating VBAP configuration

T h e  V B A P  c o n f i g u r a t i o n  h o l d s  t h e  p a r a m e t e r s  t h a t  m a y  b e  c a l c u l a t e d  p r i o r  t o  m o v i n g  t h e  s o u r c e .  T h e s e  a r e  

s p e c i f i c a l l y  t h e  i n v e r s e  l o u d s p e a k e r  m a t r i c e s  w i t h  t h e i r  a s s o c i a t e d  f a c e s  i n  t h e  c o n v e x  h u l l .  A s  s h o w n  i n  Fig. 
48, a f t e r  t h e  s p e a k e r  c o n f i g u r a t i o n  X M L  i s  l o a d e d  i n t o  t h e  s e r v e r ,  t h e  d i s t a n c e  o f  e a c h  s p e a k e r  t o  l i s t e n e r  

o r i g i n  i s  c h e c k e d  t o  b e  w i t h i n  a  5 c m  l i m i t ,  i n  o t h e r  w o r d s ,  i t  l i e s  o n  t h e  s u r f a c e  o f  t h e  s p h e r e .  I f  a l l  a r e  

w i t h i n  b o u n d s ,  t h e n  t h e  V B A P  c o n f i g u r a t i o n  c a n  b e  s o l v e d  f o r ,  i f  n o t  t h e n  V B A P  i s  d i s a b l e d  a n d  t h e  s e r v e r  

f a l l s  b a c k  t o  t h e  D B A P  a l g o r i t h m .  T h i s  p r o c e d u r e  i s  d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  B  B l .

T h e  V B A P  c o n f i g u r a t i o n  i s  s o l v e d  u s i n g  t h e  SetMesh f u n c t i o n  w i t h i n  t h e  V B A P  l i b r a r y .  A s  s h o w n  i n  Fig. 
49, t h i s  f u n c t i o n  s o l v e s  f o r  t h e  c o n v e x  h u l l  o f  t h e  s p e a k e r  c o n f i g u r a t i o n  a n d  d e t e r m i n e s  t h e  l o u d s p e a k e r  

i n v e r s e  m a t r i c e s  a s s o c i a t e d  w i t h  t h e  f a c e s  i n  t h e  h u l l .  T h e  c o n v e x  h u l l  f u n c t i o n  i t s e l f  p e r f o r m s  Q u i c k h u l l  o n  

t h e  v e r t i c e s .  I f  i t  i s  u n a b l e  t o  d e f i n e  a  h u l l  d u e  t o  t h e r e  b e i n g  t o o  f e w  v e r t i c e s  o r  v e r t i c e s  t h a t  l i e  o n  t h e  s a m e  

l i n e ,  t h e n  V B A P  i s  d i s a b l e d .  O n c e  s o l v e d ,  c o n v e x  h u l l  f a c e s  t h a t  a r e  o r i e n t a t e d  i n c o r r e c t l y  a r e  d i s c a r d e d .
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Fig. 50: D i s c a r d i n g  t r i a n g l e s .

5.2.1.2 Performing VBAP within NWJS

O n c e  t h e  V B A P  c o n f i g u r a t i o n  h a s  b e e n  s e t  w i t h i n  t h e  V B A P  m o d u l e ,  t h e  V B A P  c a l c u l a t i o n  m a y  b e  

p e r f o r m e d  o n  a  v i r t u a l  s o u r c e  u s i n g  t h e  vbap3 f u n c t i o n .  A s  s h o w n  b e l o w  i n  Fig. 51, w h e n  a  t r a c k  s o u r c e  

u p d a t e  i s  r e c e i v e d ,  i t s  c o o r d i n a t e s  a n d  s p r e a d  p a r a m e t e r  i s  g i v e n  t o  t h e  vbap3 f u n c t i o n .  I f  t h e  s p r e a d  v a l u e  

i s  g r e a t e r  t h a n  0 ,  t h e n  M D A P  i s  p e r f o r m e d ,  o t h e r w i s e  V B A P  i s  p e r f o r m e d .  T h e  V B A P  a l g o r i t h m  p e r f o r m s  

t h e  m a t r i x  c a l c u l a t i o n  f o r  e a c h  t r i a n g l e  i n  t h e  c o n v e x  h u l l .  I f  e a c h  g a i n  v a l u e  o u t p u t  f r o m  t h e  c a l c u l a t i o n  i s  

g r e a t e r  t h a n  0 ,  t h e n  t h e  v e c t o r  l i e s  w i t h i n  t h a t  v e c t o r  s p a c e  a n d  t h o s e  g a i n  v a l u e s  a r e  o u t p u t t e d .  T h e s e  

v a l u e s  a r e  t h e n  n o r m a l i z e d  a c c o r d i n g  t o  G r a m - S c h m i d t  n o r m a l i z a t i o n  a n d  t h e  c o r r e c t  s p e a k e r  I D s  o f  t h e  

f a c e  h a v e  t h e i r  m i x  l e v e l s  u p d a t e d  f o r  t h e  t r a c k .  M i x e r  u p d a t e s  a r e  t h e n  s e n t  t o  t h e  e n d p o i n t s  w i t h  t h e  

u p d a t e d  s p e a k e r  m o d e l s  w h e n  a n  M T C  f r a m e  i s  r e c e i v e d .

T h e  V B A P  a l g o r i t h m  c a l c u l a t i o n  w i t h i n  t h e  vbap3 f u n c t i o n  i s  s h o w n  i n  Listing 24. T h e r e  i s  a  g a i n  a r r a y  

t h a t  i s  u s e d  t o  h o l d  t h e  g a i n  v a l u e s  f o r  e a c h  s p e a k e r  i n  t h e  c o n f i g u r a t i o n .  A s  s h o w n  i n  Fig. 51, t h e  m a t r i x  

c a l c u l a t i o n  o f  t h e  v i r t u a l  s o u r c e  v e c t o r  i s  p e r f o r m e d  f o r  e a c h  i n v e r s e  m a t r i x  u n t i l  t h e  c o r r e c t  p r o j e c t i o n  f a c e  

i s  f o u n d .  O n c e  f o u n d ,  t h e  a r r a y  o f  g a i n s  i s  f i l l e d  w i t h  t h e  o u t p u t  o f  t h e  c a l c u l a t i o n .  A f t e r  a l l  t h e  g a i n s  h a v e  

b e e n  f i l l e d ,  t h e  a r r a y  i s  n o r m a l i z e d  a n d  r e t u r n e d .
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F i g .  5 1 :  P a n n i n g  w i t h  V B A P  i n  I m m e r G o .

359
360
361
362
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370
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373
374
375
376
377
378
379
380
381
382
383
384

/* Compute VBAP */
for (let i = 0; i < math.size(ls_mesh.faces)[0]; i++){

let g_temp = [];
// Perform VBAP matrix caicuLation
g_temp[0] = ls_invMtx[i][0]*src_vector[0] + ls_invMtx[i][l]*src_vector[l] + ls_invMtx[i][2]*src_vector[2];
g_temp[i] = Is invMtx[i][3]*src_vector[0] + ls_invMtx[i][4]*src_vector[l] + Is invMtx[i][5]*src_vector[2];
g_temp[2] = ls_invMtx[i][6]*src_vector[0] + ls_invMtx[i][7]*src_vector[l] + ls_invMtx[i][8]*src_vector[2];

if(math.min(g_temp) > -0.001) { // virtuaL source vector Lies in this triangLe matrix
for (let j = 0; j < Is mesh.faces[i].length; j++){ // Iterate through the triangLe face and set the gains for the matrix 

gains[ls_mesh.faces[i][j]] = (g_temp[j] < 0) ? 0 : g_temp[j]; // If the gain is Less than 0, Limit it to 0
}
break;

}

/* NormaLize gains */
gains = math.divide(gains, math.sqrt(math.sum(math.dotPow(gains,2))));

/* Convert NaN vaLues to 0 */

gains = gains.map(getNum);

return gains;

L i s t i n g  2 4 :  T h e  V B A P  c a l c u l a t i o n

5.2.1.3 Performing MDAP in NWJS

M D A P  i s  a c t i v a t e d  w h e n  t h e  s p r e a d  p a r a m e t e r  f o r  a  s o u r c e  i s  g r e a t e r  t h a n  0 .  T h e  s p r e a d  v a l u e  d e s c r i b e s  t h e  

s q u e e z i n g  a n g l e  o f  t h e  M D A P  s e c o n d a r y  s o u r c e  r i n g s .  F i g .  5 2  s h o w s  h o w  w h e n  t h e  s p r e a d  v a l u e  i s  g r e a t e r  

t h a n  0 ,  M D A P  i s  e n a b l e d .
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3 0 5

3 0 6

3 0 7

3 0 8

3 0 9

3 1 6

3 1 1

3 1 2

3 1 3

/* Squeeze the purpendicuLar ring to desired spread */
l e t  s p r e a d _ r a d  =  ( s p r e a d / 2 ) * ( M a t h . P I / 1 8 0 ) ;

l e t  r i n g r a d  =  ( s p r e a d _ r a d / n u m _ r i n g s _ 3 d ) ;

l e t  U s p r e a d  =  m a t h . z e r o s ( n u m _ s r c * n u m _ r i n g s _ 3 d , 3 ) . t o A r r a y ( ) ;

f o r ( l e t  n r  =  0 ; n r  <  n u m _ r i n g s _ 3 d ; n r + + ) {

f o r ( l e t  j  =  0 ;  j c n u m s r c ; j + + ) {

U _ s p r e a d [ j ]  =  m a t h . a d d ( u , m a t h . m u l t i p l y ( s p r e a d b a s e [ j + n r ] , m a t h . t a n ( r i n g _ r a d * ( n r + l ) ) ) ) ;

}

}

Listing 25: C o d e  t o  s q u e e z e  v e c t o r s

Fig. 54: S q u e e z i n g  s e c o n d a r y  s o u r c e s

5.2.2 VBAP on the XMOS processor

V B A P  r e q u i r e d  n e w  v a r i a b l e s  t o  b e  a d d e d  t o  t h e  S A R  a n d  a r e  s h o w n  i n  Listing 26. T h e s e  a r e  t h e  s t a t i c  

p a r a m e t e r s  t h a t  n e e d  t o  b e  s e t  o n c e  f o r  t h e  V B A P  c a l c u l a t i o n :  a  v a r i a b l e  f o r  t h e  n u m b e r  o f  t r i a n g l e  f a c e s  i n  

t h e  c o n v e x  h u l l ,  t h e  v e r t i c e s  o f  t h e  f a c e s  i n  t h e  c o n v e x  h u l l  a n d  t h e  i n v e r s e  l o u d s p e a k e r  m a t r i c e s  t h a t  

c o r r e s p o n d  w i t h  t h o s e  f a c e s .

37 5 // In. the SAR task . . .
37 6
377 /* VBAP configuration */

char no_Faces = 0; H  Number of triangle faces
unsigned char triangle_faces[MAX_SIZE_CONFIG*3][3] = {{0}}; // Speaker IDs of triangle faces
double inv_LsMtx[MAX_SIZE_CONFIG*3][3][3] = {{{0}}}; // inverted loudspeaker matrices

Listing 26: V B A P  c o n f i g u r a t i o n  v a r i a b l e s  i n t r o d u c e d  t o  t h e  S A R .

A s  s h o w n  i n  Table 12, I m m e r G o  f i l l e d  t h e s e  b y  s e n d i n g  A E C P  S E T _ M I X E R  c o m m a n d s  w i t h  t h e  d e s c r i p t o r  

i n d e x  0 x 0 0 3 1 .  O n c e  t h e s e  w e r e  f i l l e d ,  t h e  a l g o r i t h m  c o m p u t e d  t r a c k  s o u r c e s  t h a t  a r e  s e n t  w i t h  a  d e s c r i p t o r  

i n d e x  o f  0 x 0 0 3 0 .  A d d i t i o n a l  f u n c t i o n s  w e r e  a d d e d  t o  t h e  avb_1722_l_control i n t e r n a l  i n t e r f a c e  s o  t h e  

A p p l i c a t i o n  t a s k  w a s  a b l e  t o  m a k e  c a l l s  t o  S A R  p e r t a i n i n g  t o  t h e s e  n e w  f u n c t i o n s .

Table 12: A E C P  S E T _ M I X E R  D e s c r i p t o r  I n d i c e s  f o r  t h e  V B A P  a l g o r i t h m  i n  t h e  S A R .

D e s c r i p t o r  I n d e x F u n c t i o n

0 x 0 0 3 0 :  P e r f o r m  V B A P P e r f o r m  V B A P  f o r  t r a c k  s o u r c e  p o s i t i o n s

0 x 0 0 3 1  :  S e t  V B A P  C o n f i g u r a t i o n S e t  t h e  V B A P  i n v e r t e d  l o u d s p e a k e r  m a t r i c e s  a n d  f a c e s
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2 // ... in avb_1722_l_control interface declaration
void set_VBAPConfig(unsigned char seq_id,unsigned char raw_config[]);

4 void perform_VBAP(unsigned char noSrcs,char src[]);

Listing 27: New functions added to the avb_1722_l_control internal interface.

5.2.2.1 Sending the VBAP configuration to the XMOS Processor

B e f o r e  p a n n i n g  s o u r c e s  u s i n g  V B A P ,  t h e  S A R  t a s k  i s  r e q u i r e d  t o  r e c e i v e  t h e  V B A P  c o n f i g u r a t i o n  f r o m  

I m m e r G o .  T h i s  i s  d o n e  s i m i l a r l y  t o  s e n d i n g  t h e  s p e a k e r  c o n f i g u r a t i o n  o u t l i n e d  i n  t h e  p r e v i o u s  c h a p t e r ,  

e x c e p t  n o w  f l o a t i n g  p o i n t  v a l u e s  a r e  r e q u i r e d  t o  b e  r e c e i v e d .  T h i s  p r o c e s s  i s  o u t l i n e d  i n  F i g .  5 5  b e l o w  a n d  

d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  B  B 3 .  T h e  d e s c r i p t o r  i n d e x  0 x 0 0 3 1  i s  u s e d  t o  a d d r e s s  t h e  c o r r e c t  

f u n c t i o n  w i t h i n  t h e  S A R .  A f t e r  e x p e r i m e n t a t i o n ,  i t  w a s  f o u n d  t h a t  t h e  m a x i m u m  c o n f i g u r a t i o n  s i z e  t h a t  

c o u l d  b e  s e n t  a t  o n c e  t o  t h e  X M O S  w a s  4 6 8  b y t e s .  S i n c e  t h e  V B A P  c o n f i g u r a t i o n  i s  l a r g e r  t h a n  t h e  4 6 8  

b y t e s ,  t h e  s e n d i n g  p r o c e s s  n e e d s  t o  b e  s p l i t  i n t o  m u l t i p l e  p a c k e t s  s e n t  s e q u e n t i a l l y .  A  s e q u e n c e  I D  i s  u s e d  t o  

k e e p  t r a c k  o f  s e q u e n c e  o r d e r  o f  t h e  p a c k e t  t o  e n s u r e  t h e  p a c k e t s  a r e  u n p a c k e d  c o r r e c t l y  o n  t h e  X M O S  s i d e .  

O n c e  t h e  s p e a k e r  c o n f i g u r a t i o n  h a s  b e e n  l o a d e d  a n d  t h e  V B A P  c o n f i g u r a t i o n  s o l v e d ,  t h e  V B A P  

c o n f i g u r a t i o n  i s  s e n t .  F i r s t ,  t h e  n u m b e r  o f  f a c e s  a r e  s e n t  w i t h  t h e  s e q u e n c e  I D  s e t  t o  0 .  T h i s  i s  t h e n  f o l l o w e d  

b y  t h e  c o n v e x  h u l l  f a c e s  a n d  t h e  i n v e r s e  m a t r i c e s .  I f  t h e  n u m b e r  o f  b y t e s  i s  g r e a t e r  t h a n  4 6 8 ,  t h e  p a c k e t  i s  

s p l i t  w i t h  a p p r o p r i a t e  s e q u e n c e  I D s .
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T h e  V B A P  c o n f i g u r a t i o n  i s  t h e n  r e c e i v e d  w i t h i n  t h e  X M O S  a c c o r d i n g  t o  t h e  p r o c e d u r e  o u t l i n e d  i n  Fig. 56 

a n d  s h o w n  i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  B  B 4 .  W h e n  t h e  A E C P  p a c k e t  i s  r e c e i v e d  b y  t h e  e n d p o i n t  w i t h  t h e  

d e s c r i p t o r  0 x 0 0 3 1  t h e  p a c k e t  i s  r o u t e d  a s  f o l l o w s .

1 .

2 .

3 .

4 .

5 .

T h e  A E C P  p a c k e t  h e a d e r s  a r e  p a r s e d  w i t h i n  t h e  1 7 2 2 . 1  t a s k .

T h e  d e s c r i p t o r  i n d e x ,  a l o n g  w i t h  t h e  r a w  d a t a ,  i s  p a s s e d  f r o m  t h e  1 7 2 2 . 1  t a s k  t o  t h e  A p p l i c a t i o n  

t a s k  u s i n g  t h e  i_1722_l_entity i n t e r f a c e .

T h e  A p p l i c a t i o n  t a s k  t h e n  r o u t e s  t h e  d a t a  t o  t h e  “ S e t  V B A P  C o n f i g u r a t i o n ”  f u n c t i o n  w i t h i n  t h e  

S A R  a c c o r d i n g  t o  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 3 1  u s i n g  t h e  i_1722_l_control i n t e r f a c e .

I f  t h e  s e q u e n c e  I D  i s  0 ,  t h e n  t h e  n u m b e r  o f  f a c e s  i n  t h e  c o n v e x  h u l l  a r e  s a v e d .

I f  i t  i s  g r e a t e r  t h a n  0 ,  t h e n  t h e  l o u d s p e a k e r s  I D s  a s s o c i a t e d  w i t h  t h e  f a c e  a r e  s a v e d  f o l l o w e d  b y  t h e  

i n v e r t e d  m a t r i x  a s s o c i a t e d  w i t h  t h e  f a c e  m a k i n g  s u r e  t o  c o n v e r t  t h e  i n v e r t e d  m a t r i c e s  b a c k  i n t o  a  

f l o a t i n g  p o i n t  b y  s c a l i n g  d o w n  b y  1 0 0 0 0 .  T h i s  i s  t h e n  r e p e a t e d  f o r  a l l  t h e  t r i a n g l e  f a c e s  i n  t h e  

c o n v e x  h u l l .
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5.2.2.2 Performing the VBAP calculation within the XMOS

T h e  X M O S  p r o c e s s o r  p e r f o r m s  t h e  V B A P  c a l c u l a t i o n  u s i n g  t r a c k  s o u r c e  I D s  a n d  c o o r d i n a t e s  s e n t  w i t h  t h e  

d e s c r i p t o r  i n d e x  0 x 0 0 3 0 0 .  A s  d i s c u s s e d  p r e v i o u s l y  i n  c h a p t e r  2 ,  t h e  t r a c k  s o u r c e s  a r e  s e n t  a c c o r d i n g  t o  t h e  

M T C  r e c e i v e d  f r o m  t h e  D A W .  T h e  c o o r d i n a t e s  a r e  u n p a c k e d  w i t h i n  t h e  X M O S  a s  d i s c u s s e d  i n  c h a p t e r  3 .  

T h i s  p r o c e s s  i s  s h o w n  i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  B  B 5 .

E v e r y  e n d p o i n t  p e r f o r m s  t h e  m a t r i x  c a l c u l a t i o n  f o r  e a c h  f a c e  u n t i l  t h e  c o r r e c t  f a c e  f o r  t h e  v i r t u a l  s o u r c e  i s

f o u n d ,  a s  t h e  3  l o u d s p e a k e r s  i n  t h e  t r i a n g l e w i t h  t h e i r  a s s o c i a t e d  g a i n s

S h o w n  i n  F i g .  5 7 ,  t h e  g a i n s  a r e  t h e n  a s s i g n e d  a c c o r d i n g  t o  a  l o u d s p e a k e r  s e l e c t i o n  p r o c e s s  m a n a g e d  b y  a  

s w i t c h  s t a t e m e n t .  F o r  b o t h  t h e  l o u d s p e a k e r s  a t t a c h e d  t o  t h e  p r o c e s s o r ,  t h e  l o u d s p e a k e r  I D  o f  t h e  m a t r i x  

c a l c u l a t i o n  i s  c h e c k e d  a g a i n s t  t h e  I D  o f  t h e  l o u d s p e a k e r  a t t a c h e d  t o  t h e  p r o c e s s o r .  I f  t h e y  a r e  t h e  s a m e ,  t h e n  

t h e  m i x e r  v a l u e  i s  s e t  a c c o r d i n g  t o  t h e  c o r r e s p o n d i n g  g a i n  v a l u e  o u t p u t  f r o m  t h e  m a t r i x  c a l c u l a t i o n ,  

o t h e r w i s e  i t ’ s  s e t  t o  0 .

F o r  t h e  s e c o n d  s t e p  o f  d i s t r i b u t i o n ,  t h e  X M O S  m i x e r  m a t r i x  i s  r e q u i r e d  t o  b e  s e t  a c c o r d i n g  t o  t h e  g a i n  

v a l u e s  o u t p u t t e d  b y  t h e  V B A P  a l g o r i t h m  w i t h i n  t h e  S A R .  F i r s t ,  e a c h  g a i n  v a l u e  i s  s c a l e d  u p  f r o m  f l o a t i n g  

p o i n t  t o  a  s i g n e d  c h a r  a n d  a d d e d  t o  t h e  X M O S  m i x e r  v a l u e s  a r r a y  i n  t h e  S A R .  A  c a l l  t o  t h e  A u d i o  B u f f e r  

M a n a g e r  i s  m a d e  f r o m  t h e  S A R  t a s k  u s i n g  t h e  i_imr i n t e r f a c e  w h i c h  u p d a t e s  t h e  X M O S  m i x e r  m a t r i x  

a c c o r d i n g  t o  t h e s e  s c a l e d  v a l u e s .  T h i s  i s  n o t  u n l i k e  t h e  D B A P  i m p l e m e n t a t i o n  d i s c u s s e d  i n  t h e  p r e v i o u s  

c h a p t e r .
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F o r  t h e  f i n a l  l e v e l  o f  d i s t r i b u t i o n ,  t h e  f i r m w a r e  w i t h  t h e  S H A R C  m i x e r  m a t r i x  i s  e n a b l e d  a n d  X M O S  m i x e r  

m a t r i x  i s  r e m o v e d .  T h e  V B A P  c a l c u l a t i o n  w i t h i n  t h e  S A R  i s  i m p l e m e n t e d  t h e  s a m e ,  e x c e p t  n o w  t h e  o u t p u t  

i s  u s e d  t o  u p d a t e  t h e  S H A R C  m i x e r  m a t r i x .  S i m i l a r  t o  t h e  m e t h o d  d i s c u s s e d  f o r  D B A P ,  o n c e  a  t r a c k ’ s  m i x  

v a l u e s  f o r  e a c h  s p e a k e r  a r e  o u t p u t  f r o m  t h e  a l g o r i t h m ,  t h e y  a r e  e a c h  c o n v e r t e d  i n t o  Q I .  1 5  f o r m a t .  S i n c e  

t h e r e  i s  n o  d e l a y  p r o c e s s i n g  r e q u i r e d ,  t h e  d e l a y  p a r a m e t e r  i s  s e t  t o  0 .  T h e s e  v a l u e s  a r e  t h e n  c o m b i n e d  i n t o  

t h e  3 2  b i t  i n t e g e r  p a r a m e t e r  v a l u e  a n d  s e n t  t o  t h e  S H A R C  m i x e r  u s i n g  t h e  DSP_AddrParaLoad f u n c t i o n .

M D A P  r e q u i r e s  t h a t  t h e  s e c o n d a r y  s p r e a d  s o u r c e s  a r e  f i r s t  c r e a t e d ,  a n d  t h e n  e a c h  o f  t h e i r  g a i n  v a l u e s  

c a l c u l a t e d  b y  V B A P .  A s  s h o w n  l a t e r  i n  c h a p t e r  8 ,  i t  w a s  f o u n d  t h a t  t h e  t i m e  t a k e n  b y  t h e  S A R  t o  p a n  m o r e  

t h a n  8  s o u r c e s  s i m u l t a n e o u s l y  u s i n g  V B A P  e x c e e d e d  t h e  8 . 3 m s  s y n c h r o n i z a t i o n  w i n d o w  i m p o s e d  b y  t h e  

M T C  q u a r t e r  f r a m e  i n t e r v a l .  T h i s  i s  n o t  g o o d  f o r  t h e  c a s e  o f  M D A P ,  w h e r e b y  a  s i n g l e  s o u r c e  w o u l d  r e q u i r e  

t h a t  m u l t i p l e  s e c o n d a r y  s o u r c e s  a r e  g e n e r a t e d  b y  c r e a t i n g  m u l t i p l e  v e c t o r s  a n d  r o t a t i n g  t h e m  e q u a l l y  a n d  

s q u e e z e d  t o  t h e  d e s i r e d  s p r e a d  a n g l e .  A s  w e l l  a s  t h i s ,  o n c e  t h e  s o u r c e s  a r e  s o l v e d ,  t h e  V B A P  c a l c u l a t i o n  i s  

r e q u i r e d  t o  b e  d o n e  o n  e a c h  o f  t h o s e  s o u r c e s .  F o r  a n  M D A P  s o l u t i o n  w i t h i n  t h e  X M O S  p r o c e s s o r ,  t h i s  

a m o u n t  o f  p r o c e s s i n g  w o u l d  t a k e  t o o  m u c h  t i m e  a n d  s o  a n  M D A P  i m p l e m e n t a t i o n  w i t h i n  t h e  X M O S  

p r o c e s s o r  i s  o m i t t e d .

O n e  w a y  t o  g e t  a r o u n d  t h i s  p r o c e s s i n g  l i m i t  i s  t o  c r e a t e  m u l t i p l e  p r o c e s s i n g  t a s k s  t h a t  m a n a g e  t h e  d i f f e r e n t  

a s p e c t s  o f  t h e  s e c o n d a r y  s o u r c e  c r e a t i o n  t o  t r y  a n d  i n c r e a s e  e f f i c i e n c y .  T h i s  m e t h o d  g o e s  b e y o n d  t h e  s c o p e  

o f  t h i s  c u r r e n t  p r o j e c t  a n d  a s  s u c h  a n  i m p l e m e n t a t i o n  h a s  b e e n  o m i t t e d .

5.3 Summary

T h e  t h e o r y  b e h i n d  V B A P  h a s  b e e n  d i s c u s s e d .  T h e  c o n c e p t  o f  s t e r e o p h o n i c  p a n n i n g  w a s  e x t e n d e d  t o  2 D  

V B A P  w h i c h  p r o v i d e d  a n  u n d e r s t a n d i n g  o f  t h e  m a t r i x  c a l c u l a t i o n s  n e c e s s a r y  t o  e x t e n d  t o  3 D  V B A P .  

F u r t h e r m o r e ,  t h i s  c h a p t e r  c o v e r e d  a n  o v e r v i e w  o f  t h e  M D A P  a l g o r i t h m  t h a t  a l l o w s  f o r  t h e  s p r e a d i n g  o f  

s o u r c e s  u s i n g  m u l t i p l e  s e c o n d a r y  s o u r c e s .  T h i s  t h e o r y  p r o v i d e d  t h e  i n f o r m a t i o n  r e q u i r e d  t o  i m p l e m e n t  t h e  

a l g o r i t h m  a t  t h e  t h r e e  s t a g e s  o f  d i s t r i b u t i o n .

T h e  V B A P  a l g o r i t h m  i s  i m p l e m e n t e d  w i t h i n  a  l i b r a r y  c a l l e d  “ V B A P . j s ” .  T h i s  l i b r a r y  p r o v i d e s  a l l  t h e  

f u n c t i o n a l i t y  r e q u i r e d  t o  p e r f o r m  t h e  V B A P  a l g o r i t h m .  P r o c e s s i n g  p o w e r  w a s  s a v e d  b y  f i r s t  d e t e r m i n i n g  

t h e  s t a t i c  p a r a m e t e r s  u s e d  b y  t h e  V B A P  m a t r i x  c a l c u l a t i o n  k n o w n  a s  t h e  V B A P  c o n f i g u r a t i o n .  T h e  

c o n f i g u r a t i o n  i s  s p e c i f i c a l l y  t h e  c o n v e x  h u l l  o f  t h e  a r r a y ,  i t s  f a c e s  a n d  t h e i r  a s s o c i a t e d  i n v e r s e  l o u d s p e a k e r  

m a t r i c e s .  W h e n  i m p l e m e n t i n g  V B A P  c a l c u l a t i o n s  w i t h i n  t h e  X M O S  p r o c e s s o r ,  t h e  V B A P  c o n f i g u r a t i o n  

w a s  s e n t  a s  a  s e q u e n c e  o f  p a c k e t s  w h i c h  w e r e  r e c e i v e d  b y  t h e  S A R  t a s k .  T h e  p a n n i n g  p r o c e s s  r e q u i r e d  a  

l o u d s p e a k e r  s e l e c t i o n  t h a t  m a t c h e d  t h e  I D s  o f  t h e  s p e a k e r s  t o  t h a t  o f  t h e  a l g o r i t h m  o u t p u t .  T h e  m i x i n g  

p r o c e s s  f o r  b o t h  i t e r a t i o n s  i s  m a n a g e d  t h e  s a m e  a s  t h e  D B A P  a l g o r i t h m  i n  t h e  p r e v i o u s  c h a p t e r s .

W h e n  s p r e a d i n g  s o u r c e s ,  t h e  M D A P  a l g o r i t h m  i s  u s e d .  T h i s  c a l c u l a t e d  v a l u e s  f o r  m u l t i p l e  s e c o n d a r y  

s o u r c e s  s i t u a t e d  i n  a  r i n g  a r o u n d  t h e  p r i m a r y  p o s i t i o n  o f  t h e  s o u r c e  b e i n g  l o c a l i z e d .  E a c h  o f  t h e s e  s o u r c e s ,  

i n c l u d i n g  t h e  p r i m a r y  s o u r c e ,  h a v e  t h e i r  g a i n s  s o l v e d  a c c o r d i n g  t o  t h e  V B A P  a l g o r i t h m  a n d  s u m m e d  

t o g e t h e r .  T h i s  w a s  i m p l e m e n t e d  w i t h i n  t h e  V B A P  l i b r a r y .  S h o w n  l a t e r  i n  c h a p t e r  8 ,  t h e  V B A P  a l g o r i t h m  

b e c o m e s  e x t r e m e l y  p r o c e s s o r  i n t e n s i v e .  A s  s u c h ,  i t  w a s  d e c i d e d  t h a t  s i n c e  M D A P  r e q u i r e d  e v e n  m o r e  

p r o c e s s i n g  t i m e  t o  a l l o w  f o r  t h e  g e n e r a t i o n  o f  s e c o n d a r y  s o u r c e s  w h i c h  i s  t h e n  f o l l o w e d  b y  t h e  V B A P
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c a l c u l a t i o n  o n  e a c h  s e c o n d a r y  s o u r c e ,  i t  w o u l d  n o t  a l l o w  f o r  a n  e f f e c t i v e  s o l u t i o n  w i t h i n  t h e  X M O S  

p r o c e s s o r .  F o r  t h i s  r e a s o n ,  a n  M D A P  s o l u t i o n  w i t h i n  t h e  X M O S  p r o c e s s o r  h a s  b e e n  o m i t t e d .
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Chapter 6

Wave Field Synthesis
W a v e  f i e l d  s y n t h e s i s  ( W F S )  i s  a n  o b j e c t - b a s e d  r e n d e r i n g  a l g o r i t h m  t h a t  w i d e n s  t h e  l i s t e n i n g  a r e a  o f  s p a t i a l  

a u d i o  b y  s y n t h e s i z i n g  t h e  p h y s i c a l  w a v e f r o n t s  o f  o b j e c t s  i n  a  s c e n e .  I t  i s  d i f f e r e n t  f r o m  p s y c h o - a c o u s t i c a l  

t e c h n i q u e s  s u c h  a s  V B A P  t h a t  t r i c k  t h e  m i n d  i n t o  p e r c e i v i n g  a u d i o  l o c a l i t y  b e t w e e n  s p a r s e l y  s p a c e d  

s p e a k e r s  ( A h r e n s ,  2 0 1 2 ) .  I t  e m p l o y s  a  t e c h n i q u e  s i m i l a r  t o  t h e  o n e  u s e d  t o  p r o j e c t  h o l o g r a p h i c  i m a g e s  

f r o m  l i g h t  s o u r c e s ,  a n d  h a s  t h u s  b e e n  r e f e r r e d  t o  a s  a  ‘ h o l o p h o n i c ’  p a n n i n g  t e c h n i q u e  ( B e r k h o u t ,  1 9 8 8 )  

( B e r k h o u t ,  V r i e s ,  &  V o g e l ,  1 9 9 3 ) .  T h e r e  a r e  n u m e r o u s  c o m m e r c i a l 2 2 ,  a s  w e l l  a s  f r e e  2 3  W F S  s y s t e m s ,  a n d  

W F S  h a s  b e c o m e  a  w e l l - r e s e a r c h e d  t o p i c  ( V e r h e i j e n ,  2 0 1 0 )  ( F i r t h a ,  2 0 1 8 ) .

2 2  -  h t t p : / / w w w . i o s o n o - s o u n d . c o m /  2 3  -  h t t p s : / / g i t h u b . c o m / G a m e Q f L i f e / W F S C o l l i d e r

-  h t t p s : / / w w w . b a r c o . c o m / e n / p r o d u c t / a p x - a u d i o - p r o c e s s o r  -  h t t p s : / / g i t h u b . c o m / m m o n t a g / w f s - d e s i g n e r

-  h t t p s : / / w w w . a s t r o a u d i o . e u / p r o d u c t s / c o n c e p t  -  h t t p : / / e m p a c . r p i . e d u / r e s e a r c h / w a v e - f i e l d - s y n t h e s i s

-  h t t p : / / f o u r a u d i o . c o m / e n / p r o d u c t s / w f s . h t m l

I t s  i m p l e m e n t a t i o n  i s  b a s e d  o n  t h e  H u y g e n s ’  p r i n c i p l e  ( I s e ,  1 9 9 9 ) ,  r e p r e s e n t e d  w i t h  t h e  K i r c h h o f f -  

H e l m h o l t z  i n t e g r a l .  F o r  W F S ,  t h e  K i r c h h o f f - H e l m h o l t z  i s  r e d u c e d  t o  d i s c r e t e  l o u d s p e a k e r s  u s i n g  t h e  

R a y l e i g h  i n t e g r a l s  a n d  t h e  G r e e n ’ s  f u n c t i o n  t h a t  m o d e l s  h o w  s o u n d  p r o p a g a t e s  t h r o u g h  t h e  a i r  ( B e r k h o u t ,  

1 9 8 8 )  ( B e r k h o u t ,  V r i e s ,  &  V o g e l ,  1 9 9 3 )  ( V r i e s ,  1 9 9 6 ) .  H u y g e n s ’  p r i n c i p l e  s t a t e s  t h a t  a  s i n g l e  w a v e f r o n t  m a y  

b e  r e g a r d e d  a s  a  s u p e r p o s i t i o n  o f  m u l t i p l e  s m a l l e r  s e c o n d a r y  w a v e f r o n t s .  B e c a u s e  o f  t h i s ,  a  v i r t u a l  s o u r c e ’ s  

w a v e f r o n t  m a y  b e  s y n t h e s i z e d  b y  t h e  c o n t r i b u t i o n s  o f  m u l t i p l e  s m a l l e r  s o u r c e  w a v e f r o n t s  g e n e r a t e d  b y  

m u l t i p l e  l o u d s p e a k e r s .  I n  p r a c t i c e ,  t h i s  r e s u l t s  i n  u s i n g  l o u d s p e a k e r  a r r a y s  t h a t  a r e  a r r a n g e d  i n  a  l i n e  i n  

f r o n t  o f  l i s t e n e r s ,  o r  a  c i r c l e  o r  r e c t a n g l e  a r o u n d  l i s t e n e r s .  T h e  l o c a t i o n  o f  t h e  v i r t u a l  s o u r c e  i s  t h e n  

s y n t h e s i z e d  b y  e m i t t i n g  c a r e f u l l y  d e l a y e d  a n d  a t t e n u a t e d  c o p i e s  o f  t h e  v i r t u a l  s o u r c e  s i g n a l  a c r o s s  t h e  

l o u d s p e a k e r s  w h i c h  c o m b i n e  t o  g e n e r a t e  t h e  d e s i r e d  w a v e f r o n t .  T h e  t e c h n i q u e  p r o v i d e s  t h e  a b i l i t y  t o  

s y n t h e s i z e  c o m p l e t e  a c o u s t i c  f i e l d s  w i t h  n o  d e f i n e d  s w e e t  s p o t ,  a n d  g i v e s  a  l i s t e n e r  t h e  o p p o r t u n i t y  t o  m o v e  

a r o u n d  t h e  a c o u s t i c  f i e l d  t o  p i c k  u p  l o c a t i o n a l  c u e s .  D u e  t o  t h e  r e q u i r e m e n t  f o r  a  l a r g e  n u m b e r  o f  

l o u d s p e a k e r s ,  a n d  t h e  p r o c e s s i n g  p o w e r  a s s o c i a t e d  w i t h  t h e  l o u d s p e a k e r s ,  W F S  h a s  b e e n  m i n i m a l l y  

a d o p t e d .  T h e  s y s t e m s  t h a t  d o  e x i s t  o f t e n  r e s u l t  i n  l a r g e  c o m p l i c a t e d  s y s t e m s  t h a t  r e l y  o n  t h e  

s y n c h r o n i z a t i o n  o f  m u l t i p l e  p r o c e s s o r s .  T h e o r e t i c a l l y ,  t h i s  m a k e s  W F S  a  s t r o n g  c a n d i d a t e  f o r  t h e  e n d p o i n t  

d i s t r i b u t e d  s o l u t i o n .

6.1 Theory of Wave Field Synthesis

T h e  g o a l  o f  i m p l e m e n t i n g  t h e  W F S  c a l c u l a t i o n  i s  t o  u s e  t h e  f u n d a m e n t a l  e q u a t i o n s  t h a t  r e p r e s e n t  H u y g e n s ’  

p r i n c i p l e ,  t h e  K i r c h h o f f - H e l m h o l t z  i n t e g r a l ,  a n d  d e r i v e  a  s e t  o f  p r o c e s s i n g  o p e r a t i o n s  t o  b e  a p p l i e d  o n  a  

s i n g l e  a u d i o  t r a c k  f o r  a  s e t  o f  l o u d s p e a k e r s .  T h e s e  o p e r a t i o n s  a r e  d e t e r m i n e d  a c c o r d i n g  t o  t h e  v i r t u a l  s o u r c e

http://www.iosono-sound.com/
https://www.barco.com/en/product/apx-audio-processor
https://www.astroaudio.eu/products/concept
https://github.com/GameOfLife/WFSCollider
https://github.com/mmontag/wfs-designer
http://empac.rpi.edu/research/wave-field-synthesis
http://fouraudio.com/en/products/wfs.html
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T h e r e  h a v e  b e e n  v a r i o u s  s o l u t i o n s  r e c o m m e n d e d  t o  h e l p  o v e r c o m e  t h i s  p r o b l e m .  T h e s e  s o l u t i o n s  w o r k  i n  

p a r t i c u l a r  u s e  c a s e s  a n d  t h u s  d o  n o t  p r o v i d e  a  c o m p l e t e  s o l u t i o n .  S o m e  o f  t h e  s o l u t i o n s  t h a t  a r e  r e l a t i v e l y  

s i m p l e  t o  i m p l e m e n t  a r e :

T o  c r o s s o v e r  t h e  a u d i o  s i g n a l  a t  t h e  p o i n t  o f  a l i a s i n g  a n d  l e t  o n e  o r  t w o  s p e a k e r s  p l a y  t h e  h i g h  

f r e q u e n c y  w h i l s t  t h e  o t h e r s  h a v e  W F S  r e n d e r i n g  a p p l i e d  ( L o p e z ,  B l e d a ,  E s c o l a n o ,  &  P u e o ,  2 0 0 5 )  

( W i t t e k ,  2 0 0 2 ) .

T o  u s e  a  s p a t i a l  a l i a s i n g  f i l t e r  w h i c h  r e d u c e s  t h e  b a n d w i d t h  o f  e a c h  s p e a k e r ’ s  c o n t r i b u t i o n  ( T h e i l e ,  

W i t t e k ,  &  R e i s i n g e r ,  2 0 0 3 )  ( S t a r t ,  1 9 9 7 ) .

T h e s e  s o l u t i o n s  a r e  b e y o n d  t h e  s c o p e  o f  t h i s  r e s e a r c h  a n d  w i l l  n o t  b e  i n c l u d e d  i n  t h e  i m p l e m e n t a t i o n .

6.2.1.2 Truncation Effect

T h e  2 . 5 D  R a y l e i g h  I  i n t e g r a l  a s s u m e s  t h a t  t h e r e  i s  a n  i n f i n i t e  l i n e  o f  s e c o n d a r y  s o u r c e s .  I n  p r a c t i c a l  

i m p l e m e n t a t i o n s ,  t h i s  i s  n o t  p o s s i b l e  u n l e s s  t h e  l o u d s p e a k e r  a r r a y  i s  d i s t r i b u t e d  a s  a  c l o s e d  c o n t o u r  a r o u n d  

l i s t e n e r s  ( S p o r s ,  R a b e n s t e i n ,  &  A h r e n s ,  2 0 0 8 ) .  A s  s u c h  t h i s  p r o b l e m  c a u s e s  d i f f r a c t i o n  o f  t h e  s y n t h e s i z e d  

w a v e f i e l d .  A s  s h o w n  i n  Fig. 65 t h e  s o l u t i o n  t o  t h i s  p r o b l e m  r e q u i r e s  t a p e r i n g  t h e  g a i n s  o f  t h e  s p e a k e r s  

c l o s e r  t o  t h e  e n d  o f  t h e  a r r a y  w h i c h  p r e v e n t s  t h e i r  i n d i v i d u a l  w a v e  f r o m  o v e r p o w e r i n g  t h e  s y n t h e s i z e d  

w a v e f r o n t .  T h i s  d o e s  h a v e  t h e  c o n s e q u e n c e  o f  l e s s e n i n g  t h e  t o t a l  l i s t e n i n g  a r e a ,  h o w e v e r ,  w i t h  a  l a r g e  

e n o u g h  a r r a y ,  t h i s  e f f e c t  i s  r e l a t i v e l y  m i n i m a l .

A  v a r i e t y  o f  d i f f e r e n t  t a p e r i n g  w i n d o w s  c a n  b e  u s e d  s u c h  a s  a  H a n n  w i n d o w  ( A h r e n s ,  2 0 1 2 )  ( S p o r s ,  

W i e r s t o r f ,  G e i e r ,  &  A h r e n s ,  2 0 0 9 ) .

Fig. 64: Spatial aliasing that reduces as loudspeaker spacing gets narrower. Generated by wfs-visualizer.
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Fig. 65: H a n n  t a p e r i n g  w i n d o w .  G e n e r a t e d  b y  w f s - v i s u a l i z e r .

6.3 WFS within ImmerGo

W F S  w a s  i m p l e m e n t e d  w i t h i n  I m m e r G o  t o  s y n t h e s i z e  s t a t i c ,  f o c u s e d  a n d  n o n - f o c u s e d  s o u r c e s  u s i n g  a  

l i n e a r  a r r a y  o f  l o u d s p e a k e r s .  I n  o r d e r  t o  s y n t h e s i z e  m o v i n g  s o u r c e s ,  a  m o r e  c o m p l e x  p r o c e s s i n g  

i m p l e m e n t a t i o n  w o u l d  n e e d  t o  b e  u s e d .  I n  p a r t i c u l a r ,  a d a p t i v e  f i l t e r i n g  a n d  s u b - s a m p l e  t i m i n g  a c c u r a c y  

w o u l d  n e e d  t o  b e  i m p l e m e n t e d  u s i n g  c o n v o l u t i o n a l  f i l t e r s  w h i c h  w o u l d  r e q u i r e  m o r e  m e m o r y  a n d  d i f f e r e n t  

p r o c e s s i n g  b l o c k s  o n  t h e  d i s t r i b u t e d  p r o c e s s o r s  ( R o g i n s k a  &  G e l u s o ,  2 0 1 8 ) .  T h i s  i s  b e y o n d  t h e  s c o p e  o f  t h e  

c u r r e n t  r e s e a r c h  a n d  i s  i n s t e a d  i n c l u d e d  i n  f u t u r e  w o r k .

F o r  t h e  s c o p e  o f  t h i s  t h e s i s ,  i t  w a s  d e c i d e d  t h a t  i t  i s  s u f f i c i e n t  t o  c o m p a r e  t h e  p r o c e s s i n g  p o w e r  r e q u i r e d  b y  

t h e  a l g o r i t h m  t o  g e n e r a t e  s t a t i c  s o u r c e s  u s i n g  a  l i n e a r  s p e a k e r  c o n f i g u r a t i o n .  S p h e r i c a l  s o u r c e s  w e r e  

i m p l e m e n t e d  a n d  t e s t e d  w h i c h  p r o v i d e  a  g o o d  r e l a t i v e  c o m p a r i s o n  a s  t h e  c a l c u l a t i o n s  a r e  m o r e  e x p e n s i v e  

t h a n  t h e  o n e s  u s e d  f o r  p l a n e  w a v e  s i m u l a t i o n .

T h e  W F S  a l g o r i t h m  i s  d i f f e r e n t  f r o m  t h e  p r e v i o u s  o b j e c t - b a s e d  a l g o r i t h m s ,  D B A P  a n d  V B A P ,  a s  i t  r e l i e s  o n  

d e l a y i n g  t h e  v i r t u a l  s o u r c e  s i g n a l  t o  s y n t h e s i z e  i t s  w a v e f r o n t s .  A s  s u c h ,  t h e  m i x e r  m a t r i x  w i t h i n  t h e  X M O S  

p r o c e s s o r  w a s  m o d i f i e d  t o  i n c o r p o r a t e  d e l a y  p r o c e s s i n g ,  a s  w e l l  a s  a t t e n u a t i o n  p r o c e s s i n g ,  f o r  e a c h  

c r o s s p o i n t .  T h e s e  p r o c e s s e s  a r e  c o n t r o l l e d  w i t h  p a r a m e t e r s  s e n t  f r o m  I m m e r G o ,  f o r  t h e  f i r s t  s t e p  o f  

d i s t r i b u t i o n ,  a n d  t h e  S A R  f o r  s u b s e q u e n t  s t e p s  o f  d i s t r i b u t i o n .  T h e  S A R  t a s k  w a s  m o d i f i e d  t o  i n c l u d e  

f u n c t i o n s  t h a t  s e t  t h e  d e l a y  a n d  a t t e n u a t i o n  o f  b o t h  t h e  X M O S  m i x e r  a n d ,  f o r  t h e  f i n a l  s t e p  o f  d i s t r i b u t i o n ,  

t h e  S H A R C  m i x e r .  T h e  s e r v e r  w a s  a l s o  m o d i f i e d  t o  i n c o r p o r a t e  s l i d e r s  t h a t  c o n t r o l l e d  f i l t e r s  w i t h i n  t h e  

S H A R C .

A s  s h o w n  i n  Fig. 66, t h e  I m m e r G o  U I  w a s  m o d i f i e d  t o  r e p r e s e n t  t h e  l i n e a r  a r r a y  o f  s p e a k e r s  a s  a  s o l i d  l i n e  

t h a t  r u n s  a c r o s s  t h e  c e n t r e  o f  t h e  r o o m .  T h i s  e n a b l e s  t h e  v i r t u a l  s o u r c e  t o  g o  b o t h  i n  f r o n t  a n d  b e h i n d  t h e
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s p e a k e r  a r r a y  t o  l o c a l i z e  f o c u s e d  a n d  n o n - f o c u s e d  s o u r c e s .  T h e  l i s t e n e r  r e f e r e n c e  p o s i t i o n  i s  r e p r e s e n t e d  a s  

a  s m a l l  r e d  d o t  i n  f r o n t  o f  t h e  a r r a y .  A l l  t r a c k  s o u r c e s  a r e  l i m i t e d  s o  t h e y  c a n n o t  l e a v e  t h e  a r e a  o f  t h e  

l o u d s p e a k e r ,  o r  g o  b e h i n d  t h e  l i s t e n i n g  r e f e r e n c e  p o s i t i o n .

Fig. 66: I m m e r G o  W F S  C l i e n t .

6.3.1 Modification to the XMOS Mixer matrix

T h e  X M O S  m i x e r  h a s  t h e  d e l a y - l i n e  i m p l e m e n t e d  a s  a  c i r c u l a r  b u f f e r  o f  1 0 2 4  s a m p l e s .  T h i s  a l l o w s  f o r  a  

m a x i m u m  d e l a y  o f  2 1 . 3 m s .  A s  d i s c u s s e d  l a t e r  i n  t h e  s e c t i o n ,  W F S  r e q u i r e s  i n v e r t e d  d e l a y s  w h i c h  m e a n s  

t h a t  a  s o u r c e  m a y  b e  d e l a y e d  1 0 . 7 m s  e i t h e r  s i d e  o f  t h e  a r r a y .  I n  o t h e r  w o r d s ,  s o u r c e s  c a n  m o v e  u p  t o  a  l i m i t  

o f  3 . 7 m  o n  e i t h e r  s i d e  o f  t h e  a r r a y  a s s u m i n g  t h e  s p e e d  o f  s o u n d  t o  b e  3 4 3 m / s .  I t  h a s  b e e n  s h o w n  i n  

( A h r e n s ,  G e i e r ,  &  S p o r s ,  2 0 1 0 )  t h a t  t h e  a c c u r a c y  o f  a  f r a c t i o n a l  d e l a y  l i n e  i s  u n n e c e s s a r y  f o r  W F S  

l o c a l i z a t i o n  o f  s o u r c e s  t h a t  d o  n o t  m o v e .  A s  s u c h ,  a n  i n t e g e r - b a s e d  d e l a y  l i n e  i s  i m p l e m e n t e d  a s  i t  i s  l e s s  

p r o c e s s o r  i n t e n s i v e .  S o  i f  a  d e l a y  p a r a m e t e r  f o r  t h e  r e a d  p o i n t e r  l i e s  b e t w e e n  t w o  s a m p l e s ,  t h e  e a r l i e r  s a m p l e  

i s  c h o s e n .

T h e  i m p l e m e n t a t i o n  o f  t h e  d e l a y - a t t e n u a t e  m i x e r  i s  s h o w n  i n  Listing 28. C i r c u l a r  d e l a y  b u f f e r s ,  w i t h  t h e i r  

a s s o c i a t e d  w r i t e  i n d i c e s ,  a r e  m a d e  f o r  e a c h  m a t r i x  c r o s s p o i n t .  T h e  delay_proc f u n c t i o n  w i t h i n  t h e  m i x e r  

m a t r i x  t a k e s  t h e  m a t r i x  c r o s s p o i n t  i n d e x  a n d  w r i t e s  t h e  i n c o m i n g  s a m p l e  t o  t h e  c r o s s p o i n t ’ s  o w n  c i r c u l a r  

b u f f e r .  T h e  d e l a y e d  s a m p l e  i s  t h e n  g i v e n  b y  r e a d i n g  f r o m  e a r l i e r  i n  t h e  b u f f e r  a c c o r d i n g  t o  t h e  d e l a y  

p a r a m e t e r  w i t h i n  t h e  XMOSDelay Vais. T h e  o u t p u t  o f  t h e  p r o c e s s  i s  t h e n  a t t e n u a t e d  a c c o r d i n g  t o  t h e  m i x e r  

l e v e l s  h e l d  i n  t h e  XMOSMixerVals.
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1 1 2  # d e f i n e  M A X _ D E L A Y _ S A M P L E S  1 0 2 4

1 1 3  i n t 3 2 _ t  d e l a y _ b u f s [ M A X _ S P E A K E R S ]  [ M A X _ C H A N N E L S ]  [ M A X _ D E L A Y _ S A M P L E S ]  ;

1 1 4  i n t  d e l a y _ b u f _ w r _ i d x [ M A X _ S P E A K E R S ] [ M A X _ C H A N N E L S ]  =  { { 0 } } ;

u n s i g n e d  i n t  X M Q S D e l a y V a l s [ M A X S P E A K E R S ] [ M A X _ C H A H N E L S ]  =  { { 0 } } ;

/ /  B u f f e r s  f o r  d e l a y e d  c h a n n e l s

/ /  S a m p l e  w r i t e  i n d e x  f o r  e a c h  b u f f e r

/ /  M i x e r  d e l a y  p a r a m e t e r s

2 6 8  / *  D e l a y  a n d  m i x  s a m p l e s  * /

2 6 9  # p r a g m a  l o o p  u n r o l l

2 7 0  f o r ( i n t  i = 0 ; i < M A X _ S P E A K E R S ; i + + ) {

2 7 1  s a m p l e s _ o u t [ i ]  =  0 ;

2 7 2  # p r a g m a  l o o p  u n r o l l

2 7 3  f o r ( i n t  j = 0 ;  j < M A X _ C H A N N E L S ; j + + ) {

2 7 4  s a m p l e s _ o u t [ i ]  + =  X M O S M i x e r V a l s [ i ] [ j ] * d e l a y _ p r o c ( i , j , s a m p l e _ o u t _ b u f [ j ] , X M O S D e l a y V a l s [ i ] [ j ] )
2 7 5  }  .  -  -

2 7  6  }

2 7 7  

c _ a u d i o  < :  ( i n t 3 2 _ t  * u n s a f e ) & s a m p l e s _ o u t ;

2 7 9  }

Listing 28: XMOS delay summation mixer matrix in the Audio Buffer Manager task.

T h e  u s e  o f  t h e  c i r c u l a r  b u f f e r  i s  d e m o n s t r a t e d  i n  Fig. 68 a n d  Fig. 69, f o r  n o n - f o c u s e d  a n d  f o c u s e d  s o u r c e s  

r e s p e c t i v e l y .  T h e  d e l a y  p a r a m e t e r  i s  o f f s e t  b y  h a l f  t h e  d e l a y  l i n e ,  5 1 2  s a m p l e s ,  s u c h  t h a t  t h e  s t a r t i n g  d e l a y ,  

,  i s  a l w a y s  5 1 2  s a m p l e s  b e f o r e  t h e  w r i t e  p o i n t e r .  T h i s  e n s u r e s  t h a t  w h e n  t h e  d e l a y  p a r a m e t e r  i s  p o s i t i v e ,  i t  

i s  s t i l l  a b l e  t o  r e a d  a  s a m p l e  c o r r e c t l y  f r o m  t h e  b u f f e r .  F o r  a  n o n - f o c u s e d  s o u r c e ,  t h e  s a m p l e  i s  w r i t t e n  i n t o  

a n d  t h e n  t h e  r e a d  p o i n t e r  r e a d s  f r o m  .  W h e n  delay_proc i s  c a l l e d  a g a i n  w i t h  t h e  s a m e  d e l a y  

a r g u m e n t ,  t h e  s a m p l e  w r i t e  p o i n t e r  i n c r e m e n t s  t o  ,  a n d  a s  s u c h  t h e  r e a d  p o i n t e r  w i l l  a l s o  i n c r e m e n t  s o  

t h e  s a m p l e  o u t p u t  i s  r e a d  f r o m  .
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A focused source inverts the delay such that sources that are furthest from a speaker will be played from the 

speaker first. This results in a positive delay parameter, . As shown in Fig. 69, the delay line offset 

ensures that a larger sample delay, which results from a greater distance, is read closer to the write pointer, 

whilst a smaller delay in samples, from smaller distances, is read further from the write pointer. As such, 

when a focused source is delayed with the same parameter as the example above, the sample will be read 

from which is closer to the write pointer.

Fig. 69: Delay buffer for a focused source.
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T h e  d e l a y  s u m m a t i o n  m i x e r  m a t r i x  w a s  l i m i t e d  t o  8  c h a n n e l s  b e c a u s e  o f  t h e  m e m o r y  c o n s t r a i n t s  o f  t h e  

X M O S  p r o c e s s o r  w i t h i n  t h e  S P K - 4 P .  I t  i s  c o n t r o l l e d  s i m i l a r l y  t o  t h e  X M O S  a t t e n u a t i o n  m i x e r  -  w h e n  t h e  

S A R  X M O S  m i x e r  p a r a m e t e r s  a r e  c h a n g e d ,  a  c a l l  t o  t h e  A u d i o  B u f f e r  M a n a g e r  i_imr i n t e r f a c e  s e r v e r  i s  

m a d e  u s i n g  t h e  i_imr c l i e n t ,  h o l d i n g  t h e  u p d a t e d  d e l a y  a n d  a t t e n u a t i o n  v a l u e s .  T h e s e  p a r a m e t e r s  a r e  t h e n  

c o p i e d  i n t o  t h e  p a r a m e t e r  a r r a y s  h e l d  w i t h i n  t h e  A u d i o  B u f f e r  M a n a g e r  t a s k  a s  s h o w n  i n  Listing 29.

case i_imr.send_XMOSgain_delay_vals(unsigned y, unsigned x) :
234 unsafe]

char * unsafe prcv = (void*) x;
unsigned int * unsafe prcvDel = (void*) y;
memcpy(XMOSMixerVals.prcv,sizeof(XMOSMixerVals));
memcpy(XMOSDelayVals,prcvDel,sizeof(XMOSDelayVals)};

239 }
240 break;

Listing 29: Receiving XMOS mixer gain and delay updates from SAR in the Audio Buffer Manager task.

6.3.2 Modifications to the SAR task

T h e  S A R  t a s k  i n c o r p o r a t e d  n e w  v a r i a b l e s  u s e d  f o r  t h e  W F S  c a l c u l a t i o n s .  T h e s e  a r e  s h o w n  i n  Listing 30. 
T h e  XMOSDelayVals h o l d s  t h e  d e l a y  p a r a m e t e r s  t h a t  a r e  s e n t  t o  t h e  X M O S  m i x e r .  T h e  delays a r r a y  h o l d s  

t h e  s a m p l e  d e l a y  v a l u e s  u s e d  t o  t h e  s e t  t h e  S H A R C  m i x e r  m a t r i x .  T h e  filter_coeff array h o l d s  t h e  f l o a t i n g  

p o i n t  f i l t e r  c o e f f i c i e n t  v a l u e s  f o r  t h e  S H A R C  m i x e r  m a t r i x .  T h e  W F S  c a l c u l a t i o n s  r e q u i r e d  t h e  l i s t e n i n g  

r e f e r e n c e  p o s i t i o n ,  a  f l a g  t o  n o t e  i f  t h e  s o u r c e  i s  f o c u s e d  o r  n o n - f o c u s e d  a n d  t h e  t a p e r i n g  w i n d o w  a r r a y  t o  

t a p e r  t h e  o u t p u t  o f  t h e  s p e a k e r s .  T h e  dist_list_spks h o l d s  t h e  d i s t a n c e s  o f  t h e  l i s t e n e r  t o  e a c h  o f  t h e  s p e a k e r s  

i n  t h e  c o n f i g u r a t i o n .  T h e  X M O S  c a l c u l a t e s  t h e s e  v a l u e s  p r i o r  t o  r e c e i v i n g  t r a c k  s o u r c e s  t o  s a v e  p r o c e s s i n g  

p o w e r .

367 /* Mixer parameters */
double delays[MAX_CHANNELS*MAX_SPEAKERS] = {0};

369 double filter_coeff [2] = {0};
370
371 /* XMOS mixer parameters */

unsigned int XMOSDelayVals[MAX_CHANNELS*MAX_S PEAKERS] = {0}; 
373
374 /* WFS specific variables */

double listening_pos[3] = {0}; 
double dist_list_spks[MAX_SIZE_CONFIG] = {0}; 
unsigned char isfocused = 0;
double tapering_window[MAX_SPEAKERS] = {0};

// Delays for each source and speaker
// Coefficients for SHARC filters

// XMOS mixer delay parameters

// Listening position
// Distance of listener to each speaker
// Source in front or behind the array
// Tapering window for linear arrays

Listing 30: Variables added to the SAR task.

T h e  f u n c t i o n s  t h a t  u s e  t h e s e  v a r i a b l e s  w e r e  a d d e d  t o  t h e  S A R  t a s k  a n d  a r e  a d d r e s s a b l e  f r o m  I m m e r G o  

u s i n g  A E C P  S E T _ M I X E R  c o m m a n d s  w i t h  t h e  a p p r o p r i a t e  i n d i c e s  s h o w n  i n  T a b l e  1 3 .  T o w a r d s  t h e  f i r s t  

s t e p  o f  p r o c e s s i n g  d i s t r i b u t i o n ,  t h e  S A R  t a s k  i n c o r p o r a t e s  f u n c t i o n s  t h a t  s e t  b o t h  t h e  X M O S  m i x e r  d e l a y  

a n d  g a i n  v a l u e s  b a s e d  o n  c o m m a n d s  s e n t  f r o m  I m m e r G o .  T h e s e  a r e  m a n a g e d  u s i n g  e i t h e r  0 x 0 0 0 2  o r  

0 x 0 0 0 3  d e s c r i p t o r  i n d i c e s .

F o r  f u r t h e r  d i s t r i b u t i o n ,  t h e  l i s t e n e r  p o s i t i o n  i s  r e q u i r e d  t o  b e  s e n t  t o  t h e  S A R  t a s k  p r i o r  t o  t r a c k  s o u r c e s  

u s i n g  t h e  0 x 0 0 1 1  d e s c r i p t o r  i n d e x .  T a p e r i n g  w e i g h t i n g s  a r e  a b l e  t o  b e  s e t  u s i n g  t h e  0 x 0 0 4 1  d e s c r i p t o r .  

D e s c r i p t o r  i n d e x  0 x 0 0 4 0  i s  t h e n  u s e d  t o  s y n t h e s i z e  t r a c k  s o u r c e  l o c a t i o n s  u s i n g  W F S .

T h e  f i n a l  d i s t r i b u t i o n  s t e p  a l l o w s  f o r  t h e  S H A R C  f i l t e r s  t o  b e  u s e d  w h i c h  h e l p s  p r e v e n t  t e a r i n g  o f  t h e  a u d i o  

a s  t h e  d e l a y  l i n e  i s  c h a n g e d  w h i l e  a u d i o  i s  b e i n g  p l a y e d .  D e s c r i p t o r  i n d e x  0 x 0 0 0 7  s e t s  t h e s e  f i l t e r
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coefficients. Functions to control the SHARC mixer matrix crosspoints have also been added, but are not 

specifically required for the experiments in this thesis. All of the above functionality is added to the 

avb_1722_l_control internal interface so that the Application task is able to route the data to the SAR 

correctly. The functions that do this are shown in Listing 31.

Table 13: A E C P  S E T _ M I X E R  D e s c r i p t o r  I n d i c e s  f o r  t h e  o p e r a t i o n s  w i t h i n  t h e  S A R .

D e s c r i p t o r  I n d e x F u n c t i o n

0 x 0 0 0 2  :  S e t  X M O S  M i x e r  D e l a y  V a l u e s S e t s  t h e  X M O S  m i x e r  m a t r i x  d e l a y  v a l u e s

0 x 0 0 0 3  :  S e t  X M O S  M i x e r  G a i n  a n d  D e l a y  V a l u e s S e t s  t h e  X M O S  m i x e r  m a t r i x  g a i n  a n d  d e l a y  v a l u e s

0 x 0 0 0 5  :  S e t  S H A R C  M i x e r  D e l a y  V a l u e s S e t s  t h e  S H A R C  m i x e r  m a t r i x  d e l a y  v a l u e s

0 x 0 0 0 6  :  S e t  S H A R C  M i x e r  G a i n  a n d  D e l a y  V a l u e s S e t s  t h e  S H A R C  m i x e r  m a t r i x  g a i n  a n d  d e l a y  v a l u e s

0 x 0 0 0 7  :  S e t  S H A R C  M i x e r  F i l t e r S e t s  t h e  S H A R C  m i x e r  m a t r i x  f i l t e r  v a l u e s

0 x 0 0 1 1 :  S e t  L i s t e n e r  P o s i t i o n S e t  t h e  S p a t i a l  A u d i o  R e n d e r e r  L i s t e n i n g  P o s i t i o n

0 x 0 0 4 0  :  P e r f o r m  W F S P e r f o r m s  W F S

0 x 0 0 4 1  :  S e t  W F S  T a p e r i n g  W i n d o w  W e i g h t s S e t s  t h e  t a p e r i n g  w e i g h t s  f o r  W F S  a r r a y

3 // . . . in avb_1722_l_control interface declaration
4 void set_listenerPos(unsigned char list_pos[]);
5 void perform_WFS(unsigned char noSrcs, char src[]);
6 void set_tapering_window(char window_Values[]);
7 void set_delayXMOSMixerVals( unsigned short num_values, char delay_Values[]);
0 void set_gainsdelaysXMOSMixerVals( unsigned short numvalues, char gaindelayValues[]);
9 void set_gainSHARCMixerVals( unsigned short num_values, char gain_Values[]);

10 void set_delaySHARCMixerVals ( unsigned short num_valu.es, char delay_Values []);
11 void set_gainsdelaysSHARCMixerVals( unsigned short num_values, char gaindelay_Values[])
12 void set_fiIterSHARCMixerVais( unsigned short num_values, char filter_Values[]);

Listing 31: M o d i f i c a t i o n s  t o  t h e  avb_1722_l_control i n t e r n a l  i n t e r f a c e .

6.3.3 The WFS library and ImmerGo Modifications.

The WFS.js library is built to enable the server to synthesize source locations with WFS by calculating gain 

and delay values and relaying those to the mixer matrix within the endpoints. As shown in Fig. 70, the 

WFS library exposes functions and variables required to solve for the gains and delays. WFS.js exports 5 

functions:

setListenerPos sets the listening reference position within the WFS.js module.

getListenerPos retrieves the listening position.

setSpeakerConfig sends the speaker positions to the module that are used for WFS panning.

setTaperWidth sets the tapering width of the tapering window calculation.

getTaperWidth retrieves the tapering width of the function.

panWFS calculates and returns the gains and delay values required by all the speakers for localizing 

a source with WFS.

The ImmerGo server has been modified to contain a listening reference position. The ImmerGo client was 

modified to hold the listening position retrieved from the server in a new variable, ListeningPos. This 

listening position is also sent to the endpoint using the setListeningPos function.
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T h e  f i l t e r  c o e f f i c i e n t s  a r e  h e l d  w i t h i n  a  n e w  a r r a y ,  filterCoeff, w h i c h  i s  s e t  u s i n g  s l i d e r s  s h o w n  w i t h i n  t h e  

I m m e r G o  s e r v e r  m e n u .  T h e  c o e f f i c i e n t  v a l u e s  a r e  s e n t  t o  t h e  e n d p o i n t  u s i n g  t h e  setFilterCoefficients 

f u n c t i o n .

ImmerGo Client (ImmergoClientJitml)

-  s o u  n d O n l  m l  W i n d e d , -  :  h o l d s a i l  H a c k  l o c a t i o n s  

-  l i s t e m n g P o s :  h o l d s  i h c  l i s t e n i n g  r c T c r c n c c  p o s i t i o n

+  s e t S r c C o o r d s Q  :  s e i s  c u r m n l  l  r a c k  c o o r d i n a t e s  i n  

c l i e n t

+  s e t L i s t e n i n g P o s f )  :  s e t s  t h e  l i s t e n i n g  r e f e r e n c e  

p o s i t i o n  i n  c l i e n t

- i -  t r a n s m i t S r c C o o r d s f )  ;  t r a n s m i t s  t h e  c o o r d i n a t e s  

l o  t h e  s e r v e r

1  l i e  C l i e n t  s e n d s  

c o o r d i n a t e s  o v e r  

w i n

ImmerGo Seiner (mdex.htmJ)

■ l r a c k s 3 D :  T r a c k  c u r r e n t  l o c a t i o n ,  s p r e a d  a n d  v o l u m e s  

■ l l s t e n i n g P o s i t i o n  :  h o l d s  t h e  l i s t e n i n g  r e f e r e n c e  p o s i t i o n  

■ l i l k r C o e f f :  h o l d s  t h e  f i l t e r  c o e f f i c i e n t s  f o r  t h e S H A R C  

m i x e r

-  s p e a k e r  :  a d d e d  a  t a p e r i n g  w e i g h t  a n d  d e l a y  f o r  e a c h  

t  r a c k .

+  u p d a t e S p e a k e r M i x I , c v c l s ( )  :  u p d a t e s  s p e a k e r  d e l a y  a n d  

m i x  l e v e l s  a c c o r d i n g  t o  f u n c t i o n

+  s e t C u r r e n t C o o r d s ( )  :  u p d a t e s  t r a c k s ? D  c o o r d i n a t e s

- i -  s d L i l m r C o e l l i c k n t s f ) :  s e t s  f i l t e r  c o e f f i c i e n t s  i n  S H A R C

■ s e n d M i x I . c v e l s Q  :  s e n d s  m i x  l e v e l s  t o  e n d p o i n t

S e r v e r  s e n d s  A E C P  

c o m m a  n d  t o  u p d a t e  

e n d p o i n t  m i x e r s

WPS library exports 
functions

WPS Library (WFS.js)

l  i s t e n e i _ p o s  :  l i s t e n e r  r e f e r e n c e  p o s i t i o n

-  I i s t e n e i _ p o s _ t o _ s p e a k e r s  :  d i s t a n c e  o f  l i s t e n e r  t o  e a c h  s p e a k e r

-  l a p e r _ w i d l h  :  h o l d s  t h e  t a p e r  w i d t h  f o r  t h e  b a n n i n g  w i n d o w

+  s e t L i s l e n e r P o s l t i o n O  :  s e t s  t h e  l i s t e n i n g  r e f e r e n c e  p o s i t i o n

+  g e t  L i s t e n  e r  P o s i t  i o i i ( )  :  s e t s  t h e  l i s t e n i n g  r e f e r e n c e  p o s i t  i o n

+  s e t S p e a k e r C o n f i g O  ;  p a s s e s  t h e  s p e a k e r  c o n  l i g u  r a t i o n  l o  W F S . j s

+  s e t T a p e r W i n d o w ( )  :  s e t  t h e  t a p e r i n g  w i n d o w  f o r  t h e  c o n f i g u r a t i o n

+  g e t T a p e r W i n d o w ( ) :  r e t r i e v e s  t h e  t a p e r i n g  w i n d o w  f o r  t h e  

c o n  l i g u  r a t i o n

■ p a n W F S f )  : p a n s  a  s o u r c e  u s i n g  W F S .

Fig. 70: The WFS.js module.

T h e  I m m e r G o  l o u d s p e a k e r  m o d e l  d i s c u s s e d  i n  s e c t i o n  2 . 4 . 1  w a s  u p d a t e d  t o  i n c l u d e  t w o  n e w  v a r i a b l e s

p e r t a i n i n g  t o  t h e  W F S  a l g o r i t h m  a s  h i g h l i g h t e d  i n  Table 6 b e l o w .  E a c h  s p e a k e r  h a s  a s s o c i a t e d  w i t h  i t  d e l a y  

l e v e l s  f o r  e a c h  t r a c k  b e i n g  p a n n e d .  T h e  t a p e r i n g  w e i g h t  v a r i a b l e  i s  u s e d  t o  h o l d  t h e  t a p e r i n g  w e i g h t  u s e d  f o r  

t h e  o u t p u t  o f  t h e  t a p e r i n g  w i n d o w .  W h e n  a  l o u d s p e a k e r  i s  i n i t i a l i z e d ,  t h e  d e l a y s  a r e  s e t  t o  0  a n d  t h e  

t a p e r i n g  w e i g h t s  a r e  s e t  t o  1 .

L o u d s p e a k e r  M o d e l

P o s i t i o n  ( x , y , z )

M i x  l e v e l s  f o r  e a c h  t r a c k  

D e l a y  l e v e l s  f o r  e a c h  t r a c k  

T a p e r i n g  W e i g h t

Table 14: Loudspeaker model with modifications for WFS.
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6.3.4 WFS Panning in ImmerGo

B e f o r e  a  s o u r c e  c a n  b e  l o c a l i z e d  w i t h  W F S . j s ,  a  s h o r t  p r e - p a n n i n g  p r o c e s s  i s  r e q u i r e d  t o  s e t  b o t h  t h e  l i s t e n e r  

r e f e r e n c e  p o s i t i o n  a n d  s p e a k e r  c o n f i g u r a t i o n .  T h i s  p r o c e s s  i s  s h o w n  i n  Fig. 71. A f t e r  t h e  s p e a k e r  

c o n f i g u r a t i o n  h a s  b e e n  l o a d e d  i n t o  t h e  I m m e r G o  s e r v e r  m e m o r y ,  i t  i s  s e n t  t o  t h e  W F S . j s  m o d u l e .  T h i s  i s  

t h e n  f o l l o w e d  b y  s e t t i n g  t h e  l i s t e n e r  p o s i t i o n  w i t h i n  t h e  m o d u l e  w h i c h  d e f a u l t s  t o  2 m  i n  f r o n t  o f  t h e  a r r a y .

A s  s h o w n  i n  Fig. 72, a  c l i e n t  c a n  o n l y  m o v e  a  s o u r c e  w i t h i n  a  l i m i t e d  a r e a .  T h i s  e n s u r e s  t h a t  t h e  s o u r c e  

r e m a i n s  w i t h i n  a  3 . 6 m  a r e a  b e h i n d  t h e  s p e a k e r s  a n d  t o  n o  g o  f u r t h e r  f o r w a r d  t h a n  t h e  l i s t e n e r  r e f e r e n c e  

p o s i t i o n .  W h e n  t h e  s e r v e r  r e c e i v e s  t h e s e  c o o r d i n a t e s ,  i t  m a k e s  a  c a l l  t o  t h e  W F S . j s  m o d u l e  w i t h  t h e  t r a c k  

s o u r c e  p o s i t i o n .  T h e  g a i n  v a l u e s  f o r  t h i s  p o s i t i o n  a r e  t h e n  s o l v e d ,  f o l l o w e d  b y  t h e  d e l a y  v a l u e s  a n d  r e t u r n e d  

t o  t h e  s e r v e r .  T h e y  a r e  t h e n  p a c k e t i z e d  a n d  s e n t  t o  t h e  e n d p o i n t s .  T h e s e  c a l c u l a t i o n s  a r e  e x p l a i n e d  i n  d e p t h  

i n  t h e  f o l l o w i n g  s u b s e c t i o n .  F o r  m o r e  d e t a i l  o n  h o w  I m m e r G o  s e n d s  t h e  g a i n  a n d  d e l a y  v a l u e s ,  t h e  r e a d e r  i s  

d i r e c t e d  t o  A p p e n d i x  C  C l .
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T h e  t a p e r i n g  w i d t h  f o r  t h e  l o u d s p e a k e r s  c a n  b e  s e t  u s i n g  s l i d e r s  f o u n d  o n  t h e  I m m e r G o  s e r v e r  m a i n  m e n u .  

A s  s h o w n  i n  Fig. 76, w h e n  t h e  s l i d e r  i s  s e t ,  t h e  setTaper Window f u n c t i o n  i s  c a l l e d  w i t h  a  t a p e r  w i d t h  v a l u e  

w h i c h  c r e a t e s  a  t a p e r i n g  w i n d o w  w i t h i n  t h e  W F S . j s  m o d u l e  a c c o r d i n g  t o  t h e  n u m b e r  o f  s p e a k e r s  i n  t h e  

a r r a y .  T h e  s e r v e r  t h e n  m a k e s  a  c a l l  t o  t h e  getTap er Window f u n c t i o n  w h i c h  r e t r i e v e s  t h e  t a p e r i n g  w i n d o w  

f r o m  t h e  W F S . j s  l i b r a r y .  T h e  l o u d s p e a k e r  m o d e l  i s  u p d a t e d  w i t h  i t s  n e w  c o r r e s p o n d i n g  t a p e r  w e i g h t  v a l u e .  

T h e s e  a r e  t h e n  s e n t  t o  t h e i r  c o r r e s p o n d i n g  e n d p o i n t s  b y  p a c k i n g  t h e m  i n t o  a n  A E C P  m e s s a g e  w i t h  a  

d e s c r i p t o r  v a l u e  0 x 0 0 4 1 .  T h e s e  a r e  t h e n  u n p a c k e d  w i t h i n  t h e  S A R  a n d  u s e d  i n  a l l  s u b s e q u e n t  g a i n  

c a l c u l a t i o n s  s u c h  t h a t  t h e  w e i g h t  i s  c o m b i n e d  w i t h i n  t h e  g a i n  c a l c u l a t i o n  f o r  e a c h  l o u d s p e a k e r  a c c o r d i n g  t o  

w h e r e  i s  t h e  t a p e r i n g  w e i g h t  f o r  t h e  l o u d s p e a k e r  w i t h i n  t h e  a r r a y .  T h i s  p r o c e s s  i s  s h o w n  

i n  g r e a t e r  d e t a i l  i n  A p p e n d i x  C  C 3 .

Fig. 76: Sending tapering window updates to endpoints.

6.3.4.3 WFS within the SAR

T h e  S A R  t a s k  w a s  m o d i f i e d  t o  i n c o r p o r a t e  t h e  W F S  a l g o r i t h m .  B e f o r e  t h e  S A R  c a n  p e r f o r m  W F S ,  i t  

r e q u i r e s  t h e  l i s t e n i n g  r e f e r e n c e  p o s i t i o n  a n d  t h e  s p e a k e r  c o n f i g u r a t i o n .  T h i s  p r o c e s s  i s  s h o w n  i n  Fig. 77. 

F i r s t ,  t h e  s p e a k e r  c o n f i g u r a t i o n ,  a n d  I D s  o f  t h e  s p e a k e r s  a t t a c h e d  t o  t h e  e n d p o i n t ,  i s  s e t  w i t h i n  t h e  

e n d p o i n t s  u s i n g  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 1 0  l i k e  t h e  D B A P  i m p l e m e n t a t i o n  d i s c u s s e d  i n  c h a p t e r  4 .  O n c e
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t h e  s p e a k e r  c o n f i g u r a t i o n  i s  s e t ,  t h e  l i s t e n i n g  p o s i t i o n  c o o r d i n a t e s  a r e  s e n t  t o  e a c h  e n d p o i n t  u s i n g  t h e  

d e s c r i p t o r  i n d e x  0 x 0 0 1 1 ,  a n d  u n p a c k e d  u s i n g  t h e  s a m e  p r o c e s s  f o r  t r a c k  s o u r c e  c o o r d i n a t e s  t h a t  h a s  b e e n  

d i s c u s s e d  i n  c h a p t e r  4 .  O n c e  t h e s e  a r e  b o t h  r e c e i v e d ,  t h e  S A R  i s  r e a d y  t o  b e g i n  p a n n i n g  u s i n g  W F S .

W h e n  a  s o u r c e  i s  m o v e d  b y  a  u s e r ,  o r  a u t o m a t i o n ,  t h e  s e r v e r  r e c e i v e s  t h e  t r a c k  I D  a n d  c o o r d i n a t e s  a n d  

t h e n  p a c k s  t h e s e  i n t o  a n  A E C P  p a c k e t  w i t h  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 4 0 .  T h i s  p a c k e t  i s  t h e n  s e n t  t o  e a c h  

e n d p o i n t  p r o c e s s o r .  A s  s h o w n  i n  Fig. 78, a f t e r  t h e  p a c k e t  i s  r e c e i v e d ,  i t  i s  r o u t e d  t o  t h e  S A R  f o r  t h e  W F S  

c a l c u l a t i o n .  T h e  W F S  c a l c u l a t i o n s  t h e n  a r e  s o l v e d  o n l y  f o r  t h e  s p e a k e r s  a t t a c h e d  t o  t h e  e n d p o i n t s .  T h e  

c a l c u l a t i o n  i s  i d e n t i c a l  t o  t h e  o n e  u s e d  f o r  e a c h  s p e a k e r  w h e n  s o l v i n g  f o r  W F S  w i t h i n  W F S . j s .  T h e  

c a l c u l a t i o n  o u t p u t s  t h e  g a i n s  a n d  d e l a y s  f o r  t h e  a p p r o p r i a t e  s p e a k e r  w h i c h  a r e  s a v e d  t o  t h e  d e l a y  a n d  g a i n s  

a r r a y  w i t h i n  t h e  S A R .  A f t e r  t h e y  a r e  s a v e d ,  a  c a l l  t o  t h e  i_imr m i x e r  i s  m a d e  t h a t  s e n d s  p o i n t e r s  t o  t h e  d e l a y  

a n d  g a i n  v a l u e s .  T h e s e  a r e  t h e n  u s e d  t o  o v e r w r i t e  t h e  XMOSMixerLevels a n d  XMOSDelayLevels w i t h i n  t h e  

A u d i o  B u f f e r  M a n a g e r  t a s k  a s  d i s c u s s e d  i n  s u b s e c t i o n  6 . 3 . 1  o f  t h i s  c h a p t e r .
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Receive Track Source

Send Update to Mixer

Fig. 78: Solving WFS within the SAR.

6.3.4.4 Mixing on the SHARC

T h e  m i x i n g  p r o c e s s  f o r  t h e  S H A R C  i s  s h o w n  i n  Fig. 79. T h e  t r a c k  s o u r c e s  a r e  r e c e i v e d ,  t h e n  f o r  e a c h  t r a c k  

s o u r c e ,  t h e  W F S  c a l c u l a t i o n s  a r e  s o l v e d  a n d  t h e  g a i n s  a n d  d e l a y s  a r r a y  w i t h i n  t h e  S A R  i s  u p d a t e d .  A s  t h e  

a r r a y  i s  u p d a t e d ,  t h e  n e w  v a l u e s  a r e  a l s o  s e n t  t o  t h e  S H A R C  m i x e r .  N o w ,  t h e  g a i n  v a l u e s  a r e  c o n v e r t e d  t o  

Q I .  1 5  f o r m a t  a n d  f i l l  t h e  f i r s t  h a l f  o f  t h e  3 2  b i t  p a r a m e t e r .  T h e  d e l a y  v a l u e s  f i l l  t h e  s e c o n d  h a l f .  T h i s  i s  

r e p e a t e d  f o r  e a c h  s p e a k e r  a n d  t h e  p a r a m e t e r s  a r e  s a v e d  t o  t h e  s e n d i n g  b u f f e r  a l o n g .  T h e  

DSP_AddrParaLoad f u n c t i o n  a s  d i s c u s s e d  i n  4 . 3 . 1  i s  c a l l e d  w i t h  t h e  p a r a m e t e r  c o u n t ,  a n d  t h e  s p e a k e r s  

c o r r e s p o n d i n g  t o  t h e  t r a c k  a r e  u p d a t e d .  T h i s  i s  t h e n  r e p e a t e d  f o r  a n y  f u r t h e r  t r a c k s  t h a t  w e r e  s e n t  w i t h i n  

t h e  p a c k e t .
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63.4.4.1 Setting SHARC DSP Filters

T h e  S H A R C  p r o v i d e s  t h e  a t t e n u a t i o n  a n d  d e l a y  m i x i n g  c a p a b i l i t y  w i t h  t h e  i n c l u s i o n  o f  a n  a m p l i t u d e  

s m o o t h i n g  f i l t e r  a n d  a  o n e - p o l e  l o w  p a s s  H R  f i l t e r .  T h i s  H R  f i l t e r  i s  u s e d  t o  p r e v e n t  t e a r i n g  o f  t h e  a u d i o  a s  

v i r t u a l  s o u r c e s  a r e  m o v e d  a b o u t  t h e  s p a c e  a n d  d e l a y s  a r e  u p d a t e d  o f t e n .

I n c o r p o r a t e d  w i t h i n  t h e  I m m e r G o  s e r v e r ’ s  i n t e r f a c e  a r e  t w o  s l i d e r s  w h i c h  a r e  u s e d  t o  s e t  t h e  l o w  p a s s  f i l t e r  

a n d  a n  a m p l i t u d e  s m o o t h i n g  f i l t e r  c o e f f i c i e n t s .  O n c e  s e t ,  b o t h  t h e  v a l u e s  a r e  e n c a p s u l a t e d  w i t h i n  a n  A E C P  

p a c k e t  w i t h  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 0 7  a n d  s e n t  t o  e a c h  e n d p o i n t  t o  u p d a t e  t h e  m i x e r  m a t r i x .

T h e  H R  a n d  a m p l i t u d e  s m o o t h i n g  f i l t e r  c o e f f i c i e n t s  a r e  a d d r e s s e d  a t  t h e  v e r y  e n d  o f  t h e  m a t r i x  c r o s s p o i n t  

a d d r e s s e s .  T h i s  m e a n s  f o r  t h e  S P K - 4 P ,  t h e y  a r e  a d d r e s s e d  a t  6 4  a n d  6 5 .  T h e  S A R  i s  a b l e  t o  s e n d  u p d a t e s  o f  

t h e  f i l t e r  c o e f f i c i e n t s  u s i n g  t h e  load_filter2SHARC s h o w n  i n  Listing 32. H e r e ,  a  p o i n t e r  t o  t h e  f l o a t  a r r a y  

h o l d i n g  b o t h  t h e  c o e f f i c i e n t  p a r a m e t e r s  i s  g i v e n  t o  t h e  DSP_AddrParaLoad f u n c t i o n  w i t h  t h e  s t a r t i n g  

a d d r e s s  o f  t h e  f i l t e r s  6 4 .  T h e  DSP_AddrParaLoad f u n c t i o n  i s  m a d e  w i t h  a  msg_count o f  2  w h i c h  t e l l s  t h e  

S H A R C  t o  r e a d  i n  b o t h  f u n c t i o n s .
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418void load_filter2SHARC(float* f i l t e r _ c o e f f ) {

4 1 9  / / L o a d  f i l t e r  c o e f f i c i e n t s  a s  f l o a t  i n t o  S H A R C

4 2 0  unsigned int D S P A d d r e s s ;

4 2 1  unsigned int m s g _ c o u n t ;

4 2 2

4 2 3  D S P _ A d d r e s s  =  M A X _ C H A N N E L S * M A X _ S P E A K E R S ;  / / s t a r t  f r o m  M A X _ C H A N N E L S * M A X _ S P E A K E R S

4 2 4

4 2 5  m s g c o u n t  =  2 ;

4 2 6  D S P _ A d d r P a r a L o a d ( D S P _ A d d r e s s ,  (unsigned int*) f i l t e r _ c o e f f ,  m s g _ c o u n t ) ;
4 2 7  }  '

Listing 32: Function to load filter coefficients.

6.4 Summary

This chapter discussed the theory and implementation of the third object-based immersive audio rendering 

algorithm implemented within the ImmerGo system, WFS. There is a brief description of the Kirchhoff- 

Helmholtz integral and the Green’s function which describe the general mathematical description of WFS. 

As described in this these, the Kirchhoff-Helmholtz integral needs to be approximated into monopole 

discrete sources, which are in reality loudspeakers. The Rayleigh I integral describes the approximated 

Kirchhoff-Helmholtz integral. Using the stationary-phase approximation, the Rayleigh I integral is further 

approximated into a discrete integral. This is used to determine the function that should be applied to the 

virtual source signal at each loudspeaker to synthesize its location. There is a discussion of types of sources, 

and the functions required to synthesize them.

This chapter covered an overview of how WFS was incorporated within ImmerGo. This was done similarly 

to VBAP, and a WFS.js library was created. ImmerGo is able to feed its track object locations into a 

function within the library which determine the attenuation and delay amounts required to synthesize 

focused and non-focused sources. In order to do this, the library also held variables for the listening 

reference position and, to prevent the truncation effect, the tapering window. The loudspeaker definition 

models were modified to contain variables that held the delay amounts required for each source being 

panned, and the tapering weight. In order to have the XMOS mixer matrix perform delay processing 

required by WFS, a delay-line has been implemented within the mixer matrix. This chapter discusses how 

this was done, with diagrams showing how the delay buffers are used for both the focused and non-focused 

sources. The delay-summation mixer matrix was limited to 8 tracks for each speaker, due to memory 

constraints within the XMOS processor.

For step 2 and 3 of distribution, the SAR was extended to incorporate WFS calculations that could be 

solved according to track objects received from the ImmerGo server. This chapter discusses how these two 

levels of distribution have been achieved. Similar to the previous algorithms, two versions of firmware were 

made, one that performed mixing in the XMOS and another that performed mixing in the SHARC. The 

SHARC DSP provided more capabilities than the XMOS mixer matrix since it was able to perform delay 

and attenuation processing on 32 tracks to each speaker, as well as a one-pole, low pass filter and amplitude 

smoothing that could be applied after the mixing summation.
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Ambisonics
A l l  t h e  r e n d e r i n g  a l g o r i t h m s  t h a t  h a v e  b e e n  i m p l e m e n t e d  t h u s  f a r  r e q u i r e  t h a t  t h e  r e n d e r e r  s o l v e s  f o r  n e w  

m i x i n g  v a l u e s  a c c o r d i n g  t o  u p d a t e s  o f  t r a c k  o b j e c t  m e t a d a t a .  W i t h o u t  t h i s  m e t a d a t a ,  t h e  m i x e r  u p d a t e s  f o r  

t h e  r e n d e r i n g  o f  o b j e c t  p o s i t i o n s  a r e  u n a b l e  t o  b e  c a l c u l a t e d .  A m b i s o n i c s  i s  d i f f e r e n t  f r o m  t h i s  b e c a u s e  i t  

u s e s  a n  e n c o d i n g  p r o c e s s  t o  e n c o d e  t h e  d i r e c t i o n s ,  a n d  c h a n g e s  i n  d i r e c t i o n s ,  o f  t r a c k  o b j e c t s  i n t o  a  f i n i t e  

s e t  o f  a u d i o  c h a n n e l s .  T o  h a v e  a c c u r a t e  p l a y b a c k  o n  a  s p e a k e r  s y s t e m ,  t h e  r e n d e r e r  t h e n  d e c o d e s  t h e s e  

e n c o d e d  a u d i o  c h a n n e l s  t o  e a c h  s p e a k e r .  T h e  d e c o d i n g  p r o c e s s  r e q u i r e s  t h a t  t h e  e n c o d e d  a u d i o  c h a n n e l s  

a r e  m i x e d  a c c o r d i n g  t o  v a l u e s  t h a t  a r e  s e t  o n c e ,  a n d  o n l y  o n c e ,  p r o v i d e d  t h e  s p e a k e r  l a y o u t  d o e s  n o t  

c h a n g e .

T h i s  p u t s  A m b i s o n i c s  i n t o  t h e  c a t e g o r y  o f  s c e n e - b a s e d  a u d i o  ( S B A )  a s  i t  i n c o r p o r a t e s  a s p e c t s  o f  b o t h  o b j e c t  

a n d  c h a n n e l - b a s e d  a u d i o .  O b j e c t s  a r e  s t i l l  u s e d  t o  d e f i n e  t h e  l o c a t i o n  o f  a u d i o  t r a c k s ,  h o w e v e r ,  t h e s e  a r e  

e n c o d e d  i n t o  a  f i n i t e  s e t  o f  a u d i o  c h a n n e l s .  T h e  d e c o d i n g  p r o c e s s  i s  e s s e n t i a l l y  a  m i x i n g  p r o c e s s  t h a t  t a k e s  

i n t o  a c c o u n t  t h e  d i r e c t i o n  o f  t h e  s p e a k e r s  u s e d  f o r  p l a y b a c k .  T h e s e  d i r e c t i o n s  d e t e r m i n e  h o w  t h e  e n c o d e d  

a u d i o  c h a n n e l s  a r e  t o  b e  w e i g h t e d  w h e n  m i x i n g  t h e m  t o  e a c h  s p e a k e r .  S i n c e  t h e  s p e a k e r s  d o n ’ t  m o v e ,  t h e  

m i x i n g  v a l u e s  o u t p u t  f r o m  t h e  d e c o d e r  a r e  o n l y  s o l v e d  o n c e ,  w h i c h  i s  v e r y  d i f f e r e n t  f r o m  t h e  r e a l - t i m e  

m i x e r  u p d a t e s  r e q u i r e d  b y  t h e  o b j e c t - b a s e d  t e c h n i q u e s .

T h i s  c h a p t e r  c o n t i n u e s  w i t h  a n  o v e r v i e w  o f  h o w  t h e  A m b i s o n i c  e n c o d i n g  a n d  d e c o d i n g  p r o c e s s  i s  

p e r f o r m e d .  T h i s  i s  f o l l o w e d  b y  a n  i m p l e m e n t a t i o n  o f  A m b i s o n i c  d e c o d i n g  w i t h i n  t h e  S A R .

7.1 Ambisonics Theory

A m b i s o n i c s  w a s  f i r s t  i n t r o d u c e d  a s  a  " w i t h - h e i g h t "  a u d i o  r e c o r d i n g  t e c h n i q u e  i n  G e r z o n ’ s  p a p e r  ( G e r z o n ,  

1 9 7 3 ) .  I t  w a s  p r e s e n t e d  a s  a  m e t h o d  t o  b o t h  c a p t u r e  a n d  r e p r o d u c e  a  s o u n d f i e l d ,  a l s o  k n o w n  a s  a  s o u n d  

s c e n e ,  i n  v e r t i c a l  a n d  h o r i z o n t a l  d i r e c t i o n s .  T h e  i d e a  i s  t o  u s e  m u l t i p l e  m i c  c a p s u l e s  t o  c a p t u r e  s o u n d s  f r o m  

a l l  d i r e c t i o n s  a r o u n d  a  l i s t e n e r  p o s i t i o n  w h i c h  m a y  t h e n  b e  t r a n s f o r m e d  a n d  p l a y e d  b a c k  o n  s p e a k e r s .  S i n c e  

t h e n ,  t h e  s t u d y  o f  A m b i s o n i c s  h a s  l e d  t o  t h e  d e v e l o p m e n t  o f  m i c r o p h o n e  t e c h n o l o g y  c a p a b l e  o f  

u n p r e c e d e n t e d  a c c u r a c y  a n d  r e a l i s m  ( t h e  " S o u n d f i e l d "  m i c r o p h o n e ) ,  a n d  a  r a n g e  o f  s o u n d  m a n i p u l a t i o n  

t e c h n i q u e s  f o r  b o t h  i n d i v i d u a l  a u d i o  t r a c k s  a n d  c o m p l e x  s o u n d  s c e n e s  ( F u r n e s s ,  1 9 9 0 ) .  T h e  e n c o d i n g  a n d  

d e c o d i n g  p r o c e s s  a l l o w s  f o r  t h e  e n c o d e d  f o r m a t  t o  b e  d e c o d e d  o n  m a n y  d i f f e r e n t  l o u d s p e a k e r  l a y o u t s ,  

p r o v i d e d  t h e y  m e e t  b a s i c  r e q u i r e m e n t s .

A m b i s o n i c s  d e f i n e s  t h e  e n c o d i n g  o f  e v e r y  d i r e c t i o n  o f  a  s o u n d  i n t o  o n e  m u l t i c h a n n e l  f i l e  f o r m a t .  T h i s  

m e a n s  t h a t  t h e  A m b i s o n i c - e n c o d e d  s i g n a l s  d o  n o t  f e e d  a n y  l o u d s p e a k e r s  d i r e c t l y  b u t  r a t h e r  c a r r y  a n  n -  

o r d e r  r e p r e s e n t a t i o n  o f  t h e  e n t i r e  s o u n d f i e l d  ( F u r n e s s ,  1 9 9 0 )  ( H o l l e r w e g e r ,  2 0 1 3 )  t h a t  i s  d e c o d e d  t o  b e  

h e a r d  o n  a  l o u d s p e a k e r  c o n f i g u r a t i o n .  T h i s  i s  a n a l o g o u s  t o  t h e  m i d / s i d e  r e c o r d i n g  t e c h n i q u e  f i r s t  

i n t r o d u c e d  i n  B l u m l e i n ’ s  3 9 4  3 2 5  U K  p a t e n t  ( U . K .  P a t e n t  N o .  U . K .  P a t e n t  3 9 4  3 2 5 ,  1 9 3 1 ) .
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Mid/side is best explained as a recording technique where a figure-of-eight microphone is used to capture 

left and right (horizontal) "side" information and one cardioid (or hyper-cardioid) microphone is used to 

capture "mid" information. The side microphone is positioned perpendicularly off-axis to the subject being 

recorded so as to pick up "side" information, whilst the mid cardioid microphone is positioned in-between 

the figure-of-eight pattern so as to capture "mid" information. This is best illustrated in Fig. 80.

This technique captures a horizontal sound scene which can then be reproduced by panning the left 

microphone capsule’s information to the left, panning the right microphone’s capsule to the right and 

inverting the phase. The mid capsule is generally a cardioid pattern which receives the overall volume of 

what is in front of the recording position. The side signal given by the figure-of-eight mic is then used to 

determine stereo directionality of the scene. Certain parameters like the spread of the scene can then be 

controlled by adjusting their level of left to right pan.

7.1.1 Ambisonics Overview

As stated in (Hollerweger, 2013), the physical formulation behind Ambisonics has been based on two 

assumptions.

1. A soundfield can be regarded as a superposition of plane waves.

2. A plane wave can be represented according to an infinite series of spherical harmonic functions.

The second condition holds true if a listener is situated at a point of origin, or "sweet spot" that the 

Ambisonic soundfield surrounds.

7.1.1.1 The Spherical Harmonic Functions

Ambisonics encodes the directionality of audio objects into components according to the spherical 

harmonic functions (Atkinson & Han, 2012). The spherical harmonics may be seen as a superset of the 

polar patterns shown in the mid/side technique. The reader is directed to the first section of (Monro, 2013)
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should they want a clear explanation of how these spherical harmonics are formed. In essence, each 

component forms an orthogonal system that approximates the surface of a unit sphere, which can be used 

to capture information around the sphere (Atkinson & Han, 2012). The spherical harmonics are solved 

formally according to the Legendre polynomial and the Legendre polynomials are what derive the 

Ambisonic encoder components. A simple version of these functions is given in (Malham, 2003).

As shown in Fig. 81 below, each spherical harmonic function has an area of capture, and polarity. These are 

seen as a hierarchy, where each function has an associated letter, and polarity, with red as positive, and blue 

as negative. In practice, the functions associated with the spherical harmonics are solved for particular 

azimuth and elevation directions, and then a single mono signal is copied into a new audio channel and 

multiplied by the appropriate output spherical harmonic function to generate a multichannel format 

holding the entire encoded Ambisonic soundfield.

As the order of spherical harmonics increase, so do the number of polar patterns. This means that the 

higher the order, the more resolution can be contained in Ambisonics soundfield. Starting at the zero-th 

order for an omnidirectional soundfield with no directional characteristic, the first order includes 

soundfield directions in the left, right, forward, backward, vertical directions and as well as the 

omnidirectional zero-th order, and this continues upwards through the spherical harmonics.

7.1.1.2 Ambisonics Playback

In order to have speakers play this back, the components need to be summed at each speaker in a manner 

that has the entire signal pressure and directional velocities proportional to the encoded components, not 

unlike the decoding of the mid/side technique. This process is known as Ambisonic decoding and is 

sometimes considered a “re-encoding” because the same functions used to encode the sound scene are used 

to decode it. The Ambisonic-encoded signal is able to be decoded to any loudspeaker array (Gerzon, 1973) 

but it is imperative that the decoder is made exclusively for the particular loudspeaker layout being decoded 

to. There are two important restrictions needed to decode an Ambisonic-encoded signal.

26 http://pcfarina.eng.unipr.it/SPS-conversion.htm

http://pcfarina.eng.unipr.it/SPS-conversion.htm
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Z(t) t

(𝜃𝑗, 𝜑𝑗)

𝑤𝑗 = √2
𝑥𝑗 = cos 𝜃𝑗 cos𝜑𝑗

𝑦𝑗 = sin 𝜃𝑗 cos𝜑𝑗 𝑧𝑗 = sin𝜑𝑗

𝑩 𝑠𝑗(𝑡)

(𝜃𝑗, 𝜑𝑗) 𝑪 𝑀 ×𝑁 𝑀

𝑊

𝑋

𝑌

𝑍

𝑊

𝑋

𝑌

𝑍



𝑁

𝑩 = [

𝑊(𝑡)

𝑋(𝑡)

𝑌(𝑡)

𝑍(𝑡)

] =

⎣
⎢
⎢
⎢
⎡ √2 √2 . . . √2
cos 𝜃1 cos𝜑1 cos 𝜃2 cos 𝜑2 . . . cos 𝜃𝑁 cos𝜑𝑁
sin 𝜃1 cos 𝜑1 sin 𝜃2 cos𝜑2 . . . sin 𝜃𝑁 cos𝜑𝑁
sin𝜑

1
sin 𝜑

2
. . . sin𝜑

𝑁 ⎦
⎥
⎥
⎥
⎤

[

𝑠1(𝑡)

𝑠2(𝑡)
. . .

𝑠𝑁(𝑡)

] =  𝑪 ∗  𝐩

𝑪 𝑁 = 4 𝑪

𝐩 = 𝑪−1 ∗ 𝑩

𝑪 𝑫𝑝𝑖𝑛𝑣 𝑪𝑇 𝑪

𝑫𝑝𝑖𝑛𝑣 = 𝑪
𝑇(𝑪𝑪𝑇)−1

𝑫𝑝𝑖𝑛𝑣 𝑪−1

𝐩 = 𝑫𝑝𝑖𝑛𝑣 [

𝑊(𝑡)

𝑋(𝑡)

𝑌(𝑡)

𝑍(𝑡)

]  =  𝑫𝑝𝑖𝑛𝑣 ∗ 𝑩 

𝑫𝑝𝑖𝑛𝑣

 

https://www.york.ac.uk/sadie-project/ambidec.html
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7.1.4.1 FuMa format

T h e  F u M a  m e t h o d  h a s  b e e n  u s e d  i n  t h e  e x a m p l e s  a b o v e  d e s c r i b i n g  t h e  e n c o d i n g  a n d  d e c o d i n g  p r o c e s s .  T h e  

e n c o d e r  o u t p u t s  c h a n n e l  o r d e r i n g s  a r e  g i v e n  b y  l e t t e r s  i n  t h e  E n g l i s h  a l p h a b e t  a n d  o r d e r e d  i n t o  c h a n n e l  

n u m b e r s  a s  s h o w n  i n  Fig. 86 b e l o w .  E a c h  n u m b e r  r e l a t e s  t o  t h e  a u d i o  c h a n n e l  w i t h i n  a  m u l t i c h a n n e l  w a v e .

7.1.4.2 AmbiX format

A  r e c o g n i z a b l e  p r o b l e m  w i t h  t h e  F u M a  f o r m a t  i s  t h e  i m p l i c i t  c h a n n e l  l i m i t  a n d  s i n c e  t h e r e  a r e  o n l y  2 6  

l e t t e r s  i n  t h e  E n g l i s h  l a n g u a g e ,  a  m a x i m u m  o f  2 6  c o m p o n e n t s  m a y  e n c o d e d .  T h i s  c a u s e s  a n  i s s u e  w h e n  

e n c o d i n g  A m b i s o n i c s  i n t o  o r d e r s  g r e a t e r  t h a n  4 t h  o r d e r .  A  s o l u t i o n  t o  t h i s  p r o b l e m  i s  g i v e n  i n  ( N a c h b a r ,  

Z o t t e r ,  D e l e f l i e ,  &  S o n t a c c h i ,  2 0 1 1 )  a n d  s h o w n  i n  Fig. 87. H e r e ,  a  n e w  A m b i s o n i c s  f o r m a t  w a s  i n t r o d u c e d  

w i t h  A m b i s o n i c  c o m p o n e n t s  r e p r e s e n t e d  a s  n u m b e r s  i n s t e a d  o f  l e t t e r s  k n o w n  a s  t h e  A m b i X  f o r m a t .  T h i s  

f o r m a t  u s e s  t h e  A m b i s o n i c  C h a n n e l  N u m b e r  ( A C N )  c h a n n e l  o r d e r i n g  w h i c h  s o l v e s  t h e  p r o b l e m  o f  t h e  

F u M a  l e t t e r  o r d e r i n g .  T y p i c a l l y ,  A m b i X  e n c o d e s  u s i n g  t h e  S N 3 D  n o r m a l i z a t i o n ,  h o w e v e r  N 3 D  ( 3 D  

N o r m a l i z e d )  i s  a l s o  s o m e t i m e s  u s e d  3 2 .

31 http://pcfarina.eng.unipr.it/SPS-conversion.htm

32 https://ambisonics.iem.at/xchange/fileformat/ambi x format appendix.pdf/view

A s  i n d i c a t e d  i n  ( N a c h b a r ,  Z o t t e r ,  D e l e f l i e ,  &  S o n t a c c h i ,  2 0 1 1 ) ,  i t  w o u l d  s e e m  A m b i X  w i l l  b e c o m e  t h e  m o s t  

c o m m o n  s t a n d a r d  f o r  A m b i s o n i c  f o r m a t s .  A  t a b l e  o f  e n c o d e r  f u n c t i o n s  u p  t o  5 t h  o r d e r  c a n  b e  f o u n d  i n  

( F a r i n a ,  H O  A  E x p l i c i t  F o r m u l a s ,  2 0 1 7 )  a n d  a r e  t h e  f o r m u l a s  t h a t  h a v e  b e e n  u s e d  i n  t h i s  p r o j e c t .

http://pcfarina.eng.unipr.it/SPS-conversion.htm
https://ambisonics.iem.at/xchange/fileformat/ambi_x_format_appendix.pdf/view
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7.1.4.3 Two Big Ears format

T h e  T w o  B i g  E a r s  ( T B E )  A m b i s o n i c  f o r m a t  i s  u s e d  i n  t h e  f a c e b o o k 3 6 0  S p a t i a l  A u d i o  W o r k s t a t i o n  a n d  i s  a  

n o n - s t a n d a r d  f o r m a t  d e s i g n  f o r  3 6 0  v i d e o  a n d  a u d i o  d i s t r i b u t i o n  o v e r  t h e  w e b .  T h e  s t a n d a r d  e m p l o y s  a  2 n d  

o r d e r  A m b i s o n i c  f o r m a t  w i t h  o n e  o f  t h e  c h a n n e l s  r e m o v e d  w h i c h  l e a v e s  8  c h a n n e l s .  A s  w e l l  a s  t h i s ,  i t  a l s o  

h a s  a  p o l a r i t y  s h i f t  t h a t  c o m p l i e s  w i t h  i t s  o w n  u n i q u e  a z i m u t h  s y s t e m .  T h e  f o r m u l a s  u s e d  f o r  e n c o d i n g  t h e  

T B E  f o r m a t  a r e  f o u n d  i n  ( F a r i n a ,  A m b i s o n i c s  t o  T B E  c o n v e r s i o n ,  2 0 1 7 )  w h i c h  h a v e  s p e c i f i c  w e i g h t s  t h a t  

a r e  u s e d .  I t  h a s  a l s o  b e e n  s h o w n  t h a t  a n  e n c o d e d  T B E  f o r m a t  i s  a b l e  t o  b e  t r a n s c o d e d  i n t o  A m b i X  f o r m a t ,  

w h i c h  c a n  t h e n  b e  d e c o d e d  l i k e  a  n o r m a l  A m b i X  f o r m a t .

7.2 Ambisonics in ImmerGo

A m b i s o n i c s  d e c o d i n g  i s  d i f f e r e n t  f r o m  t h e  o b j e c t - b a s e d  a l g o r i t h m s  a s  i t  d o e s  n o t  n e e d  t o  c a l c u l a t e  a n d  

c h a n g e  t h e  m i x e r  m a t r i x  v a l u e s  i n  r e a l - t i m e .  I n s t e a d ,  A m b i s o n i c s  d e c o d i n g  r e q u i r e s  e a c h  s p e a k e r ’ s  m i x e r  

m a t r i x  t o  b e  s e t  o n c e  a c c o r d i n g  t o  i t s  l o c a t i o n .  A s  s u c h ,  a  d i f f e r e n t  a p p r o a c h  i s  t a k e n  w h e n  i m p l e m e n t i n g  

t h e  a l g o r i t h m ,  s i n c e  t h e  d e c o d e r s  m a y  b e  s o l v e d  a n d  s e t  o n c e  p r i o r  t o  s t r e a m i n g  a u d i o .  T h e  h o s t  i s  u s e d  t o  

c a l c u l a t e  t h e  s p h e r i c a l  h a r m o n i c  f u n c t i o n s  b e c a u s e  i t  i s  l e s s  c o m p l i c a t e d  t o  i m p l e m e n t  w i t h i n  t h e  N W J S  

a p p  t h a n  i n  t h e  X M O S  p r o c e s s o r .  T h e  o u t p u t  f r o m  t h e  c a l c u l a t i o n s  a r e  t h e n  u s e d  t o  u p d a t e  t h e  e n d p o i n t  

m i x e r  m a t r i c e s  a c c o r d i n g l y .  T h e  m i x e r  m a t r i x  c a n  t h e n  r e c e i v e  a n  A m b i s o n i c s  e n c o d e d  s i g n a l  a n d  d e c o d e  i t  

a c c o r d i n g  t o  t h e  d e c o d e r  w e i g h t s .

A m b i s o n i c  d e c o d e r s  f o r  F u M a  a n d  A m b i X  u s i n g  S N 3 D  n o r m a l i z a t i o n  h a v e  b e e n  i m p l e m e n t e d .  T h e y  a r e  

a b l e  t o  d e c o d e  u p  t o  4 t h  o r d e r  A m b i s o n i c s .  T h e  l i m i t a t i o n  b e i n g  t h a t  t h e  X M O S  p r o c e s s o r  m a y  c u r r e n t l y  

o n l y  r e c e i v e  o n e  s t r e a m  w i t h  3 2  c h a n n e l s .  T h i s  c a n  b e  e x t e n d e d  p r o v i d e d  t h e  e n d p o i n t s  a r e  a b l e  t o  p i c k  u p  

t w o  s t r e a m s  o f  3 2  a u d i o  c h a n n e l s ,  w h i c h  w o u l d  t h e n  a l l o w  f o r  7 t h  o r d e r  A m b i s o n i c s ,  a n d  e v e n  h i g h e r  w i t h  

f u r t h e r  A V B  s t r e a m s .  S i n c e  t h e r e  a r e  a l r e a d y  m u l t i p l e  p l u g i n s  t h a t  p e r f o r m  A m b i s o n i c s  e n c o d i n g ,  

I m m e r G o  w a s  m o d i f i e d  t o  s e n d  M I D I  m e s s a g e s  t o  t h e  D A W  c o n t a i n i n g  t h e  a z i m u t h  a n d  e l e v a t i o n  o f  a  

t r a c k  s o u r c e  w h i c h  i s  u s e d  t o  c o n t r o l  t h e  e n c o d e r  p l u g i n  o n  a  t r a c k .

33 http://pcfarina.eng.unipr.it/SPS-conversion.htm

http://pcfarina.eng.unipr.it/SPS-conversion.htm
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The following subsections will discuss the incorporation of an Ambisonic library that generates a decoder 

for each speaker. It is then shown how the endpoint mixer matrices for each speaker were set according to 

the values within the decoders.

7.2.1 Ambisonics Library and ImmerGo Modifications

The Ambisonics library exports one function to the ImmerGo server. This function is called the 

getAmbisonicsDecoder. It receives the speaker configuration and then determines an Ambisonic decoder for 

each speaker according to its direction. The loudspeaker definition model within the ImmerGo server was 

modified to have an Ambisonic decoder array that holds the summation weights for the speaker’s decoder 

as shown in Table 6 below.

Loudspeaker Model

Position (x,y,z)

Mix levels for each track

Ambisonic decoder

Table 16: A m b i s o n i c  d e c o d e r  i n  t h e  l o u d s p e a k e r  

m o d e l .

The getAmbisonicsDecoder uses an NPM library to help compute the Ambisonics decoders. The library is 

called the spherical transform library34 and computes the decoders according to the pseudo-inverse matrix 

method as described earlier in equation (7.7).

3 4  h t t p s : / / w w w . n p m i s . c o m / p a c k a g e / s p h e r i c a l - h a r m o n i c - t r a n s f o r m

Fig. 88 shows how the library is used within the server and described in further detail in Appendix D DL 

After the speaker configuration has been loaded, the getAmbisonicsdecoder function is called with the 

speaker configuration and Ambisonics format that is to be decoded to. Then,

i.

2.

3.

4.

The total number of speakers within the configuration is used to determine the order of the 

Ambisonics decoder that should be made for the speaker configuration.

The speaker directions are converted from cartesian coordinates to spherical coordinates to be 

used by the spherical harmonic functions.

The decoder values are calculated using the specified format and returned to the server.

The server updates each loudspeaker model with its corresponding decoder and sends mixer 

updates to the corresponding endpoint.

https://www.npmjs.com/package/spherical-harmonic-transform
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S i n c e  t h e  o u t p u t  o f  t h e  m i x e r  m a t r i c e s  i s  f l o a t i n g  p o i n t ,  a  s c a l i n g  f a c t o r  i s  u s e d  t o  s c a l e  t h e  v a l u e s  b y  1 0  0 0 0  

p r i o r  t o  p a c k e t i z a t i o n  a n d  s o  e a c h  s p e a k e r ’ s  d e c o d e r  c o m p o n e n t s  a r e  s e n t  a s  2  b y t e  v a l u e s .  T h i s  p r o c e s s  c a n  

b e  s e e n  i n  Fig. 89 b e l o w .



 

𝑁 × 2

 

𝑖 D𝑖 = {D𝑖w  D𝑖x D𝑖y  D𝑖z . . .  D𝑖𝑁} 0 < 𝑖 ≤ K
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A f t e r  t h e  d e c o d e r  v a l u e s  a r e  r e c e i v e d  f r o m  I m m e r G o ,  t h e  S A R  c o n v e r t s  t h e  f l o a t i n g  p o i n t  v a l u e s  i n t o  8  b i t  

s i g n e d  c h a r s  w i t h i n  t h e  X M O S .  T h i s  e n s u r e s  t h a t  t h e  s u m m a t i o n  p r o c e s s  i s  a b l e  t o  w e i g h t  c o m p o n e n t s  

n e g a t i v e l y  p r i o r  t o  t h e  s u m m a t i o n .  T h e  X M O S  m i x e r  m a t r i x  h a s  i t s  p a r a m e t e r s  s e t  u s i n g  t h e  i_m r i n t e r f a c e  

w h i c h  c o n n e c t s  t h e  S A R  t a s k  t o  t h e  A u d i o  B u f f e r  M a n a g e r ,  n o t  u n l i k e  h o w  i t  i s  d o n e  w i t h i n  t h e  D B A P  a n d  

V B A P  i m p l e m e n t a t i o n .

7.2.2.1.1 Setting the SHARC Mixer Matrix

T h e  A m b i s o n i c s  m i x i n g  c a n  a l s o  b e  p e r f o r m e d  u s i n g  t h e  S H A R C  m i x e r  m a t r i x .  T h e  m i x e r  m a t r i x  i s  

u p d a t e d  w i t h  t h e  d e c o d e r  v a l u e s  u s i n g  t h e  DSP_AddrParaLoad f u n c t i o n ,  n o t  u n l i k e  D B A P  a n d  V B A P .  O f  

c o u r s e ,  t h e  g a i n  v a l u e s  n e e d  t o  b e  c o n v e r t e d  i n t o  Q I .  1 5  a n d  c o n c a t e n a t e d  i n t o  a  3 2  b i t  i n t e g e r  w i t h  t h e  l e a s t  

s i g n i f i c a n t  b i t s  s e t  t o  0  s i n c e  n o  d e l a y  p r o c e s s i n g  i s  r e q u i r e d .  T h e  p a r a m e t e r  b u f f e r  i s  t h e n  s e n t  a c r o s s  t o  t h e  

S H A R C  w i t h  a  s t a r t i n g  a d d r e s s  o f  0  a n d  t h e  t o t a l  m e s s a g e  c o u n t .  T h e  S H A R C  s e q u e n t i a l l y  u p d a t e s  e a c h  

m i x e r  c r o s s p o i n t  u n t i l  a l l  t h e  e n t i r e  m i x e r  m a t r i x  h a s  b e e n  s e t .

T h e  S H A R C  i s  a b l e  t o  m i x  3 2  t r a c k s  u s i n g  t h e  Q I .  1 5  r e p r e s e n t a t i o n ,  a n d  s o  t h e  m i x i n g  h a p p e n s  a t  a  h i g h e r  

r e s o l u t i o n  t h a n  t h a t  o f  t h e  X M O S  m i x e r .

7.3 Summary

T h i s  c h a p t e r  h a s  c o v e r e d  t h e  s p a t i a l  a u d i o  r e n d e r i n g  a l g o r i t h m  k n o w n  a s  A m b i s o n i c s .  A s  s h o w n  i n  t h i s  

c h a p t e r ,  A m b i s o n i c s  i s  d i f f e r e n t  f r o m  t h e  o t h e r  o b j e c t - b a s e d  r e n d e r i n g  t e c h n i q u e s  s u c h  a s  D B A P ,  V B A P  

a n d  W F S  b e c a u s e  i t  h a s  a n  e n c o d i n g  a n d  d e c o d i n g  s t a g e .  T h e  e n c o d i n g  s t a g e  e n c o d e s  t h e  d i r e c t i o n a l i t y  o f  

m u l t i p l e  o b j e c t s  i n t o  a  k n o w n  f i n i t e  n u m b e r  o f  a u d i o  c h a n n e l s .  T h e  d e c o d i n g  s t a g e  m i x e s  a l l  o f  t h e s e  a u d i o  

c h a n n e l s  t o g e t h e r  a c c o r d i n g  t o  t h e  d i r e c t i o n  o f  t h e  s p e a k e r  i t  i s  d e c o d i n g  t o .  T h e  k e y  d i f f e r e n c e  w i t h  t h i s  

d e c o d i n g  a p p r o a c h  i s  t h a t  t h e  m i x e r  m a t r i c e s  u s e d  t o  m i x  t h e  a u d i o  c h a n n e l s  n e e d  o n l y  b e  s e t  o n c e .

T h e  f u n c t i o n s  u s e d  t o  p e r f o r m  b o t h  t h e  e n c o d i n g  a n d  d e c o d i n g  s t a g e  a r e  k n o w n  a s  t h e  s p h e r i c a l  h a r m o n i c  

f u n c t i o n s .  T h e s e  f u n c t i o n s  a r e  u s e d  t o  e n c o d e  t h e  d i r e c t i o n a l i t y  o f  a n  a u d i o  o b j e c t  i n t o  s e p a r a t e  

c o m p o n e n t s  a t  d i f f e r e n t  d i r e c t i o n s  i n  a  s p h e r e .  T h e s e  c o m p o n e n t s  a r e  e s s e n t i a l l y  a u d i o  c h a n n e l s  a n d  a r e  

k n o w n  a s  t h e  e n c o d e d  A m b i s o n i c  s o u n d f i e l d .  A s  s h o w n  i n  t h i s  c h a p t e r ,  t h e  n u m b e r  o f  c h a n n e l s  t h a t  

c o m p r i s e  t h e  A m b i s o n i c  s o u n d  f i e l d  a r e  d e p e n d e n t  o n  t h e  o r d e r  o f  t h e  s p h e r i c a l  h a r m o n i c s  u s e d .  T h e  

A m b i s o n i c  s o u n d f i e l d  c a n  b e  o r d e r e d  i n  d i f f e r e n t  w a y s ,  d e p e n d i n g  o n  t h e  f o r m a t  i t  w a s  e n c o d e d  w i t h ,  

w h i c h  i s  i m p o r t a n t  w h e n  m o v i n g  t o  t h e  d e c o d i n g  s t a g e .  T h e  F u M a ,  A m b i X  a n d  T B E  f o r m a t s  w e r e  

d i s c u s s e d  t o  p r o v i d e  f u r t h e r  i n f o r m a t i o n  o n  h o w  I m m e r G o  w a s  r e q u i r e d  t o  d e c o d e  t h e s e  d i f f e r e n t  f o r m a t s .

T h i s  c h a p t e r  c o v e r e d  a n  i m p l e m e n t a t i o n  o f  A m b i s o n i c s  w i t h i n  I m m e r G o .  I t  h a s  b e e n  i m p l e m e n t e d  a s  a  

l i b r a r y  t h a t  e x p o s e s  a  f u n c t i o n  t o  I m m e r G o .  T h e  f u n c t i o n  d e t e r m i n e s  t h e  d e c o d e r  v a l u e s  f o r  s p e a k e r s  

a c c o r d i n g  t o  t h e i r  d i r e c t i o n s  w i t h i n  t h e  s p e a k e r  l a y o u t .  T o  s a v e  t h e s e  d e c o d e r s  t o  p a r t i c u l a r  l o u d s p e a k e r s ,  

t h e  l o u d s p e a k e r  d e f i n i t i o n  m o d e l  w a s  m o d i f i e d  t o  c o n t a i n  a  f u r t h e r  v a r i a b l e  t o  h o l d  i t s  d e c o d e r .  T h e  

A m b i s o n i c s  l i b r a r y  i s  a b l e  t o  d e t e r m i n e  t h e  d e c o d e r  v a l u e s  r e q u i r e d  t o  d e c o d e  A m b i X  a n d  F u M a  f o r m a t s .  

T h e  S A R  w a s  m o d i f i e d  t o  r e c e i v e  t h e  A m b i s o n i c  d e c o d e r  f o r  t h e  s p e a k e r s  i t  i s  c o n n e c t e d  t o .  W h e n  t h e  

d e c o d e r  v a l u e s  a r e  r e c e i v e d ,  t h e  S A R  i s  a b l e  t o  s e t  t h e  X M O S  m i x e r  m a t r i x  a c c o r d i n g  t o  t h e s e  v a l u e s .  T h e  

S H A R C  m i x e r  m a t r i x  i s  a l s o  a b l e  t o  b e  s e t  a c c o r d i n g  t o  t h e  d e c o d e r  v a l u e s  b u t  r e q u i r e d  d i f f e r e n t  f i r m w a r e .
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Chapter 8

Testing and Results
A series of tests were designed to evaluate how the successive levels of distribution compared with one 

another. The tests were designed to provide the following information,

1. Subjective listening evaluation to ensure the algorithms operated correctly.

2. Host processor and XMOS processor timing tests to ensure algorithm calculations were able to be 

completed within the 8.3ms M TC quarter frame interval.

3. Host processor load tests that compare step 1 of the endpoint distribution, where the rendering 

calculations take place in the server, against step 2 and 3 where the rendering calculations take 

place in the endpoints.

The hardware setup for these tests consisted of the host computer, which was a Mac Mini with an Intel 

2.6Ghz i5-4780U processor 35. This processor contains 2 processing cores with hyperthreading 36. The Mac 

Mini had the MacOSx High Sierra operating system and ran the ImmerGo NWJS application.

For the purposes of proving the hypothesis, only relative computation figures needed to be obtained to 

determine a comparison of each distributed approach.

8.1 Listening Tests

Listening tests were conducted to ensure the algorithms were implemented correctly. The tests were held 

double-blind such that the tester and subjects did not know which source location was being rendered. The 

sound of a male voice saying “this is an immersive audio test” was looped for each test. Each location in the 

test was distributed uniformly around the speaker configuration. A random number generator was then 

used to determine the playback positions of the sources to the listener, without any repeated locations. The 

order of the positions was then recorded and logged to a file. For each position, the listener was instructed 

to point to the direction of the sound source and say in words if it was above or below them. Once 

identified, the tester then marked the direction that corresponded most closely with a known panned 

position. The perceived directions were then cross-checked with the output from the random number 

generator.

A total number of 10 people were tested for each algorithm, with each test having 10 different locations to 

identify. WFS and Ambisonics required different loudspeaker arrangements to that of DBAP and VBAP, 

and as such slightly different test environments were constructed.

h t t p s : / / e v e r y m a c . c o m / s y s t e m s / a p p l e / m a c  m i n i / s p e c s / m a c - m i n i - c o r e - i 5 - 2 . 8 - l a t e - 2 0 1 4 - s p e c s . h t m l

h t t p s : / / a r k . i n t e L c o m / p r o d u c t s / 8 3 5 0 7 / I n t e l - C o r e - i 5 - 4 3 0 8 U - P r o c e s s o r - 3 M - C a c h e - u p - t o - 3 - 3 0 - G H z -

https://everymac.com/systems/apple/mac_mini/specs/mac-mini-core-i5-2.8-late-2014-specs.html
https://ark.intel.com/products/83507/Intel-Core-i5-4308U-Processor-3M-Cache-up-to-3-30-GHz-
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T h e  t e s t  s e t u p  c o m p r i s e d  t h e  h o s t  c o m p u t e r  c o n n e c t e d  t o  a  N e t g e a r  A V B  2 4  p o r t  P o E  s w i t c h  3 7 .  A l s o  

c o n n e c t e d  t o  t h e  N e t g e a r  s w i t c h  w e r e  7  S P K - 4 P s  l o a d e d  w i t h  f i r m w a r e  t h a t  i n c o r p o r a t e d  t h e  S A R  a n d  

S H A R C  m i x i n g ,  w h i c h  a l l o w e d  f o r  e a c h  a l g o r i t h m  t o  b e  p e r f o r m e d  o n  t h e  m u l t i p l e  c h a n n e l s .  E a c h  S P K - 4 P  

w a s  c o n n e c t e d  t o  i t s  o w n  S P K - 4  v i a  t h e  p a s s i v e  o u t p u t .  T h e  R e a p e r  D A W  p r o v i d e d  b o t h  t h e  a u d i o  a n d  

M T C  t o  t h e  I m m e r G o  s e r v e r  w i t h i n  t h e  h o s t .

3 7  h t t p s : / / w w w . n e t g e a r . c o m / l a n d i n g s / p o e /

T h e  D B A P  a n d  V B A P  l i s t e n i n g  t e s t s  w e r e  p e r f o r m e d  w i t h i n  a  1 4  s p e a k e r ,  h e m i s p h e r i c a l  l a y o u t  a s  

i l l u s t r a t e d  i n  Fig. 92 b e l o w .

A s  s h o w n  i n  Fig. 93, a  c a m e r a  w a s  s i t u a t e d  a b o v e  t h e  l i s t e n i n g  p o s i t i o n  t o  p r o v i d e  a  b e t t e r  v i s i o n  o f  t h e  

d i r e c t i o n s  t h a t  a  s u b j e c t  p o i n t e d  t o .  I t  a l s o  a l l o w e d  f o r  e a c h  t e s t  t o  b e  r e c o r d e d  f o r  l a t e r  r e v i e w .

Fig. 93: C a m e r a  a b o v e  t h e  h e m i s p h e r i c a l  a r r a y .

https://www.netgear.com/landings/poe/
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I n  o r d e r  t o  d a m p e n  r o o m  r e f l e c t i o n s ,  t h e  h e m i s p h e r e  w a s  c o v e r e d  e n t i r e l y  w i t h  d u v e t s  a s  s h o w n  i n  Fig. 94 

b e l o w .

Fig. 94: D u v e t s  c o v e r i n g  t h e  h e m i s p h e r i c a l  a r r a y .

T h e  R T 6 0  m e a s u r e m e n t  o f  t h e  r o o m  ( i . e  t h e  t i m e  i t  t a k e s  f o r  r o o m  r e f l e c t i o n s  t o  d e c a y  b y  6 0 d B )  w a s  

m e a s u r e d  w i t h  t h e  m i n i D S P  U M I K - 1  m e a s u r e m e n t  m i c r o p h o n e  3 8  t h a t  w a s  s i t u a t e d  a t  t h e  l i s t e n e r  p o s i t i o n ,  

A n  i m p u l s e  r e s p o n s e  w a s  e m i t t e d  a s  a  s i n e  s w e e p  o f  l O O H z - l O k H z  o v e r  5  s e c o n d s  f r o m  t h e  f i r s t  s p e a k e r  i n  

t h e  l a y o u t .  T h e  m i c r o p h o n e  t h e n  c a p t u r e d  t h e  i m p u l s e  r e s p o n s e  f o r  t h e  r o o m .

3 8  h t t p s : / / w w w . m i n i d s p . c o m / p r o d u c t s / a c o u s t i c - m e a s u r e m e n t / u m i k - 1

T h e  R o o m  E Q  W i z a r d  ( R E W )  p r o v i d e s  t h e  a b i l i t y  t o  d e t e r m i n e  t h e  R T 6 0  o f  a  s p a c e  u s i n g  a  r e c o r d e d  

i m p u l s e  r e s p o n s e .  T h e  r e c o r d i n g  f r o m  t h e  U M I K - 1  w a s  a n a l y z e d  w i t h  t h e  m i c r o p h o n e ’ s  c a l i b r a t i o n  f i l e  t o  

r e d u c e  i m p e r f e c t i o n s  t h a t  o c c u r  f r o m  t h e  m i c r o p h o n e .  O n c e  p r o c e s s e d ,  R E W  o u t p u t  t h e  R T 6 0  o f  f r e q u e n c y  

b a n d s  a s  a  g r a p h  a s  s h o w n  i n  Fig. 95 b e l o w .

https://www.minidsp.com/products/acoustic-measurement/umik-1
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T h e  f r e q u e n c i e s  l o w e r  t h a n  1 0 0 H z  a r e  o m i t t e d  a s  t h e s e  w e r e  r e m o v e d  i n  t h e  p l a y b a c k  o f  t h e  v o i c e .  T h e  

g r a p h  s h o w s  e a c h  f r e q u e n c y  o n  t h e  x - a x i s ,  a n d  t h e  t i m e  t a k e n  t o  d e c a y  b y  6 0 d B  i n  t h e  y - a x i s .  E a c h  s t r a i g h t  

l i n e  i s  a  w i d t h  o f  a  t h i r d  o f  a n  o c t a v e  b a n d .  A s  c a n  b e  s e e n ,  t h e  R T 6 0  d i d  n o t  g o  h i g h e r  t h a n  3 7 7 m s  e x c e p t  

f o r  t h e  e x t r e m e l y  l o w  f r e q u e n c y  o f  1 0 0 H z  w h i c h  w a s  i n d i c a t e d  a s  a n  u n r e l i a b l e  r e a d i n g  b y  R E W .  T h e  R T 6 0  

t h e n  d e c r e a s e d  a b r u p t l y  i n  t h e  2 k H z  o c t a v e  a n d  t a p e r e d  d o w n  t o  2 3 0 m s  c l o s e  t o  1 0 k H z .  T h i s  r e a d i n g  i s  

s a t i s f a c t o r y  f o r  a  c l e a r  v o i c e  t o  b e  h e a r d  i n  t h e  t e s t .

8.1.1.1 DBAP Listening Test

Fig. 96 b e l o w  s h o w s  t h e  l a y o u t  o f  t h e  D B A P  t e s t i n g  e n v i r o n m e n t  a s  s e e n  o n  t h e  I m m e r G o  c l i e n t  U L  T h e  

f i r s t  4  t e s t  p o s i t i o n s  w e r e  s i t u a t e d  a t  t h e  b o t t o m  o f  t h e  h e m i s p h e r e  w i t h  n o  e l e v a t i o n .  T e s t  p o s i t i o n  4  t o  8  

w e r e  p o s i t i o n e d  a t  4 5 - d e g r e e  a n g l e s  o f  e l e v a t i o n .  T e s t  p o s i t i o n  9  i s  l o c a t e d  a t  t h e  o r i g i n  u n d e r n e a t h  t e s t  

p o s i t i o n  1 0  w h i c h  w a s  s i t u a t e d  a t  t h e  t o p  o f  t h e  a r r a y  w h e r e  a  “ v o i c e - o f - g o d ”  s p e a k e r  w o u l d  t y p i c a l l y  b e  

l o c a t e d .

Fig. 96: D B A P  l i s t e n i n g  t e s t  s o u r c e  l o c a t i o n s .

T h e  t e s t  s h o w e d  a  t o t a l  o f  6 6 %  o f  t h e  t o t a l  g u e s s e s  w e r e  c o r r e c t  f o r  D B A P .  T h e  g r a p h  s h o w n  i n  Fig. 97 

b e l o w  i l l u s t r a t e s  t h e  r e s u l t s  o f  t h e  t e s t .  T h e  x - a x i s  h a s  t h e  p o s i t i o n s  t h a t  w e r e  g e n e r a t e d ,  a n d  t h e  y - a x i s  i s  

t h e  p o s i t i o n s  t h a t  w e r e  g u e s s e d .  T h e  n u m b e r s  a t  e a c h  p o i n t  d e p i c t  t h e  n u m b e r  o f  s u b j e c t s  t h a t  g u e s s e d  t h e  

p o s i t i o n .

A s  c a n  b e  s e e n ,  b y  t h i s  g r a p h ,  D B A P  p e r f o r m e d  s a t i s f a c t o r i l y .  A  p o s i t i o n  t h a t  w a s  t h e  h a r d e s t  f o r  l i s t e n e r s  

w a s  p o s i t i o n  9  c e n t r e d  a t  t h e i r  h e a d .  M a n y  l i s t e n e r s  c o n f u s e d  p o s i t i o n  9  f o r  p o s i t i o n  1 0  w h i c h  i s  l i k e l y  d u e  

t o  t h e  f a c t  t h a t  t h e y  m o v e d  t h e i r  h e a d  s l i g h t l y  o f f  c e n t r e .  P o s i t i o n  5  w a s  o f t e n  m i s t a k e n  f o r  p o s i t i o n s  c l o s e r  

t o  1 0  a n d  9 ,  w h i c h  m a y  b e  d u e  t o  t h e  f a c t  t h a t  t h e y  w e r e  m o v e d  o f f  c e n t r e .  H o w e v e r ,  w i t h  a l l  t h e  i n c o r r e c t  

g u e s s e s ,  t h e  g e n e r a l  l o c a t i o n  o f  t h e  s o u r c e  w a s  l o c a t e d  c o r r e c t l y .  T h i s  m e a n s  t h a t  p o s i t i o n s  t h a t  w e r e  

p a n n e d  a b o v e ,  w e r e  g e n e r a l l y  l o c a t e d  a b o v e ,  a n d  p o s i t i o n s  p a n n e d ,  l e f t ,  r i g h t ,  f r o n t  a n d  b e h i n d  w e r e  

g e n e r a l l y  l o c a t e d  i n  t h e i r  r e s p e c t i v e  a r e a s ,  e v e n  t h o u g h  t h e  a c c u r a c y  w a s  n o t  v e r y  h i g h .



Fig. 97: D i s t r i b u t i o n  o f  i n c o r r e c t  a n d  c o r r e c t  r e s p o n s e s  f o r  D B A P  l i s t e n i n g  t e s t s .

The VBAP listening test source positions are shown in Fig. 98 below. Here we have the same positions as 

DBAP, except position 9 has been moved to the front of the speaker array, about a 45 degree angle elevated 

from position 1.

Fig. 98: V B A P  l i s t e n i n g  t e s t  s o u r c e  l o c a t i o n s .

The total percentage of correct guesses for VBAP was 74%. The graph in Fig. 99 below shows the results in 

a similar format to that of DBAP. The results show that VBAP performed accurately with most of the 

generated positions identified correctly. Position 10 had the most positions incorrectly identified with 

listeners generally locating the source close to either three of the speakers in the active speaker triplet. At 

least 50% of the positions panned to right above the listener were identified correctly which is positive 

considering there was no “voice of god” speaker in this array.
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VBAP Listening Tests

Generated Positions

Fig. 99: D i s t r i b u t i o n  o f  i n c o r r e c t  a n d  c o r r e c t  r e s p o n s e s  f o r  V B A P  l i s t e n i n g  t e s t s .

8.1.2 WFS Listening Test

The WFS listening test required a different speaker setup. An array of speakers situated on a straight line 

was set as shown in Fig. 100. The listener was positioned 2 metres away from the array and was given the 

option to walk parallel to the array along the reference position line if it would help to localize the sound. 

In order to provide an orientation of the generated sounds prior to testing, the listener was played each of 

the test positions and given a brief description of how the algorithm works when projecting focused and 

unfocused sources.

Fig. 100: W F S  s p e a k e r  a r r a y .

As shown in Fig. 101, the test sources were laid out both in front and behind the array. 5 sources were 

placed in front of the array, with position 9 being closest to the listener position at 2m. 5 sources were 

placed behind the array such that they should be roughly Im behind the array, with position 10 being 

synthesized 2m behind the array.
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Fig. 101: W F S  l i s t e n i n g  t e s t  s o u r c e  l o c a t i o n s .

A  t o t a l  o f  7 1 %  o f  g u e s s e s  w e r e  p e r c e i v e d  t o  b e  l o c a t e d  a t  t h e  p l a c e  t h e y  w e r e  s y n t h e s i z e d .  Fig. 102 i s  a  g r a p h  

s h o w i n g  t h e  d i s t r i b u t i o n  o f  c o r r e c t  t o  i n c o r r e c t  g u e s s e s .  A s  c a n  b e  s e e n  i n  t h i s  g r a p h ,  t h e  s u b j e c t s  g u e s s e d  

c o r r e c t l y  f o r  t h e  m a j o r i t y  o f  t h e  p o s i t i o n s  s h o w n  a s  t h e  d i a g o n a l  r e d  c i r c l e s .  P o s i t i o n  4  h a d  t h e  l e a s t  c o r r e c t  

w h e n  a  l i s t e n e r  o f t e n  m i s t o o k  t h e  s o u r c e  p o s i t i o n  t o  b e  s l i g h t l y  t o  t h e  l e f t  a t  p o s i t i o n  3  o r  f u r t h e r  t o  t h e  l e f t  

a t  p o s i t i o n  9 .  T h e  m o s t  c o r r e c t  g u e s s e s  w e r e  d i r e c t l y  b e h i n d  t h e  a r r a y  a t  p o s i t i o n  1 0 .

Fig. 102: D i s t r i b u t i o n  o f  i n c o r r e c t  a n d  c o r r e c t  r e s p o n s e s  f o r  W F S  l i s t e n i n g  t e s t s .
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8.1.3 Ambisonics Listening Tests

T h e  A m b i s o n i c s  t e s t  r e q u i r e d  t h a t  t h e  s p e a k e r s  b e  p o s i t i o n  i n  a  c u b e  f o r m a t i o n .  T h e  v o i c e  w a s  e n c o d e d  

i n t o  a  1 s t  o r d e r  A m b i s o n i c s  f o r m a t  u s i n g  t h e  R e a p e r  A T K  p l u g i n s  3 9  w h i c h  e n c o d e  a  m o n o  s i g n a l  i n t o  F u M a  

B - f o r m a t .  T h e  d e c o d e r  w a s  s e t  u p  a s  a  1 s t  o r d e r  B - f o r m a t  d e c o d e r .

3 9  h t t p : / / w w w . a m b i s o n i c t o o l k i t . n e t / d o c u m e n t a t i o n / r e a p e r /

T h e  t e s t i n g  p o s i t i o n s  f o r  A m b i s o n i c s  a r e  s h o w n  i n  Fig. 103 b e l o w .  H e r e  p o s i t i o n s  1  t h r o u g h  5  a r e  l o c a t e d  a t  

p o i n t s  b e t w e e n  t h e  s p e a k e r s ,  a n d  p o s i t i o n s  6  t h r o u g h  9  a r e  p o s i t i o n e d  i n  a  s q u a r e  f o r m a t i o n  e l e v a t e d  4 5  

d e g r e e s  f r o m  t h e  o r i g i n  p o s i t i o n .  P o s i t i o n  1 0  i s  s i t u a t e d  d i r e c t l y  a b o v e  t h e  o r i g i n  p o s i t i o n .

Fig. 103: A m b i s o n i c s  l i s t e n i n g  t e s t  s o u r c e  l o c a t i o n s .

A  t o t a l  o f  5 5 %  o f  t h e  g u e s s e s  f o r  A m b i s o n i c s  w e r e  c o r r e c t .  T h e  g r a p h  i n  Fig. 104 b e l o w  s h o w s  t h e  

d i s t r i b u t i o n  o f  t h e  c o r r e c t  t o  i n c o r r e c t  g u e s s e s .  A s  c a n  b e  s e e n  f r o m  t h i s  g r a p h ,  t h e  m a j o r i t y  o f  t h e  g u e s s e s  

w e r e  i n  s i m i l a r  a r e a s .  F o r  e x a m p l e ,  w h e n  p o s i t i o n  5  w a s  p l a y e d  b a c k ,  i t  w a s  s o m e t i m e s  c o n f u s e d  f o r  a  

s o u r c e  h i g h e r ,  c l o s e r  t o  p o s i t i o n  9  a n d  p o s i t i o n  8  w h i c h  w e r e  o n  t h e  s a m e  s i d e s  o f  t h e  l i s t e n e r .

o n
< u

o

Generated Positions
Fig. 104: D i s t r i b u t i o n  o f  i n c o r r e c t  a n d  c o r r e c t  r e s p o n s e s  f o r  A m b i s o n i c s  l i s t e n i n g  t e s t s .

http://www.ambisonictoolkit.net/documentation/reaper/
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8.2 Algorithm Time Tests

W h e n  p a n n i n g  t r a c k  s o u r c e s  w i t h  D B A P ,  V B A P  a n d  W F S ,  n e w  m i x e r  v a l u e s  n e e d  t o  b e  c a l c u l a t e d  w i t h i n  a  

t i m e  i n t e r v a l  o f  8 . 3 m s  d e t e r m i n e d  b y  t h e  i n t e r v a l s  b e t w e e n  e a c h  M T C  q u a r t e r  f r a m e .  A s  t h e  n u m b e r  o f  

s p e a k e r s  a n d  t r a c k  s o u r c e s  p a n n e d  s i m u l t a n e o u s l y  i n c r e a s e s ,  s o  d o e s  t h e  a m o u n t  o f  t i m e  t a k e n  t o  c a l c u l a t e  

t h e  n e w  m i x e r  v a l u e s .

I n  o r d e r  t o  g a i n  i n s i g h t  i n t o  e x a c t l y  h o w  m u c h  t i m e  t h e s e  a l g o r i t h m s  t a k e  t o  p e r f o r m  t h e i r  c a l c u l a t i o n s ,  

e a c h  o f  t h e  a l g o r i t h m s  w e r e  m e a s u r e d .  T h i s  w a s  d o n e  f o r  e a c h  s t e p  o f  d i s t r i b u t i o n .

F o r  t h e  f i r s t  s t e p  o f  d i s t r i b u t i o n ,  t h e  N W J S  a p p l i c a t i o n  p e r f o r m e d  t h e  a l g o r i t h m  c a l c u l a t i o n s  a n d  t h e  

X M O S  p r o c e s s o r s  p e r f o r m e d  t h e  m i x i n g .  F o r  t h e  s u b s e q u e n t  s t e p s  o f  d i s t r i b u t i o n ,  t h e  X M O S  p r o c e s s o r  

p e r f o r m e d  t h e  c a l c u l a t i o n s  a n d  t h e  m i x i n g  w a s  h a n d l e d  i n t e r n a l l y  e i t h e r  w i t h i n  t h e  X M O S  o r  t h e  S H A R C  

D S P  m i x e r s .  T h i s  m e a n s  t h a t  t h e  N W J S  a p p l i c a t i o n  a n d  t h e  X M O S  p r o c e s s o r s  n e e d e d  t o  b e  t i m e d .

8.2.1 NWJS Time Profiling

T h e  t i m i n g  m e a s u r e m e n t s  f o r  t h e  N W J S  a p p l i c a t i o n  w e r e  d o n e  u s i n g  t h e  W e b  “ P e r f o r m a n c e ”  A P I .  T h e  

P e r f o r m a n c e  A P I  i s  s p e c i f i c a l l y  d e s i g n e d  t o  p r o f i l e  w e b  a p p l i c a t i o n s  4 0 .  I n  p a r t i c u l a r ,  t h e  h i g h - r e s o l u t i o n  

t i m e r  4 1  i s  u s e d  t o  t a k e  a  m e a s u r e m e n t  a t  t h e  s t a r t  a n d  e n d  o f  a  p a r t i c u l a r  s e c t i o n  o f  t h e  a p p l i c a t i o n  c o d e .

4 0  h t t p s : / / d e v e l o p e r . m o z i l l a . o r g / e n - U S / d o c s / W e b / A P I / P e r f o r m a n c e

4 1  h t t p s : / / d e v e l o p e r . m o z i l l a . o r g / e n - U S / d o c s / W  e b / A P I / P e r f o r m a n c e / n o w

E a c h  a l g o r i t h m  w a s  t e s t e d  w i t h  a  d i f f e r e n t  n u m b e r  o f  s p e a k e r s  f o r  a  v a r y i n g  n u m b e r  o f  s o u r c e s .  T h e  

s p e a k e r s  w e r e  g e n e r a t e d  r a n d o m l y  s u c h  t h a t  t h e y  f i t  t h e  g e o m e t r y  r e q u i r e d  b y  e a c h  o f  t h e  a l g o r i t h m s .  A n  

i n c r e a s i n g  n u m b e r  o f  1 4 ,  2 5 ,  5 0 ,  7 5  a n d  1 0 0  s p e a k e r s  w e r e  g e n e r a t e d  f o r  e a c h  a l g o r i t h m  a s  f o l l o w s ,

1 .  D B A P  w a s  g e n e r a t e d  a s  a  r a n d o m  n u m b e r  o f  s p e a k e r s  s p a n n i n g  a n  a r e a  o f  1 0 x 1 0 m .

2 .  V B A P  w a s  g e n e r a t e d  o n  a  s p h e r e  w i t h  a  r a d i u s  o f  1 0 m  s u c h  t h a t  e a c h  s p e a k e r  w a s  p l a c e d  o n  t h e  

p e r i m e t e r  o f  t h e  s p h e r e  w i t h  a  u n i q u e  h o r i z o n t a l  a n d  v e r t i c a l  a n g l e .

3 .  W F S  w a s  g e n e r a t e d  a s  a  l i n e  o f  s p e a k e r s .

T h e  a l g o r i t h m  t h e n  p a n n e d  a n  i n c r e a s i n g  n u m b e r  o f  s o u r c e s  t h a t  c o r r e l a t e  w i t h  t h e  n u m b e r  o f  t r a c k s  t h a t  

m a y  b e  s e n t  i n  a  s i n g l e  A V B  s t r e a m  -  1 , 8 ,  1 6 ,  2 4  a n d  3 2  t r a c k  s o u r c e s  -  t o  t h e s e  s p e a k e r  c o n f i g u r a t i o n s .  I n  

o r d e r  t o  a v o i d  g r a n u l a r i t y  p r o b l e m s  c a u s e d  b y  t h e  n o n - d e t e r m i n i s t i c  n a t u r e  o f  t h e  M a c O S x  s c h e d u l e r ,  e a c h  

a l g o r i t h m  w a s  r u n  1 , 6  m i l l i o n  t i m e s ,  a n d  t h e n  t h e  t o t a l  t i m e  o f  t h i s  w a s  d i v i d e d  b y  1 , 6  m i l l i o n  t o  p r o v i d e  

t h e  m e a s u r e  o f  t i m e  t o  p r o c e s s  t h e  a l g o r i t h m .

8.2.1.1 Time Taken to Perform DBAP within the NWJS Application

Fig. 105 b e l o w  s h o w s  t h e  t i m i n g  m e a s u r e m e n t s  o f  t h e  D B A P  a l g o r i t h m .  A s  c a n  b e  s e e n  f r o m  t h i s  g r a p h ,  

N W J S  w a s  a b l e  t o  p e r f o r m  t h e  D B A P  a l g o r i t h m  c a l c u l a t i o n s  w e l l  w i t h i n  t h e  8 . 3 m s  w i n d o w .  F o r  1 0 0

https://developer.mozilla.org/en-US/docs/Web/API/Performance
https://developer.mozilla.org/en-US/docs/Web/API/Performance/now
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s p e a k e r s ,  t h e  w o r s t  c a s e  w o u l d  b e  3 2  t r a c k  s o u r c e s  p a n n e d  s i m u l t a n e o u s l y  w h i c h  o n l y  t o o k  0 . 2 8 m s  t o  b e  

c a l c u l a t e d .  T h e  b e s t  c a s e ,  b e i n g  1  s o u r c e ,  w a s  w e l l  b e l o w  0 . 0 2 m s .

8.2.1.2 Time Taken to Perform VBAP within the NWJS Application

T h e  r e s u l t s  s h o w i n g  t h e  t i m e  t a k e n  t o  p e r f o r m  V B A P  b y  t h e  h o s t  p r o c e s s o r  a r e  s h o w n  i n  Fig. 106. A s  c a n  

b e  s e e n  f r o m  t h i s  g r a p h ,  V B A P  t o o k  s i g n i f i c a n t l y  m o r e  t i m e  t h a n  D B A P  t o  c o m p l e t e .  F o r  1 0 0  s p e a k e r s ,  t h e  

w o r s t  c a s e  o f  3 2  t r a c k s  r e a c h e d  4 , 5 m s .  T h e  b e s t  c a s e  p a n n i n g  o n l y  1  s o u r c e  i s  j u s t  b e l o w  0 . 2 5 m s .  T h i s  i s  d u e  

t o  t h e  f a c t  t h a t  t h e  V B A P  a l g o r i t h m  a s  i m p l e m e n t e d  i n  t h i s  t h e s i s ,  i s  r e q u i r e d  t o  i t e r a t e  t h r o u g h  e v e r y  f a c e  

i n  t h e  c o n v e x  h u l l ,  a n d  p e r f o r m  t h e  m a t r i x  c a l c u l a t i o n  f o r  t h a t  f a c e  u n t i l  i t  f i n d s  t h e  c o r r e c t  f a c e  t h a t  i s  

u s e d  t o  l o c a l i z e  t h e  s o u r c e .  R e g a r d l e s s ,  t h e s e  r e s u l t s  s h o w  t h a t  t h e  h o s t  i s  a b l e  t o  p e r f o r m  t h e  V B A P  

c a l c u l a t i o n s  w i t h i n  t h e  8 . 3 m s  w i n d o w .
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8.2.1.3 Time Taken to Perform WFS within the NWJS Application

T h e  g r a p h  s h o w i n g  t h e  t i m e  t a k e n  t o  p e r f o r m  t h e  W F S  c a l c u l a t i o n s  i s  g i v e n  i n  Fig. 107 b e l o w .  T h e  g r a p h  

s h o w s  t h a t  i t  l i e s  b e t w e e n  D B A P  a n d  V B A P  i n  t e r m s  o f  t h e  a m o u n t  o f  t i m e  t a k e n  f o r  t h e  h o s t  t o  c o m p l e t e  

i t s  p r o c e s s i n g .  F o r  1 0 0  s p e a k e r s ,  p a n n i n g  3 2  t r a c k  s o u r c e s  r e s u l t s  i n  r o u g h l y  1 . 6 m s  o f  t i m e .  W h e n  p a n n i n g  

a  s i n g l e  s o u r c e  t o  1 0 0  s p e a k e r s ,  t h e  t i m e  t a k e n  i s  w e l l  b e l o w  0 . 2 5 m s .  A s  c a n  b e  s e e n  f r o m  t h e  g r a p h ,  t h e  

a m o u n t  o f  t i m e  t a k e n  s e e m s  t o  i n c r e a s e  w i t h  a  l a r g e  g r a d i e n t  f r o m  2 5  s p e a k e r s  a n d  u p .  S t i l l ,  t h e s e  r e s u l t s  

s h o w  t h a t  t h e  h o s t  p r o c e s s o r  s h o u l d  b e  a b l e  t o  c o m p l e t e  t h e  W F S  c a l c u l a t i o n s  w i t h i n  t h e  8 . 3 m s  w i n d o w .
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8.2.2 XMOS Time Profiling

T h e  x T I M E C o m p o s e r  T i m e  A n a l y s i s  ( X T A )  t o o l  w a s  u s e d  t o  p e r f o r m  p r o f i l i n g  t e s t s  o n  t h e  X M O S  

p r o c e s s o r  t o  d e t e r m i n e  h o w  e a c h  a l g o r i t h m  p e r f o r m e d  w i t h i n  t h e  e n d p o i n t  p r o c e s s o r s  a n d  w h a t  t h e  l i m i t s  

o f  t h e  p r o c e s s o r  a r e .  E a c h  s t a g e  o f  d i s t r i b u t i o n  n e e d s  i t s  o w n  p a r t i c u l a r  p r o c e s s e s .  P r o f i l i n g  t e s t s  f o r  e a c h  

s t a g e  o f  d i s t r i b u t i o n  o f  d e v e l o p m e n t  w e r e  d o n e  t o  p r o v i d e  a  b e t t e r  u n d e r s t a n d i n g  o f  h o w  e a c h  s t a g e  

p e r f o r m e d .

T h e  t e s t s  w e r e  p e r f o r m e d  u s i n g  a  d i f f e r i n g  n u m b e r  o f  s p e a k e r s  a n d  s o u r c e s  a s  f o l l o w s ,

1 .  1 ,  8 ,  1 6 ,  2 4  a n d  3 2  s o u r c e s .

2 .  1 0 - 1 0 0  s p e a k e r s  w i t h  1 0  s p e a k e r  i n t e r v a l s .

8.2.2.1 XTA Results for Step 1 of Distribution

T h e  f i r s t  s t e p  o f  t h e  e n d p o i n t  d i s t r i b u t i o n  w a s  t o  p e r f o r m  t h e  r e n d e r i n g  c a l c u l a t i o n  w i t h i n  t h e  h o s t  a n d  

t h e n  s e n d  t h e  o u t p u t  o f  t h e  c a l c u l a t i o n  t o  t h e  e n d p o i n t s .  T h e  h o s t  w o u l d  c a l c u l a t e  t h e  X M O S  m i x e r  v a l u e s  

f o r  t h e  s p e a k e r s  a c c o r d i n g  t o  a  s p a t i a l  a u d i o  a l g o r i t h m .  T h e n ,  e a c h  e n d p o i n t  w o u l d  r e c e i v e  a n  A E C P  p a c k e t  

h o l d i n g  t h e  m i x e r  m a t r i x  p a r a m e t e r s ,  w h i c h  w e r e  s u b s e q u e n t l y  u n p a c k e d .  T h e s e  m i x e r  v a l u e s  w e r e  t h e n  

u s e d  t o  s e t  t h e  X M O S  p r o c e s s o r ’ s  m i x e r .  R e g a r d l e s s  o f  t h e  n u m b e r  o f  s p e a k e r s ,  e a c h  e n d p o i n t  w o u l d  h a v e  

t h e  m i x e r  m a t r i x  s e t  a f t e r  e a c h  r e n d e r e r  c a l c u l a t i o n  a n d  t h e  t i m e  t a k e n  t o  s e t  t h e  m i x e r  w o u l d  a l w a y s  

r e m a i n  t h e  s a m e ,  r e g a r d l e s s  o f  t h e  n u m b e r  o f  s p e a k e r s  f o r  a  g i v e n  n u m b e r  o f  t r a c k  s o u r c e s .

T h e  t i m i n g  r e s u l t s  f o r  t h e  h o s t  c a l c u l a t i o n s  a r e  g i v e n  i n  t h e  s u b s e c t i o n s  a b o v e .  O n c e  t h e  m i x e r  v a l u e s  w e r e  

s e n t  t o  t h e  e n d p o i n t s ,  t w o  p r o c e s s e s  w e r e  p e r f o r m e d  w i t h i n  t h e  X M O S  p r o c e s s o r s ,

1 .  U n p a c k i n g  t h e  m i x e r  v a l u e s .

2 .  S e t t i n g  t h e  X M O S  m i x e r  t o  m i x  t h e  a u d i o .

A s  s h o w n  i n  Fig. 108, t h e  u n p a c k i n g  a n d  m i x i n g  o f  a u d i o  t o  t h e  t w o  l o u d s p e a k e r s  a t t a c h e d  t o  t h e  p r o c e s s o r  

t o o k  a  t o t a l  o f  7 . 7 6 p s  f o r  3 2  t r a c k  s o u r c e s .

>

>

>

>

f u n c t i o n  t e s t _ s t e p 1  :  7 . 7 6  u s  /  7 . 7 6  u s  

: E  b l o c k  :  2 0 . 0  n s  ( x  1 J / 2 0 . 0  n s  ( x  1 )

f u n c t i o n  u n p a c k M i x V a l s  :  4 . 7 1  u s / 4 . 7 1  u s

E  b l o c k  :  1 0 . 0  n s  ( x  1 )  /  1 0 . 0  n s  ( x  1 )

f u n c t i o n  a u d i o _ b u f f e r i n g _ s i m u l a t i o n  :  3 . 0 1  u s / 3 . 0 1  u s

>  : E  b l o c k  :  1 0 . 0  n s  ( x  1 )  /  1 0 . 0  n s  ( x  1 }

Fig. 108: XTA showing time taken to perform attenuation based mixing within XMOS according to mixer parameters

received from the host.

W h e n  p e r f o r m i n g  A m b i s o n i c s ,  t h e  a b o v e  m e t h o d  i s  u s e d  t o  s e t  t h e  m i x e r  m a t r i x  t o  t h e  d e c o d e r  v a l u e s .  

O n c e  s e t ,  n o  f u r t h e r  u p d a t e s  n e e d  t o  b e  m a d e  t o  t h e  s p e a k e r  e n d p o i n t s  u n l e s s  t h e  s p e a k e r  c o n f i g u r a t i o n  

c h a n g e s .  A s  s u c h ,  i n  t h e  s u b s e q u e n t  s e c t i o n s ,  A m b i s o n i c s  w i l l  b e  l e f t  o u t  o f  t h e  t i m i n g  a n a l y s i s .

T h e  W F S  i m p l e m e n t a t i o n  w a s  d i f f e r e n t ,  a s  i t  r e q u i r e d  a n  X M O S  b a s e d  m i x e r  t o  b e  i m p l e m e n t e d  w i t h  d e l a y  

b u f f e r s .  T h e  m e m o r y  o f  t h e  X M O S  p r o c e s s o r  i s  c o n s t r a i n e d  t o  1 6  d e l a y  b u f f e r s  o f  1 0 2 4  s a m p l e s .  T h i s  

m e a n s  t h a t  a  t o t a l  o f  8  t r a c k  s o u r c e s  m a y  b e  i m p l e m e n t e d ,  w i t h  e a c h  s p e a k e r  h a v i n g  a  d e l a y  b u f f e r  f o r  a
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t r a c k .  A s  s h o w n  i n  F i g .  1 0 9 ,  t h e  t o t a l  a m o u n t  o f  t i m e  t a k e n  t o  u n p a c k  a n d  p e r f o r m  t h e  a t t e n u a t i o n - d e l a y  

b a s e d  m i x i n g  i s  1 1 . 0 7 p s / 0 . 0 1 1 0 7 m s  f o r  8  t r a c k  s o u r c e s .

v  w  f u n c t i o n  t e s t _ s t e  p l  w D e l  a y  :  1 1 . 0 7  u s  /  1 0 . 7 5  u s

>  : E  b l o c k  :  2 0 . 0  n s  ( x  1 )  /  2 0 . 0  n s  ( x  1 )

>  W  f u n c t i o n  u n p a c k M i x D e l a y V a l s  : 3 . 1 1  u s / 3 . 1 1  u s

>  : =  b l o c k  :  1 0 . 0  n s  ( x  1 ) / 1 0 . 0  n s  ( x  1 )

>  #  f u n c t i o n  a u d i o _ b u f f e r i n g _ s i m u l a t i o n _ w D e l a y  :  7 . 9 1  u s / 7 . 5 9  u s

>  : =  b l o c k  :  2 0 . 0  n s  ( x  1 )  /  2 0 . 0  n s  ( x  1 )

F i g .  1 0 9 :  XTA showing time taken to perform attenuation-delay based mixing within XMOS according to mixer 

parameters received from the host.

A s  h a s  b e e n  s h o w n  i n  t h e  a b o v e  s u b s e c t i o n ,  t h e  X M O S  p r o c e s s o r  i s  a b l e  t o  m a n a g e  t h e  m i x i n g  o f  t h e  a u d i o  

w i t h i n  a  s h o r t  a m o u n t  o f  t i m e .  F o r  s u b s e q u e n t  s t a g e s  o f  d i s t r i b u t i o n ,  s t e p s  2  a n d  3 ,  t h e  s p a t i a l  a u d i o  

r e n d e r i n g  c a l c u l a t i o n s  a r e  p e r f o r m e d  w i t h i n  t h e  X M O S  p r o c e s s o r .  T h e s e  c a l c u l a t i o n s  r e q u i r e  s i g n i f i c a n t l y  

m o r e  t i m e  t o  c o m p l e t e  a s  t h e y  a r e  m o r e  c o m p l e x  t h a n  s i m p l y  s e t t i n g  t h e  m i x e r  p a r a m e t e r s .

S t e p  2  o f  d i s t r i b u t i o n  r e q u i r e d  t h a t  t h e  X M O S  p r o c e s s o r  c a l c u l a t e  m i x e r  v a l u e s  a c c o r d i n g  t o  t r a c k  o b j e c t  

u p d a t e s  r e c e i v e d  f r o m  t h e  h o s t  a n d  t h e n  s e t  t h e  i n t e r n a l  m i x e r  m a t r i x  w h i l s t  h a v i n g  t h e  S H A R C  p r o c e s s o r  

b y p a s s e d .  E a c h  p r o c e s s o r  w a s  r e q u i r e d  t o  p e r f o r m  3  m a i n  s t e p s ,

1 .  U n p a c k i n g  t h e  t r a c k  o b j e c t  m o d e l .

2 .  S o l v i n g  m i x e r  v a l u e s  a c c o r d i n g  t o  a n  a l g o r i t h m .

3 .  M i x i n g  w i t h i n  t h e  X M O S  p r o c e s s o r . W W

S t e p  3  o f  d i s t r i b u t i o n  i s  s i m i l a r  t o  s t e p  2 ,  e x c e p t  t h e  a u d i o  m i x i n g  i s  d o n e  i n  t h e  S H A R C  D S P  c h i p  i n s t e a d  

o f  t h e  X M O S .  T h i s  r e q u i r e s  t h e  f o l l o w i n g ,

1 .  U n p a c k i n g  t h e  t r a c k  o b j e c t  m o d e l .

2 .  S o l v i n g  m i x e r  v a l u e s  a c c o r d i n g  t o  a n  a l g o r i t h m .

3 .  L o a d i n g  t h e  m i x e r  v a l u e s  t o  t h e  S H A R C  m i x e r .

I t  i s  s h o w n  i n  t h e  f o l l o w i n g  s e c t i o n s  t h a t  t h e s e  t w o  d i f f e r e n t  p r o c e s s e s  r e q u i r e  s i m i l a r  a m o u n t s  o f  t i m e  d u e  

t o  t h e  f a c t  t h a t  t h e  t i m e  t a k e n  t o  p e r f o r m  t h e  m i x i n g  o f  t h e  a u d i o  i s  n e g l i g i b l e  w h e n  c o m p a r e d  t o  t h e  t i m e  

t a k e n  t o  p e r f o r m  t h e  c a l c u l a t i o n s .

8.2.2.2.1 XTA Timings for Endpoint Distribution of DBAP

T h e  g r a p h  i n  F i g .  1 1 0  s h o w s  t h e  o u t p u t  g i v e n  b y  t h e  X T A  f o r  t h e  v a r i o u s  t e s t  c a s e s  f o r  D B A P  a t  s t e p  2  o f  

d i s t r i b u t i o n .  T h e  y - a x i s  s h o w s  t h e  a m o u n t  o f  t i m e  i n  s e c o n d s  a n d  t h e  x - a x i s  s h o w s  t h e  n u m b e r  o f  s p e a k e r s .  

E a c h  l i n e  i n  t h e  g r a p h  r e p r e s e n t s  t h e  t i m e  t a k e n  f o r  a  p a r t i c u l a r  n u m b e r  o f  s o u r c e s  b e i n g  p a n n e d  

s i m u l t a n e o u s l y .

A s  s e e n  i n  t h i s  g r a p h ,  t h e  a m o u n t  o f  t i m e  t a k e n  b y  t h e  n u m b e r  o f  s o u r c e s  i n c r e a s e s  l i n e a r l y  w i t h  e a c h  

i n t e r v a l  o f  s p e a k e r s .  T h e s e  r e s u l t s  s h o w  t h a t  f o r  t h e  w o r s t  c a s e  o f  1 0 0  s p e a k e r s ,  o n l y  t h e  c a l c u l a t i o n s  f o r  a  

s i n g l e  s o u r c e  b e i n g  p a n n e d  w e r e  a b l e  t o  b e  c o m p l e t e d  w i t h i n  t h e  8 . 3 m s  w i n d o w .  8  s o u r c e s  w o u l d  b e  a b l e  t o  

b e  p a n n e d  s i m u l t a n e o u s l y  t o  a n y  s p e a k e r  a r r a y  u n d e r  1 5  s p e a k e r s .  O n c e  t h e  n u m b e r  o f  s o u r c e s  i n c r e a s e d
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a b o v e  8  s o u r c e s ,  t h e  X M O S  p r o c e s s o r  w a s  n o t  a b l e  t o  c o m p l e t e  t h e  c a l c u l a t i o n s  i n  t i m e .  T h e  w o r s t  c a s e  o f  

3 2  t r a c k  s o u r c e s  b e i n g  p a n n e d  s i m u l t a n e o u s l y  t o  1 0 0  s p e a k e r s  r e s u l t e d  i n  a  t i m e  o f  1 7 2 m s ,  w a y  b e y o n d  t h e  

8 . 3 m s  w i n d o w .  O f  p a r t i c u l a r  m e n t i o n  i s  t h e  a m o u n t  o f  t i m e  i t  t o o k  t o  p e r f o r m  t h e  s q u a r e  r o o t  c a l c u l a t i o n .  

T h i s  w a s  t h e  m o s t  t i m e - c o n s u m i n g  o p e r a t i o n  w h i c h  t o o k  1 3 . 8 7 p s  a n d  w a s  v e r y  l a r g e  i n  c o m p a r i s o n  t o  

o t h e r  o p e r a t i o n s .

D B A P  T i m e s  i n  X M O S  f o r  S t e p  2  o f  D i s t r i b u t i o n

F i g .  I l l  s h o w s  t h e  r e s u l t s  o f  t h e  D B A P  i m p l e m e n t a t i o n  w i t h  f u r t h e r  d i s t r i b u t i o n  o f  m i x i n g  t o  t h e  S H A R C .  

A s  s e e n  i n  t h i s  g r a p h ,  t h e  a m o u n t  o f  t i m e  t a k e n  t o  p e r f o r m  t h e  D B A P  c a l c u l a t i o n s  a n d  l o a d i n g  t h e  o u t p u t  

i n t o  t h e  S H A R C  i s  v e r y  s i m i l a r  t o  s t e p  2 .  T h e  w a y  i n  w h i c h  t h e  X M O S  l o a d s  t h e  m i x i n g  p a r a m e t e r s  o n t o  

t h e  S H A R C  t a k e s  a  s i m i l a r  a m o u n t  o f  t i m e  t o  t h e  p r o c e s s  o f  s e t t i n g  t h e  X M O S  m i x e r  a n d  m i x i n g  t h e  a u d i o  

s a m p l e s .

D B A P  T i m e s  i n  X M O S  f o r  S t e p  3  o f  D i s t r i b u t i o n
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S.2.2.2.2 XTA Timings for Endpoint Distribution of VBAP

A s  d e s c r i b e d  e a r l i e r  i n  s e c t i o n  8 . 2 . 1 . 2 ,  t h e  t i m e  t a k e n  t o  p e r f o r m  V B A P  i s  d e p e n d e n t  o n  t h e  n u m b e r  o f  

f a c e s  i n  t h e  c o n v e x  h u l l .  A  s e r i e s  o f  r a n d o m  s p e a k e r  a r r a y s  w e r e  g e n e r a t e d  a n d  t h e  n u m b e r  o f  f a c e s  i n  t h e  

h u l l  c o r r e s p o n d i n g  t o  t h e  s p e a k e r  s i z e  w a s  u s e d  f o r  t h e  n u m b e r  o f  l o o p s  i n  t h e  c a l c u l a t i o n .

T h e  g r a p h  s h o w i n g  t h e  a m o u n t  o f  t i m e  t a k e n  b y  t h e  X M O S  p r o c e s s o r  t o  c a l c u l a t e  V B A P  i s  s h o w n  i n  Fig. 
108. T h i s  g r a p h  s h o w s  t h a t  t h e  X M O S  p r o c e s s o r  w a s  o n l y  a b l e  t o  p e r f o r m  t h e  p a n n i n g  c a l c u l a t i o n s  f o r  1  

s o u r c e  i n  t i m e ,  w h i c h  w a s  l i m i t e d  t o  8 0  s p e a k e r s .  8  s o u r c e s  w e r e  a b l e  t o  b e  p a n n e d  s i m u l t a n e o u s l y  t o  a  

m a x i m u m  o f  1 0  s p e a k e r s .  F o r  a l l  o t h e r  n u m b e r s  o f  s o u r c e s  a n d  s p e a k e r s ,  t h e  c a l c u l a t i o n s  w e r e  u n a b l e  t o  

c o m p l e t e  w i t h i n  t h e  8 . 3 m s  w i n d o w .  F u r t h e r m o r e ,  t h e  a m o u n t  o f  t i m e  t a k e n  d r a s t i c a l l y  i n c r e a s e s  a b o v e  t h e  

8 . 3 m s  t i m e  t o  3 2 0 m s  f o r  t h e  w o r s t  c a s e  o f  3 2  s o u r c e s  p a n n e d  t o  1 0 0  s p e a k e r s  s i m u l t a n e o u s l y .

A s  s h o w n  b y  t h e  g r a p h  i n  Fig. 113, t h e  a m o u n t  o f  t i m e  t a k e n  d o e s  n o t  c h a n g e  s i g n i f i c a n t l y  i n  c o m p a r i s o n  

t o  s t e p  2 .  T h e  c a l c u l a t i o n s  r e q u i r e d  b y  t h e  V B A P  i m p l e m e n t a t i o n  a r e  t o o  t i m e  c o n s u m i n g  t o  p r o v i d e  a n  

e f f e c t i v e  s o l u t i o n  w h e n  i m p l e m e n t e d  o n  t h e  X M O S  p r o c e s s o r .
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8.2.2.23 XTA Timings for Endpoint Distribution of WFS

T h e  W F S  c a l c u l a t i o n s  w e r e  r e q u i r e d  t o  h a p p e n  o n  a  p e r  s p e a k e r  b a s i s .  S i n c e  e a c h  e n d p o i n t  w a s  a t t a c h e d  t o  

a t  m o s t  2  s p e a k e r s ,  e a c h  e n d p o i n t  w a s  o n l y  r e q u i r e d  t o  d o  W F S  c a l c u l a t i o n s  f o r  a t  m o s t  2  s p e a k e r s .  Table 

19 s h o w s  t h e  a m o u n t  o f  t i m e  t a k e n  b y  t h e  X M O S  p r o c e s s o r  t o  p e r f o r m  t h e  W F S  c a l c u l a t i o n s .  T h e  w o r s t  

c a s e  b e i n g  3 2  t r a c k  s o u r c e s  p a n n e d  s i m u l t a n e o u s l y  t o  2  s p e a k e r s .  T h e s e  r e s u l t s  s h o w  t h a t  e a c h  e n d p o i n t  w a s  

a b l e  t o  c o m p l e t e  t h e  W F S  p a n n i n g  c a l c u l a t i o n s  f o r  t h e  s p e a k e r s  a t t a c h e d  t o  t h e  e n d p o i n t  w i t h i n  6 . 0 2 3 5 5 m s  

w h i c h  i s  w e l l  w i t h i n  t h e  8 . 3 m s  w i n d o w .  T h i s  m e a n s  t h a t  t h e o r e t i c a l l y ,  r e a l - t i m e  c a l c u l a t i o n s  o f  t h e  W F S  

a l g o r i t h m  f i t  w e l l  w i t h i n  t h e  e n d p o i n t  d i s t r i b u t e d  i m p l e m e n t a t i o n .

A s  m e n t i o n e d  p r e v i o u s l y  i n  s e c t i o n  8 . 2 . 2 . 1 ,  t h e  o n l y  c o n s t r a i n t  o f  s t e p  2  o f  t h e  e n d p o i n t  d i s t r i b u t i o n  w a s  

t h a t  W F S  w a s  l i m i t e d  t o  1 6  d e l a y  b u f f e r s  o f  1 0 2 4  s a m p l e s .  T h i s  r e s u l t e d  i n  t h e  X M O S  o n l y  b e i n g  a b l e  t o  

d e l a y  a  m a x i m u m  o f  8  t r a c k s  f o r  e a c h  s p e a k e r .

Table 19: W F S  t i m e s  f o r  X M O S  c a l c u l a t i o n s  a n d  

X M O S  m i x i n g .

S o u r c e s S p e a k e r s

1 2

1 0 , 1 0 4 5 9 0 , 1 9 6 4 8

8 0 , 7 7 7 4 3 1 , 5 1 2 2 7

T h i s  c o n s t r a i n t  i s  a v o i d e d  w h e n  u s i n g  t h e  S H A R C  D S P  m i x e r  m a t r i x .  T h e  S H A R C  m i x e r  m a t r i x  a l l o w s  f o r  

6 4  d e l a y  b u f f e r s  o f  1 0 2 4  s a m p l e s  t o  b e  i m p l e m e n t e d  w h i c h  m e a n s  t h a t  3 2  t r a c k  s o u r c e s  m a y  b e  m i x e d  t o  t h e  

2  s p e a k e r s  a t t a c h e d  t o  t h e  e n d p o i n t .  Table 20 s h o w s  t h e  r e s u l t s  o f  t h e  W F S  p r o f i l i n g  t e s t s .  S i n c e  e a c h  S P K -  

4 P  h a d  a t t a c h e d  2  s p e a k e r s ,  t h e  p r o c e s s o r  o n l y  n e e d e d  t o  c a l c u l a t e  t h e  a l g o r i t h m  f o r  t h e  s p e a k e r s  t h a t  w e r e  

a t t a c h e d  t o  i t .  T h e  r e s u l t s  s h o w  t h a t  t h e  X M O S  W F S  c a l c u l a t i o n  f o r  3 2  t r a c k s  t o  b o t h  i t s  a t t a c h e d  s p e a k e r s  

w a s  w e l l  w i t h i n  t h e  8 . 3 m s  t i m e  l i m i t .

Table 20: W F S  t i m e s  f o r  X M O S  c a l c u l a t i o n s  a n d  

m i x i n g  w i t h i n  t h e  S H A R C .

S o u r c e s S p e a k e r s

1 2

1 0 , 0 9 6 8 3 0 , 1 8 8 7 2

8 0 , 7 6 9 6 7 1 , 5 0 4 5 1

16 1 , 5 3 8 6 3 3 , 0 0 8 2 7

24 2 , 3 0 7 5 9 4 , 5 1 2 0 3

32 3 , 0 7 6 5 5 6 , 0 1 5 7 9

8.3 Host Processor Load Tests

D B A P ,  V B A P  a n d  W F S  r e q u i r e d  t h a t  c a l c u l a t i o n s  f o r  t h e  m i x i n g  v a l u e s  b e  s o l v e d  w h e n e v e r  a  s o u r c e  i s  

m o v e d .  T h i s  r e q u i r e s  a  p e r c e n t a g e  o f  t h e  C P U  t o  p e r f o r m  t h e  a l g o r i t h m ’ s  c a l c u l a t i o n s .

I n  o r d e r  t o  d e t e r m i n e  t h e  C P U  l o a d  e x e r t e d  b y  I m m e r G o  i n  c o n j u n c t i o n  w i t h  D A W  s o f t w a r e  o n  t h e  h o s t  

m a c h i n e ,  a  s e r i e s  o f  p a n n i n g  t e s t s  w e r e  d o n e  f o r  e a c h  a l g o r i t h m .  T h e s e  t e s t s  c o n s i s t e d  o f  p a n n i n g  1 ,  8 ,  1 6 ,
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2 4  a n d  3 2  s o u r c e s  t o  v a r y i n g  s p e a k e r  a r r a y  s i z e s  o f  1 4 ,  5 0 ,  7 5  a n d  1 0 0 .  T h e  s p e a k e r s  w e r e  g e n e r a t e d  

a c c o r d i n g  t o  t h e  g e o m e t r y  r e q u i r e d  b y  e a c h  a l g o r i t h m  s i m i l a r  t o  w h a t  w a s  d o n e  i n  s e c t i o n  8 . 2 . 1 .

T o  s i m u l a t e  a  t y p i c a l  s p a t i a l  a u d i o  p r o j e c t ,  a  R e a p e r  D A W  w a s  s e t  u p  a l o n g s i d e  t h e  I m m e r G o  a p p l i c a t i o n .  

T h e  R e a p e r  p r o j e c t  c o n t a i n e d  t h e  s a m e  n u m b e r  o f  t r a c k s  r e q u i r e d  b y  e a c h  t e s t ,  w i t h  e a c h  t r a c k  h a v i n g  

e q u a l i z e r ,  c o m p r e s s o r  a n d  r e v e r b  p l u g i n s  i n  t h e i r  f x  c h a i n .

E a c h  p a n n i n g  t e s t  s p a n n e d  2 0  s e c o n d s .  A n  a u t o m a t i o n  t r a c k  w a s  c r e a t e d  f o r  a  s i n g l e  s o u r c e  a n d  t h e n  

d u p l i c a t e d  f o r  f u r t h e r  s o u r c e s  t o  e n s u r e  t h a t  I m m e r G o  w a s  c a l c u l a t i n g  t h e  m i x e r  v a l u e s  f o r  m u l t i p l e  

s o u r c e s  f o r  e v e r y  M T C  t i m e s t a m p .

T h e  I m m e r G o  h o s t  a p p l i c a t i o n ’ s  C P U  l o a d  w a s  p r o f i l e d  u s i n g  t h e  “ t o p ”  b a s h  t o o l 4 2 .  “ T o p ”  o u t p u t s  t h e  

C P U  l o a d  e x e r t e d  b y  a p p l i c a t i o n s  e v e r y  s e c o n d .  A  s i m p l e  s c r i p t  w a s  s e t  u p  t o  l o g  t h e  C P U  l o a d  o f  t h e  

I m m e r G o  a n d  R e a p e r  a p p l i c a t i o n s  t o  a  f i l e .  T h e  a v e r a g e  o f  t h e s e  v a l u e s  w a s  t h e n  c a l c u l a t e d  t o  d e t e r m i n e  

t h e  a v e r a g e  a m o u n t  o f  C P U  l o a d  e x e r t e d  b y  a  p a r t i c u l a r  a l g o r i t h m  b e i n g  r u n .  I n  o r d e r  t o  g a i n  a n  

u n d e r s t a n d i n g  o f  t h e  l o a d  e x e r t e d  b y  b o t h  I m m e r G o  a n d  R e a p e r ,  t h e i r  a m o u n t  w a s  c o m b i n e d .

4 2  h t t p s : / / s s 6 4 . c o m / b a s h / t o p . h t m l

A s  m e n t i o n e d  a t  t h e  b e g i n n i n g  o f  t h i s  c h a p t e r ,  t h e  I n t e l  i 5  p r o c e s s o r  i n c l u d e s  2  c o r e s  w i t h  h y p e r t h r e a d i n g .  

H y p e r t h r e a d i n g  i s  d e s i g n e d  t o  a l l o w  f o r  m u l t i p l e  a p p l i c a t i o n s  r u n n i n g  s i m u l t a n e o u s l y  t o  r u n  i n  p a r a l l e l  o n  

t h e  s a m e  c o r e .  A  c o r e  w i t h  h y p e r t h r e a d i n g  m e a n s  t h a t  t h e  o p e r a t i n g  s y s t e m  a d d r e s s e s  2  v i r t u a l  l o g i c  c o r e s .  

B y  d o i n g  t h i s ,  i t  m e a n s  t h a t  s h o u l d  a n  a p p l i c a t i o n  s a t u r a t e  t h e  c o r e  w i t h  o p e r a t i o n s ,  t h e r e  i s  s t i l l  a  c o r e  

a v a i l a b l e  f o r  a n o t h e r  a p p l i c a t i o n ’ s  t h r e a d  t o  b e  p r o c e s s e d .  I t  d o e s  n o t  m e a n  t h a t  t h e  a p p l i c a t i o n  s a t u r a t i n g  

t h e  c o r e  w i l l  a l s o  u s e  t h e  o t h e r  v i r t u a l  c o r e  ( M a r r ,  e t  a l . ,  2 0 0 2  ) .

T h i s  c a n  c o n f u s e  t h e  t o p  t o o l  m e a s u r e m e n t s ,  a s  h a v i n g  4  l o g i c a l  c o r e s  s h o u l d  m e a n  t h a t  t h e  p r o c e s s o r  

s h o u l d  t h e o r e t i c a l l y  b e  a b l e  t o  h a v e  a  m a x i m u m  o f  4 0 0 %  C P U  a v a i l a b l e  t o  a n y  a p p l i c a t i o n ,  h o w e v e r ,  t h i s  i s  

n o t  t h e  c a s e  a s  t h e  v i r t u a l  c o r e s  a r e  s a v e d  f o r  o t h e r  a p p l i c a t i o n s .  I n  c e r t a i n  c a s e s ,  w i t h i n  t h e s e  t e s t s ,  “ t o p ”  

s h o w e d  t h a t  t h e  t o t a l  p r o c e s s o r  u s a g e  w a s  w e l l  o v e r  2 0 0 % .  W h e n  t h i s  h a p p e n e d ,  t h e  a p p l i c a t i o n  s l o w e d  

d o w n  w h i c h  i n d i c a t e d  t h a t  t h e  C P U  w a s  d e l a y e d  d u e  t o  t h e  o p e r a t i o n s .  I t  w a s  d e c i d e d  t h a t  f o r  t h e  l o a d  

t e s t s ,  a n y  a p p l i c a t i o n  r u n n i n g  a b o v e  2 0 0 %  w o u l d  b e  c o n s i d e r e d  a s  s a t u r a t i n g  b o t h  c o r e s .  T h e  a m o u n t  o f  

p e r c e n t a g e  a b o v e  t h a t  w o u l d  b e  t h e  p e r c e n t a g e  o f  t h e  p r o c e s s o r  t h a t  w a s  n e e d e d  t o  w a i t  t o  b e  p r o c e s s e d .

8.3.1 Host CPU Load Results for DBAP

Fig. 114 s h o w s  t h e  r e s u l t s  o f  t h e  C P U  l o a d  e x e r t e d  b y  t h e  h o s t  w h e n  u s i n g  D B A P .  H e r e ,  t h e  d o t t e d  l i n e s  

s h o w  t h e  p r o c e s s o r  u s a g e  f o r  a  d i f f e r e n t  n u m b e r  o f  s o u r c e s  p a n n e d  w i t h  t h e  D B A P  c a l c u l a t i o n s  d i s t r i b u t e d  

t o  t h e  e n d p o i n t s .  T h e  s o l i d  l i n e s  s h o w  t h e  C P U  l o a d  e x e r t e d  o n  t h e  p r o c e s s o r  w h e n  t h e  D B A P  c a l c u l a t i o n s  

a r e  p e r f o r m e d  w i t h i n  I m m e r G o .

F o r  t h e  w o r s t  c a s e  o f  3 2  t r a c k  s o u r c e s  b e i n g  p a n n e d  t o  1 0 0  s p e a k e r s  s i m u l t a n e o u s l y ,  3 9 %  o f  t h e  h o s t  C P U  

w a s  u s e d .  A s  s h o w n  i n  Fig. 115, t h i s  w a s  i n c r e a s e d  b y  2 8 %  w h e n  i n c l u d e d  w i t h  t h e  R e a p e r  p r o j e c t .

I n t e r e s t i n g l y ,  w h e n  1  s o u r c e  w a s  b e i n g  p a n n e d  t o  1 4  s p e a k e r s ,  t h e  C P U  l o a d  w a s  s i m i l a r  t o  t h e  c a l c u l a t i o n s  

h a p p e n i n g  w i t h i n  t h e  s e r v e r .  T h i s  m e a n s  t h a t  t h e  o v e r h e a d  o f  p a c k e t i z i n g  t h e  d a t a  p r i o r  t o  s e n d i n g  t o  t h e

https://ss64.com/bash/top.html
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e n d p o i n t s  w a s  s i m i l a r  t o  a c t u a l l y  p e r f o r m i n g  t h e  D B A P  a l g o r i t h m  a n d  p a c k e t i z i n g  t h e  m i x e r  v a l u e s .

H o w e v e r ,  a s  t h e  n u m b e r  o f  s o u r c e s  i n c r e a s e s ,  t h e  C P U  l o a d  e s c a l a t e d .

D B A P  C e n t r a l i z e d  v s  D i s t r i b u t e d

1 0 0 , 0 0 %

9 0 , 0 0 %

8 0 , 0 0 %

7 0 , 0 0 %  

«  6 0 , 0 0 %  

5  5 0 , 0 0 %  

Q  4 0 , 0 0 %

3 0 , 0 0 %  

2 0 , 0 0 %  

1 0 , 0 0 %

0 , 0 0 %

1 4  5 0  7 5  1 0 0
S p e a k e r s

^ ^ —  1  t r a c k  ^ ^ ^ —  8  t r a c k s  ^ ^ ^  1 6  t r a c k s  ^ ^ ^  2 4  t r a c k s  ^ ^ ^ —  3 2  t r a c k s

—  —  —  1  t r a c k  -  —  —  - S t r a c k s  —  —  —  -  1 6 t r a c k s  —  —  —  -  2 4 t r a c k s  —  —  —  - 3 2 t r a c k s

F i g .  1 1 4 :  H o s t  C P U  l o a d s  f o r  D B A P .

8.3.2 Host CPU Load Results for VBAP

T h e  p e r c e n t a g e  o f  C P U  b e i n g  u t i l i z e d  w h e n  p e r f o r m i n g  V B A P  s t a n d a l o n e  i s  s h o w n  i n  Fig. 116 b e l o w .  T h i s  

g r a p h  s h o w s  t h a t  t h e  p r o c e s s o r  b e n e f i t t e d  g r e a t l y  w h e n  u s i n g  t h e  d i s t r i b u t e d  a p p r o a c h ,  w i t h  t h e  d i s t r i b u t e d  

a p p r o a c h  r e m a i n i n g  r e l a t i v e l y  c o n s t a n t  f o r  t h e  i n c r e a s i n g  n u m b e r  o f  s o u r c e s  a n d  s p e a k e r s .  I t  i s  a l s o  s h o w n  

b y  t h i s  g r a p h  t h e  h o s t  p r o c e s s o r  b e c a m e  e x t r e m e l y  b u s y  w h e n  p e r f o r m i n g  t h e  V B A P  c a l c u l a t i o n s .  A s  s h o w n  

i n  t h e s e  r e s u l t s ,  w h e n  p a n n i n g  2 4  o r  3 2  t r a c k s  t o  1 4  s p e a k e r s  a n d  a b o v e ,  t h e  p r o c e s s o r  l o a d  i s  2 0 0 %  a n d  s o  

i s  f u l l y  e x e r t e d .
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T h e  h i g h  C P U  u t i l i z a t i o n  w a s  n o t e d  w h e n  d o i n g  t h e  t e s t  a s  t h e  I m m e r G o  a p p l i c a t i o n  s l o w e d  d o w n  

s i g n i f i c a n t l y  w h e n  p a n n i n g  m o r e  t h a n  a  s i n g l e  s o u r c e .  T h i s  i s  u n d e r s t a n d a b l e  w h e n  c o n s i d e r i n g  t h e  a m o u n t  

o f  t i m e  t a k e n  b y  t h e  p r o c e s s o r  t o  c o m p l e t e  t h e  V B A P  c a l c u l a t i o n s ,  a s  s h o w n  i n  s e c t i o n  8 . 2 . 1 . 2 .  Fig. 117 

s h o w s  t h a t  w h e n  c o m b i n e d  w i t h  t h e  R e a p e r  D A W ,  i t  i s  r e a s o n a b l e  t o  c o n c l u d e  t h a t  t h e  V B A P  a l g o r i t h m  i s  

t o o  p r o c e s s o r  i n t e n s i v e  f o r  t h e  c u r r e n t  i m p l e m e n t a t i o n  t o  b e  a n  e f f e c t i v e  s o l u t i o n  w i t h  t h e  c a l c u l a t i o n s  

h a p p e n i n g  i n  r e a l - t i m e .  H e r e  w e  s e e  t h e  p r o c e s s o r  u s a g e  j u m p  t o  3 0 0 % .

V B A P  C e n t r a l i z e d  v s  D i s t r i b u t e d

F i g .  1 1 7 :  H o s t  C P U  l o a d s  f o r  V B A P  w i t h  R e a p e r .
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8.3.3 Host CPU Loads for WFS

T h e  C P U  l o a d  e x e r t e d  b y  t h e  W F S  a l g o r i t h m  i s  s h o w n  i n  Fig. 118. W F S  l i e s  b e t w e e n  D B A P  a n d  V B A P  

w i t h  h o w  r e g a r d  t o  h o w  m u c h  l o a d  i t  e x e r t s  o n  t h e  C P U .  A s  s h o w n  i n  Fig. 119, w h e n  c o m b i n e d  w i t h  

R e a p e r ,  t h e  p r o c e s s o r  u s a g e  i n c r e a s e s  t o  1 1 0 % .  A s  w i t h  t h e  p r e v i o u s  a l g o r i t h m s ,  d i s t r i b u t i n g  t h e  

c a l c u l a t i o n s  t o  t h e  e n d p o i n t  f r e e s  u p  t h e  h o s t  C P U  s i g n i f i c a n t l y .

W F S  C e n t r a l i z e d  v s  D i s t r i b u t e d

1 0 0 , 0 0 %

9 0 , 0 0 %  

8 0 , 0 0 %

7 0 , 0 0 %

§  6 0 , 0 0 %

5 0 , 0 0 %

P H  4 0 , 0 0 %

3 0 , 0 0 %

2 0 , 0 0 %  

1 0 , 0 0 %

0 , 0 0 %

^ — ^ —  1  t r a c k  ^ ^ —  8  t r a c k s ^ ^ —  1 6  t r a c k s  ^ ^ —  2 4  t r a c k s  —  3 2  t r a c k s

1  t r a c k  -  —  —  - S t r a c k s  -  —  —  - 1 6 t r a c k s  -  —  —  - 2 4 t r a c k s  -  —  —  - 3 2 t r a c k s

F i g .  1 1 8 :  H o s t  C P U  l o a d s  f o r  I m m e r G o  W F S .

W F S  C e n t r a l i z e d  v s  D i s t r i b u t e d  w i t h  R e a p e r

1 1 0 , 0 0 %  

1 0 0 , 0 0 %  

9 0 , 0 0 %  

8 0 , 0 0 %

-  7 0 , 0 0 %

J  6 0 , 0 0 %

£  5 0 , 0 0 %
P H  3

U  4 0 , 0 0 %

3 0 , 0 0 %

2 0 , 0 0 %  

1 0 , 0 0 %  

0 , 0 0 %

- - - - - - - - - 1  t r a c k - - - - - - - - - 8  t r a c k s  - - - - - - - - - - 1 6  t r a c k s  - - - - - - - - - - 2 4  t r a c k s  ^ — ^ —  3 2  t r a c k s

1  t r a c k S t r a c k s  - - - -  1 6  t r a c k s  2 4  t r a c k s  3 2  t r a c k s

F i g .  1 1 9 :  H o s t  C P U  l o a d s  f o r  I m m e r G o  W F S  w i t h  R e a p e r .
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A m b i s o n i c s  d e c o d i n g  i s  d i f f e r e n t  f r o m  t h e  o b j e c t - b a s e d  r e n d e r i n g  a l g o r i t h m s ,  D B A P ,  V B A P  a n d  W F S .  T h e  

d e c o d i n g  p r o c e s s  i s  r e q u i r e d  t o  h a v e  m i x e r  m a t r i x  v a l u e s  s e t  o n l y  o n c e  f o r  t h e  s p e a k e r  c o n f i g u r a t i o n .  A s  

s u c h ,  a  t i m i n g  p r o f i l i n g  t e s t  i s  n o t  r e q u i r e d  b e c a u s e  t h e  m i x e r  m a t r i x  n e e d n ’ t  b e  u p d a t e d  w h e n  a  t r a c k  

o b j e c t  i s  m o v e d .

I n  o r d e r  t o  d e t e r m i n e  t h e  p r o c e s s i n g  l o a d  t h a t  w o u l d  b e  m i t i g a t e d  b y  o f f l o a d i n g  t h e  A m b i s o n i c s  m i x i n g  t o  

t h e  e n d p o i n t s ,  p r o c e s s i n g  l o a d s  w e r e  p e r f o r m e d  o n  a  t y p i c a l  A m b i s o n i c  d e c o d e r  p l u g i n .  T h e  p l u g i n  u s e d  i s  

f r o m  t h e  S P A R T A  A m b i s o n i c  s u i t e  4 3  a n d  h a s  o p t i o n s  f o r  v a r i o u s  d e c o d e r s  u p  t o  7 t h  o r d e r  4 4 .  C u r r e n t l y ,  t h e  

e n d p o i n t s  a r e  o n l y  a b l e  t o  r e c e i v e  u p  t o  3 2  c h a n n e l s  w h i c h  m e a n s  t h a t  a  m a x i m u m  o f  4 t h  o r d e r  A m b i s o n i c s  

i s  a b l e  t o  b e  p e r f o r m e d .  T h e  f o l l o w i n g  l o a d  t e s t s  s h o w  t h e  C P U  l o a d  o f  t h e  R e a p e r  D A W  w h e n  d e c o d i n g  

f r o m  1 s t  t o  4 t h  o r d e r  A m b i s o n i c s .  T h e  l o u d s p e a k e r  c o n f i g u r a t i o n s  t h a t  w e r e  d e c o d e d  t o  a r e  g i v e n  i n  t h e  

S A D I E  A m b i s o n i c  d e c o d e r  d a t a b a s e  ( S A D I E  -  S p a t i a l  A u d i o  f o r  D o m e s t i c  I n t e r a c t i v e  E n t e r t a i n m e n t ,  

2 0 1 9 ) ,

1 .

2 .

3 .

4 .

1 s t  o r d e r  -  a  c u b e  -  8  s p e a k e r s .

2 n d  o r d e r  -  a n  i c o s a h e d r o n  -  1 2  s p e a k e r s .

3 r d  o r d e r  -  7 - d e s i g n  -  2 4  s p e a k e r s .

4 t h  o r d e r  -  a  p e n t a k i s  d o d e c a h e d r o n  -  3 2  s p e a k e r s .

A s  s h o w n  i n  F i g .  1 2 0 ,  t h e  C P U  l o a d  e x e r t e d  b y  R e a p e r  w i t h o u t  a n y  A m b i s o n i c s  d e c o d i n g  t a k i n g  p l a c e  i s  

u n d e r  1 0 % .  W h e n  i n c r e a s i n g  t h e  o r d e r  o f  t h e  e n c o d e d  c h a n n e l ,  t h e  s p e a k e r  c o n f i g u r a t i o n  s i z e  a l s o  

i n c r e a s e s .  H e r e  w e  s e e  t h a t  f o r  3 2  s p e a k e r s ,  w h i c h  c o u l d  h a v e  a  4 t h  o r d e r  A m b i s o n i c  s i g n a l  d e c o d e d  t o  i t ,  t h e  

C P U  l o a d  e x e r t e d  b y  R e a p e r  r e a c h e s  2 2 % .

4 3  h t t p : / / r e s e a r c h . s p a . a a l t o . f i / p r o j e c t s / s p a r t a  v s t s /

4 4  h t t p : / / r e s e a r c h . s p a . a a l t o . f i / p r o j e c t s / s p a r t a  v s t s / p l u g i n s . h t m l

http://research.spa.aalto.fi/projects/sparta_vsts/
http://research.spa.aalto.fi/projects/sparta_vsts/plugins.html
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8.4 Discussion of Results

T h e  t e s t s  d e s c r i b e d  a n d  i m p l e m e n t e d  w i t h i n  t h i s  c h a p t e r  h a v e  s h o w n  b o t h  p o s i t i v e  a n d  n e g a t i v e  a s p e c t s  o f  

d i s t r i b u t i n g  s p a t i a l  a u d i o  r e n d e r i n g  t o  t h e  e n d p o i n t s .  T h e  g e n e r a l  p o s i t i v e s  a r e ,

1 .  D B A P ,  V B A P  a n d  W F S  c a n  h a v e  t h e i r  c a l c u l a t i o n s ,  a s  w e l l  a s  m i x i n g  m o v e d  t o  t h e  s p e a k e r  

e n d p o i n t s  s u c h  t h a t  t h e y  a r e  s t i l l  a b l e  t o  l o c a l i z e  c o r r e c t l y ,  e v e n  t h o u g h  w i t h  c o n s t r a i n t s .

2 .  A m b i s o n i c s  d e c o d i n g  c a n  b e  p e r f o r m e d  s u c c e s s f u l l y  a t  t h e  s p e a k e r  e n d p o i n t s .

3 .  T h e  C P U  l o a d  e x e r t e d  o n  t h e  h o s t  p r o c e s s o r  c a n  b e  g r e a t l y  r e d u c e d  b y  d i s t r i b u t i n g  t h e  a l g o r i t h m s  

t o  t h e  e n d p o i n t s ,  w h i c h  f r e e s  u p  m o r e  p r o c e s s i n g  p o w e r  f o r  a  h o s t  a u d i o  a p p l i c a t i o n  s u c h  a s  a  

D A W .

T h e  r e s u l t s  a b o v e  a l s o  s h o w  t h a t  t h e r e  a r e  s o m e  i s s u e s  w h e n  d i s t r i b u t i n g  t h e  D B A P  a n d  V B A P  c a l c u l a t i o n s  

t o  t h e  e n d p o i n t s .  T h e s e  a r e  a s  f o l l o w s ,

1 .  F o r  V B A P  a n d  D B A P ,  t h e  X M O S  p r o c e s s o r  i s  n o t  a b l e  t o  c o m p l e t e  t h e  w o r s t  c a s e  o f  t h e  

c a l c u l a t i o n s  o f  3 2  t r a c k s  t o  1 0 0  s p e a k e r s  w i t h i n  t h e  8 . 3 m s  i n t e r v a l .  T h i s  b e i n g  s a i d ,  D B A P  i s  a b l e  t o  

p a n  1  s o u r c e  u p  t o  1 0 0  s p e a k e r s  a n d  8  s o u r c e s  t o  2 0  s p e a k e r s .  V B A P  w a s  a b l e  t o  p a n  1  s o u r c e  t o  8 0  

s p e a k e r s ,  a n d  e v e n  8  s o u r c e s  t o  1 0  s p e a k e r s .

2 .  V B A P  i s  e x t r e m e l y  p r o c e s s o r  i n t e n s i v e ,  w h i c h  i s  h i g h l i g h t e d  b y  t h e  l o a d  p e r c e n t a g e s  o n  t h e  h o s t

p r o c e s s o r .

T h e  r e s u l t s  h a v e  a l s o  s h o w n  t h a t  o f  t h e  t h r e e  s p a t i a l  a u d i o  a l g o r i t h m s  t h a t  r e q u i r e  n e w  m i x e r  v a l u e s  t o  b e  

c a l c u l a t e d  w h e n  t r a c k  s o u r c e s  a r e  m o v e d ,  V B A P  t u r n s  o u t  t o  b e  t h e  m o s t  p r o c e s s o r  i n t e n s i v e .  T h i s  i s  a n  

i n t e r e s t i n g  r e s u l t ,  a s  t h e  V B A P  m a t r i x  c a l c u l a t i o n  i s  a  r e l a t i v e l y  s i m p l e  c a l c u l a t i o n .  T h e  p r o b l e m  t h a t  a r i s e s  

w h e n  i m p l e m e n t i n g  V B A P  w i t h  m u l t i p l e  l o u d s p e a k e r s  i s  t h a t  t h e  c o n v e x  h u l l  g r o w s .  A s  t h e  c o n v e x  h u l l  

g r o w s ,  s o  d o e s  t h e  p r o c e s s o r  l o a d ,  b e c a u s e  t h e  m a t r i x  c a l c u l a t i o n  n e e d s  t o  b e  p e r f o r m e d  f o r  e a c h  f a c e  o f  t h e  

c o n v e x  h u l l  i n  o r d e r  t o  d e t e r m i n e  t h e  c o r r e c t  t r i p l e t  o f  s p e a k e r s  t o  u s e  f o r  t h e  l o c a l i z a t i o n .

O n e  m e t h o d  t h a t  m i g h t  b e  p o s s i b l e  t o  r e d u c e  t h e  p r o c e s s i n g  l o a d  e x e r t e d  b y  c a l c u l a t i n g  V B A P  v a l u e s ,  i s  t o  

p e r f o r m  a n  “ o f f l i n e ”  r e n d e r i n g .  T h i s  m e a n s  t h a t  a f t e r  t h e  c o n v e x  h u l l  h a s  b e e n  s o l v e d ,  t h e  s p e a k e r  g a i n s  f o r  

a l l  h o r i z o n t a l  a n d  v e r t i c a l  d i r e c t i o n s  a r e  c a l c u l a t e d  a n d  s t o r e d  i n  a  d i c t i o n a r y .  T h e n ,  w h e n  a  s o u r c e  i s  

m o v e d ,  t h e  g a i n s  f o r  a  p a r t i c u l a r  d i r e c t i o n  m a y  b e  f o u n d  i n  t h e  d i c t i o n a r y .  O f  c o u r s e ,  t h i s  w o u l d  m a k e  t h e  

a p p l i c a t i o n  m o r e  m e m o r y  i n t e n s i v e .  S i n c e  t h e  X M O S  p r o c e s s o r  h a s  l i m i t e d  m e m o r y ,  i t  w o u l d  b e  b e s t  t o  

h o l d  t h e  d i c t i o n a r y  o f  g a i n s  w i t h i n  t h e  I m m e r G o  a p p l i c a t i o n  o n  t h e  h o s t ,  a n d  t h e n  p e r f o r m  t h e  m i x i n g  a t  

t h e  e n d p o i n t s .

D B A P  i s  a  g o o d  c a n d i d a t e  t o  h a v e  i t s  c a l c u l a t i o n s  p r o c e s s e d  o n  t h e  h o s t  c o m p u t e r  a n d  t h e  a u d i o  m i x i n g  

p e r f o r m e d  a t  t h e  s p e a k e r  e n d p o i n t s .  T h e  h o s t  p r o c e s s o r  w o u l d  b e  a b l e  t o  c a l c u l a t e  t h e  s p e a k e r  e n d p o i n t  

m i x e r  v a l u e s  a t  t h e  e x p e n s i v e  o f  p r o c e s s i n g  p o w e r ,  h o w e v e r ,  t h e  c a l c u l a t i o n s  a r e  w e l l  w i t h i n  t h e  8 . 3 m s  

w i n d o w .

W F S  i s  a  g o o d  c a n d i d a t e  f o r  t h e  d i s t r i b u t i o n  o f  c a l c u l a t i o n s  a n d  m i x i n g  t o  t h e  e n d p o i n t s ,  a s  t h e  

c a l c u l a t i o n s  a r e  p e r f o r m e d  o n  a  p e r  s p e a k e r  b a s i s .  T h i s  m e a n s  t h a t  e a c h  p r o c e s s o r  i s  r e q u i r e d  t o  p e r f o r m
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t h e  r e n d e r i n g  c a l c u l a t i o n s  f o r  o n l y  t h e  s p e a k e r s  t h a t  a r e  a t t a c h e d  t o  i t .  T h e  r e s u l t s  s h o w  t h a t  u s i n g  t h e  

X M O S  p r o c e s s o r  f o r  t h e  d e l a y  a n d  a t t e n u a t i o n  m i x i n g  h a s  a  l i m i t e d  t r a c k  c o u n t  d u e  t o  t h e  m e m o r y  

c o n s t r a i n t s  i m p o s e d  b y  t h e  X M O S  p r o c e s s o r ,  w i t h  o n l y  8  t r a c k s  a t  m a x i m u m  b e i n g  a b l e  t o  b e  m i x e d .  A s  

s u c h ,  s t e p  3  o f  t h e  d i s t r i b u t e d  e n d p o i n t  p r o c e s s i n g  i s  c o n s i d e r e d  t h e  b e s t  m e t h o d  f o r  d i s t r i b u t i n g  t h e  

p r o c e s s i n g .  N o t  o n l y  i s  t h e  S H A R C  a b l e  t o  p e r f o r m  m o r e  D S P  p r o c e s s i n g  l i k e  f i l t e r i n g  a n d  a m p l i t u d e  

s m o o t h i n g  a s  d i s c u s s e d  i n  c h a p t e r  6 ,  b u t  i t s  p r o c e s s i n g  c a p a b i l i t y  a l s o  a l l o w s  f o r  3 2  t r a c k s  t o  b e  a t t e n u a t e d  

a n d  m i x e d .  T h e  X M O S  p r o c e s s o r  i s  a b l e  t o  p e r f o r m  t h e  c a l c u l a t i o n  o f  t h e  m i x i n g  v a l u e s  f o r  t h e  s p e a k e r s  

a t t a c h e d  t o  t h e  e n d p o i n t ,  a n d  t h e n  t h e  S H A R C  m i x e r  i s  a b l e  t o  p e r f o r m  t h e  D S P  o p e r a t i o n s  r e q u i r e d  f o r  i t s  

m i x i n g .

T h e  A m b i s o n i c s  l o a d  t e s t s  s h o w  t h a t  t h e  h o s t  C P U  d o e s  b e n e f i t  f r o m  o f f l o a d i n g  t h e  d e c o d i n g  t o  t h e  

e n d p o i n t s  a n d  t h e  p r o c e s s i n g  l o a d  e x e r t e d  o n  t h e  C P U  c a n  d e c r e a s e  b y  1 2 % .  I t  c a n  b e  s e e n  b y  t h e  g r a p h  

t h a t  t h e r e  i s  a  s t e a d y  i n c r e a s e  i n  t h e  a m o u n t  o f  l o a d  e x e r t e d  o n  t h e  p r o c e s s o r ,  s o  f o r  l a r g e r  s p e a k e r  

c o n f i g u r a t i o n s ,  t h e r e  w i l l  b e  a  n e e d  f o r  m o r e  p r o c e s s i n g  p o w e r  f o r  t h e  d e c o d i n g  s t a g e .  T y p i c a l l y ,  w h e n  

d e c o d i n g  a n  A m b i s o n i c  s o u n d f i e l d ,  n o t  m a n y  o t h e r  p r o c e s s e s  a r e  a d d e d  t o  t h e  e n c o d e d  a u d i o  c h a n n e l s ,  

a l t h o u g h  t h i s  m a y  c h a n g e  a s  m o r e  A m b i s o n i c s  s o f t w a r e  i s  r e l e a s e d .  T h e r e  a r e  a l r e a d y  a  n u m b e r  o f  p l u g i n s  

t h a t  i n c l u d e  A m b i s o n i c  e n c o d e d  s o u n d f i e l d  c o m p r e s s o r s ,  E Q s ,  d e l a y s ,  r e v e r b s  a n d  v i s u a l i z e r s  w h i c h  

p e r f o r m  m u l t i c h a n n e l  a u d i o  p r o c e s s i n g  o n  t h e  A m b i s o n i c  s o u n d f i e l d  4 5  4 6  4 7 .

4 5  h t t p s : / / p l u g i n s . i e m . a t /

4 6  h t t p s : / / w w w . s s a - p l u g i n s . c o m /

4 7  h t t p : / / w w w . m a t t h i a s k r o n l a c h n e r . c o m / ? p = 2 0 1 5

https://plugins.iem.at/
https://www.ssa-plugins.com/
http://www.matthiaskronlachner.com/?p=2015
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Chapter 9

Conclusion
Immersive sound is used in many different applications ranging from cinema, home cinema, museum and 

art installations, theatre performance, virtual reality, augmented reality and browser-based media. The term 

immersive sound encompasses the many different techniques that are used to have listeners sonically 

immersed in these different environments. Currently, there are two main methods of immersing a listener 

in sound, either headphone-based listening or 3D speaker configurations. The work that has been done in 

this thesis is concerned with research in the latter, termed ‘3D immersive sound’.

As discussed in chapter 1, 3D immersive sound is distinct from surround sound. Surround sound requires 

that a sound engineer deliver audio content as a fixed number of audio channels that feed a corresponding 

set of speakers positioned in a predefined layout. 3D immersive sound incorporates the use of a renderer 

that algorithmically calculates the mixing levels required to localize audio tracks to any speaker 

configuration. This renderer is then required to playback audio tracks based on their position in a spatial 

scene defined by object-based audio (OBA) spatial metadata or scene-based audio (SBA) encoded audio 

formats.

The need for distributed processing becomes prevalent as these sound scenes become larger and more 

complex. One such distributed system is the ‘ImmerGo’ 3D immersive audio system and is what was 

selected for study and modification in this thesis project.

9.1 ImmerGo as a Framework for Distributed Endpoint
Processing

ImmerGo is different from other distributed systems that make use of the “big box approach”. As discussed 

in chapters 1 and 2, it uses an endpoint distributed approach to spatial audio rendering. This is enabled by 

its client-server architecture, and the Ethernet AVB protocol it uses to interact with the endpoints.

The Ethernet AVB audio networking technology is used to stream the audio tracks contained within the 

DAW  synchronously to each endpoint processor. As well as this, the AVDECC protocol defined in 

Ethernet AVB provides the ability for ImmerGo to update the endpoint processors’ mixers according to the 

mixer values calculated by the DBAP algorithm within the ImmerGo server.

Looking at the endpoint distributed solution given by ImmerGo, it was speculated that the DBAP 

calculations processed within the server would start to overload the host processor prior to setting the 

endpoint mixers if running simultaneously with other signal processing software such as a DAW. This 

prompted the research hypothesis questioning whether the DBAP algorithm calculations and mixing could 

be offloaded to the endpoints.

Furthermore, it was apparent that ImmerGo could use alternative spatial audio rendering algorithms 

because of its object-based representation of speakers and track positions.
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9.2 Project Work

I n  t h e  i n t r o d u c t i o n  t o  t h e  t h e s i s ,  t h e  f o l l o w i n g  h y p o t h e s i s  w a s  p r o p o s e d :

i(The algorithmic processing required to deliver multichannel sound source localization can be successfully 

offloaded to processors that reside within speaker endpoints”

I n  o r d e r  t o  p r o v e  t h e  h y p o t h e s i s ,  t h e r e  w e r e  t w o  m a i n  g o a l s  f o r  p r o j e c t  w o r k  a s s o c i a t e d  w i t h  t h i s  r e s e a r c h :

1 .

2 .

I n c o r p o r a t e  f u r t h e r  3 D  i m m e r s i v e  a u d i o  r e n d e r i n g  a l g o r i t h m s  w i t h i n  I m m e r G o .

E x t e n d  t h e  d i s t r i b u t e d  e n d p o i n t  p r o c e s s i n g  a p p r o a c h  b y  o f f l o a d i n g  t h e  r e n d e r i n g  c a l c u l a t i o n s  f o r  

e a c h  o f  t h e s e  a l g o r i t h m s  t o  s p e a k e r  e n d p o i n t s ,  s u c h  t h a t  b o t h  t h e  s p a t i a l  a u d i o  r e n d e r i n g  

c a l c u l a t i o n s  a n d  m i x i n g  o c c u r  a t  t h e  e n d p o i n t  p r o c e s s o r s .

A s  s h o w n  b y  t h e  p r e v i o u s  c h a p t e r s ,  t h e s e  g o a l s  h a v e  b e e n  a t t a i n e d .  O b j e c t  b a s e d  a u d i o  ( O B A )  r e n d e r i n g  

a l g o r i t h m s  D B A P ,  V B A P  a n d  W F S  w e r e  i m p l e m e n t e d  w i t h i n  I m m e r G o ,  a s  w e l l  a s  t h e  d e c o d i n g  o f  

A m b i s o n i c s  S c e n e  b a s e d  a u d i o  ( S B A )  a t  t h e  s p e a k e r  e n d p o i n t s .  T h e  l i s t e n i n g  t e s t  e v a l u a t i o n  o f  t h e s e  

a l g o r i t h m s  h a s  c o n f i r m e d  t h a t  t h e  a l g o r i t h m s  h a v e  b e e n  s u c c e s s f u l l y  i m p l e m e n t e d .

T h e s e  g o a l s  h a v e  a l l o w e d  t h e  h y p o t h e s i s  o f  t h i s  p r o j e c t  t o  b e  p r o v e d .  I n d e e d ,  t h e  a l g o r i t h m i c  p r o c e s s i n g  

r e q u i r e d  b y  o b j e c t  b a s e d  r e n d e r i n g  c a l c u l a t i o n s  a n d  a u d i o  m i x i n g  c a n  h a v e  t h e i r  p r o c e s s i n g  o f f l o a d e d  o n t o  

t h e  s p e a k e r  e n d p o i n t  p r o c e s s o r s .  T h i s  w a s  a c h i e v e d  i n  3  s u c c e s s i v e  s t e p s  o f  e n d p o i n t  d i s t r i b u t i o n ,

1 .

2 .

3 .

F i r s t ,  t h e  a l g o r i t h m  c a l c u l a t i o n s  w e r e  p e r f o r m e d  w i t h i n  t h e  s e r v e r  a n d  a u d i o  m i x i n g  w i t h i n  t h e  

e n d p o i n t s  X M O S  p r o c e s s o r s .

S e c o n d ,  b o t h  c a l c u l a t i o n s  a n d  a u d i o  m i x i n g  w e r e  i m p l e m e n t e d  i n  t h e  X M O S  p r o c e s s o r s .

L a s t l y ,  t h e  c a l c u l a t i o n s  w e r e  p e r f o r m e d  i n  t h e  X M O S  p r o c e s s o r s  a n d  a u d i o  m i x i n g  o f f l o a d e d  o n t o  

t h e  S H A R C  c h i p .

Implementing the Spatial Audio Algorithms

A s  s h o w n  i n  t h i s  t h e s i s ,  D B A P ,  V B A P  a n d  W F S  a l l  u s e  a n  o b j e c t - b a s e d  r e p r e s e n t a t i o n  o f  t r a c k s  a n d  

s p e a k e r s  t o  l o c a l i z e  t h e  a u d i o  t o  t h e  s p e a k e r s .  A m b i s o n i c s  u s e s  a  s c e n e - b a s e d  a p p r o a c h .  I n  o r d e r  t o  

i m p l e m e n t  t h e  r e n d e r i n g  a l g o r i t h m s  w i t h i n  I m m e r G o ,  e a c h  n e w  a l g o r i t h m  w a s  c r e a t e d  a s  a  l i b r a r y  t h a t  w a s  

i n c o r p o r a t e d  w i t h i n  t h e  I m m e r G o  s o u r c e  c o d e .

A s  w e l l  a s  t h e  a d d i t i o n s  o f  l i b r a r i e s  w i t h i n  t h e  I m m e r G o  s e r v e r ,  m o d i f i c a t i o n s  w e r e  d o n e  t o  t h e  s p e a k e r  

e n d p o i n t  p r o c e s s o r s  t o  a l l o w  i t  t o  h a v e  m o r e  f u n c t i o n s  t h a n  j u s t  b e i n g  a b l e  t o  m i x  t h e  a u d i o  i t  r e c e i v e d .  

W i t h i n  t h e  X M O S  p r o c e s s o r ,  a  n e w  p r o c e s s i n g  t a s k  c a l l e d  t h e  ‘ S p a t i a l  A u d i o  R e n d e r e r ’  w a s  i n t r o d u c e d .  

T h i s  t a s k  p r o v i d e d  t h e  X M O S  w i t h  a  c o n t a i n e r  t h a t  c o u l d  r e s p o n d  t o  v a r i o u s  c o m m a n d s  f r o m  I m m e r G o .  

T h e  c o m m a n d s  d i f f e r  a c c o r d i n g  t o  t h e  l e v e l  o f  d i s t r i b u t i o n .  S i n c e  t h e  r e n d e r i n g  c a l c u l a t i o n s  o c c u r  w i t h i n  

t h e  p r o c e s s o r ,  t h e  p r o c e s s o r  i s  r e q u i r e d  t o  r e c e i v e  o b j e c t - b a s e d  m e t a d a t a  f o r  b o t h  t h e  t r a c k s  a n d  s p e a k e r s ,  

a n d  t o  c a l c u l a t e  m i x e r  v a l u e s  a c c o r d i n g  t o  a  p a r t i c u l a r  a l g o r i t h m .  A s  w e l l  a s  t h i s ,  a  c o n t r o l  m e c h a n i s m  w a s  

d e s i g n e d  t h a t  w a s  a b l e  t o  c o n t r o l  t h e  S H A R C  p r o c e s s o r  f r o m  t h e  S A R  i n  o r d e r  t o  e n a b l e  t h e  f i n a l  l e v e l  o f  

e n d p o i n t  d i s t r i b u t i o n .  A s  s h o w n  i n  c h a p t e r  4 ,  t h e  S H A R C  p r o c e s s i n g  w a s  d i s a b l e d  f o r  t h e  s e c o n d  s t e p  o f  

d i s t r i b u t i o n  a n d  t h e n  e n a b l e d  a t  t h e  t h i r d  s t e p .  T h i s  r e q u i r e d  t h a t  t w o  d i f f e r e n t  v e r s i o n s  o f  f i r m w a r e  w e r e
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made. For the second step of distribution, the I2S driver was used to pass the audio from the XMOS 

through the disabled SHARC to the speakers. For the third step of distribution, the TDM driver was used 

to route audio through the XMOS processor to the SHARC mixer and out to the speakers.

As shown in chapter 4, ImmerGo’s implementation of the DBAP algorithm was the first to be offloaded to 

the XMOS processors. ImmerGo was modified to send its audio object definition models for speaker and 

tracks to the SAR. The SAR was then able to perform the DBAP calculations based on these models and 

control mixing matrix within the XMOS processor. This was further extended to step 3 of distribution 

where a new version of firmware was made. This version had the XMOS processor’s mixer matrix removed 

and enabled the SHARC chip for audio mixing. The SHARC had its mixer matrix set by the SAR according 

to mixer values calculated by DBAP.

Further algorithm implementation started with VBAP, the focus of chapter 5. A VBAP library was created 

which exposed functions that perform the preprocessing required by the matrix calculations. In order to 

determine triplets of speaker faces around the sphere, the convex hull of vertices was to be solved. An 

external Javascript library was incorporated to perform the Quickhull algorithm on the speaker 

configuration to determine the speaker triplets. Provided a convex hull is found, ImmerGo is able to 

localize sources to an array mixing the audio at the endpoints according to the output from the VBAP 

calculations. In order to spread sources using VBAP, the MDAP algorithm was implemented within the 

server. MDAP creates copies of the virtual source and rotates them equally about the primary source being 

panned. VBAP is calculated on all of these sources and outputs of these calculations are summed together. 

Since the preprocessing calculations are able to be solved prior to panning, it was decided that for the 

second step of distribution, they should continue being calculated within the server and then sent to the 

endpoints. This meant that the convex hull and inverted loudspeaker matrices had to be packetized and 

sent to the endpoints. The audio mixing required by VBAP can be performed both within the XMOS and 

SHARC mixers.

As was described in chapter 5, the implementation of MDAP was not possible on the XMOS processor 

because of the time taken to both solve for the secondary panning sources and calculate the mixer values 

for each of the sources. MDAP was thus omitted from step 2 and 3 of distribution.

WFS, the second ‘alternative’ rendering algorithm was discussed and implemented in chapter 6. The WFS 

algorithm requires that speakers are placed closely together on a horizontal line, or circular formulation. 

This thesis dealt with speakers placed on a line. In order to perform WFS, the track source audio is 

required to be attenuated and delayed at each speaker. As such, the XMOS mixer matrix was modified to 

include delay lines for each speaker. Because of this, a different version of firmware had to be made for the 

first and second development cycles. For the first step of distribution, the mixer volumes and delay values 

were calculated using the library and transmitted to the SAR to update the mixer matrix. The second 

iteration had the WFS calculations implemented within the SAR. Upon receiving track updates, the SAR 

calculated attenuation and delay values which were used to mix the audio within the XMOS. The XMOS 

processor memory did not allow for many delay lines due to memory constraint and because of this only 8 

track sources were able to be panned within the first and second step of distribution. The third iteration has 

the WFS calculations implemented within the SAR with the SHARC mixer matrix updated according to
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t h e s e  v a l u e s .  T h e  S H A R C  w a s  a b l e  t o  a t t e n u a t e  a n d  d e l a y  a l l  3 2  t r a c k s  a n d  w a s  a b l e  t o  b e  i m p l e m e n t e d  

a l o n g s i d e  t h e  D B A P  a n d  V B A P  a l g o r i t h m s  w i t h i n  a  s i n g l e  v e r s i o n  o f  f i r m w a r e .

A m b i s o n i c s ,  t h e  l a s t  o f  t h e  r e n d e r i n g  a l g o r i t h m s  t o  b e  i m p l e m e n t e d  w a s  t h e  f o c u s  o f  c h a p t e r  7 .  T h e  m i x e r  

m a t r i x  v a l u e s  r e q u i r e d  f o r  d e c o d i n g  c a n  b e  s o l v e d  w i t h i n  I m m e r G o  a n d  t h e n  p u s h e d  t o  t h e  e n d p o i n t s .  T h e  

A m b i s o n i c s  l i b r a r y  w a s  a b l e  t o  d e t e r m i n e  t h e  d e c o d e r  v a l u e s  r e q u i r e d  b y  e a c h  s p e a k e r  a c c o r d i n g  t o  v a r i o u s  

A m b i s o n i c s  f o r m a t s .  T h e s e  v a l u e s  c o u l d  t h e n  b e  s e n t  t o  t h e  a p p r o p r i a t e  s p e a k e r  e n d p o i n t  a n d  h a v e  t h e i r  

m i x e r  m a t r i c e s  s e t .  T h e  A m b i s o n i c s  m u l t i c h a n n e l  s o u n d  f i e l d  w a s  a b l e  t o  b e  t r a n s m i t t e d  o v e r  E t h e r n e t  

A V B  a u d i o  s t r e a m s  a n d  d e c o d e d  a p p r o p r i a t e l y  i n  t h e  s p e a k e r  e n d p o i n t s  a c c o r d i n g  t o  t h e  d e c o d e r  v a l u e s .  

T h u s ,  A m b i s o n i c s  w a s  a b l e  t o  b e  a d d e d  a l o n g s i d e  V B A P  a n d  D B A P  w i t h  X M O S  a u d i o  m i x i n g .  A m b i s o n i c s  

d e c o d i n g  w a s  a l s o  a b l e  t o  b e  i m p l e m e n t e d  u s i n g  t h e  S H A R C  m a t r i x  m i x e r  a n d  w a s  i n c o r p o r a t e d  i n t o  t h e  

f i r m w a r e  f o r  t h e  f i n a l  s t e p  o f  d i s t r i b u t i o n  t h a t  h o u s e d  D B A P ,  V B A P  a n d  W F S  c a l c u l a t i o n s  w i t h  t h e  

S H A R C  m a t r i x  m i x e r .

T h r o u g h o u t  t h i s  p r o c e s s  o f  i m p l e m e n t a t i o n ,  t h r e e  d i f f e r e n t  v e r s i o n s  o f  f i r m w a r e  w e r e  c o n s t r u c t e d :

1 .  V e r s i o n  1  -  p r o v i d e s  D B A P ,  V B A P  c a l c u l a t i o n s  w i t h i n  t h e  S A R  a n d  X M O S  m i x e r  m a t r i x ,  w h i l s t  

a l s o  p r o v i d i n g  t h e  c a p a b i l i t y  t o  m i x  t h e  a u d i o  u s i n g  t h e  o u t p u t  f r o m  D B A P ,  V B A P  a n d  

A m b i s o n i c s  d e c o d e r  c a l c u l a t i o n s  w i t h i n  t h e  s e r v e r .  I t  i s  a b l e  t o  p r o c e s s  3 2  c h a n n e l  A V B  s t r e a m s .

2 .  V e r s i o n  2  -  S i m i l a r  t o  v e r s i o n  1  b u t  t h e  X M O S  m i x e r  m a t r i x  i s  i m p l e m e n t e d  w i t h  a  d e l a y  l i n e  t o  

p r o v i d e  a  m i x i n g  c a p a b i l i t y  f o r  W F S .  W F S  c a l c u l a t i o n s  a r e  i m p l e m e n t e d  w i t h i n  t h e  S A R  a n d  t h e  

S A R  i s  a l s o  a b l e  t o  c o n t r o l  t h e  X M O S  d e l a y  l i n e  m i x e r  a c c o r d i n g  t o  o u t p u t  f r o m  W F S  c a l c u l a t i o n s  

w i t h i n  t h e  s e r v e r .  A s  d i s c u s s e d  p r e v i o u s l y ,  i t  i s  o n l y  a b l e  t o  t a k e  8  c h a n n e l  A V B  s t r e a m s .

3 .  V e r s i o n  3  -  S i m i l a r  t o  v e r s i o n  1  e x c e p t  n o w  t h e  X M O S  m i x e r  m a t r i x  i s  d i s a b l e d  a n d  S H A R C  

m i x e r  m a t r i x  i s  e n a b l e d .  A l l o w s  f o r  D B A P ,  V B A P  a n d  W F S  c a l c u l a t i o n s  t o  b e  p r o c e s s e d  w i t h i n  t h e  

S A R  a n d  a l l o w s  f o r  A m b i s o n i c s  d e c o d e r  v a l u e s  t o  b e  u s e d  f o r  m i x i n g .  I t  c a n  t a k e  3 2  c h a n n e l  A V B  

s t r e a m s .

9.2.2 Results of the Implementation

T e s t s  w e r e  c r e a t e d  a n d  r e s u l t s  f r o m  t h e s e  t e s t s  s h o w  h o w  e a c h  v e r s i o n  o f  t h e s e  i m p l e m e n t a t i o n s  b e h a v e s  i n  

t h e  c o n t e x t  o f  a  r e a l - w o r l d  a p p l i c a t i o n .  A l o n g  w i t h  l i s t e n i n g  t e s t s ,  a  s e r i e s  o f  p r o c e s s o r  t i m e  a n d  l o a d  t e s t s  

w e r e  c o n d u c t e d .  T h e  t i m e  t e s t s  w e r e  u s e d  t o  d e t e r m i n e  w h e t h e r  t h e  c a l c u l a t i o n s  w e r e  a b l e  t o  m e e t  t h e  

8 . 3 m s  t i m i n g  c o n s t r a i n t  i m p o s e d  b y  t h e  M T C  s y n c h r o n i z a t i o n  i n t e r v a l s .  T h e  l o a d  t e s t s  w e r e  u s e d  t o  

d e t e r m i n e  h o w  t h e  h o s t  p r o c e s s o r  p e r f o r m e d  w h e n  h a v i n g  t h e  c a l c u l a t i o n s  d o n e  w i t h i n  t h e  I m m e r G o  

a p p l i c a t i o n  v e r s u s  h a v i n g  t h e m  d o n e  w i t h i n  t h e  X M O S  p r o c e s s o r s .

I t  w a s  s h o w n  i n  t h e s e  t e s t s  t h a t  o f  t h e  o b j e c t  b a s e d  r e n d e r i n g  c a l c u l a t i o n s ,  W F S  w a s  t h e  m o s t  s u i t e d  t o  t h e  

d i s t r i b u t e d  e n d p o i n t  p r o c e s s i n g  a p p r o a c h .  T h i s  i s  d u e  t o  t h e  f a c t  t h a t  t h e  o t h e r  o b j e c t - b a s e d  a l g o r i t h m s ,  

D B A P  a n d  V B A P ,  r e q u i r e  l a r g e  o v e r h e a d s  t o  d e t e r m i n e  t h e  s p e a k e r  m i x  l e v e l s  a n d  t h e s e  o v e r h e a d s  i n c r e a s e  

a s  m o r e  s p e a k e r s  a r e  a d d e d  t o  t h e  c o n f i g u r a t i o n .

D B A P  r e q u i r e s  t h a t  t h e  e n t i r e  s p e a k e r  c o n f i g u r a t i o n  i s  u s e d  t o  n o r m a l i z e  e a c h  s p e a k e r  v o l u m e  w h e n  

p a n n i n g  t h r o u g h o u t  t h e  a r r a y  t o  a v o i d  u n w a n t e d  d i p s  a n d  r i s e s  i n  v o l u m e  a n d  m a i n t a i n  a  b a l a n c e d  s o u n d  

w h e n  m o v i n g  s o u r c e s .  T h i s  m e a n s  t h a t  a s  t h e  s p e a k e r  c o n f i g u r a t i o n  g r e w ,  s o  d i d  t h e  p r o c e s s i n g  t i m e
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r e q u i r e d  t o  p e r f o r m  t h e  c a l c u l a t i o n s .  T h e  X M O S  t i m i n g  t e s t s  s h o w  t h a t  t h e  D B A P  c a l c u l a t i o n  i s  n o t  a b l e  t o  

p a n  m o r e  t h a n  8  s o u r c e s  s i m u l t a n e o u s l y  t o  m o r e  t h a n  1 5  s p e a k e r s .  C o n s i d e r i n g  t h a t  s o m e  i m m e r s i v e  a u d i o  

i n s t a l l a t i o n s  c a n  h a v e  s i g n i f i c a n t l y  m o r e  t h a n  1 5  s p e a k e r s ,  i t  h a s  b e e n  s h o w n  t h a t  D B A P  w o u l d  n o t  h a v e  a n  

e f f e c t i v e  s o l u t i o n  f o r  t h i s  w i t h  t h e  c u r r e n t  h a r d w a r e .  H o w e v e r ,  s h o u l d  t h e  s p e a k e r  c o n f i g u r a t i o n  c o n t a i n  

l e s s  t h a n  1 5  s p e a k e r s ,  D B A P  w o u l d  b e  a b l e  t o  b e  p e r f o r m e d  a t  t h e  e n d p o i n t s  w h i l s t  s t i l l  p r o v i d i n g  

l o c a l i z a t i o n  f o r  a  n u m b e r  o f  s o u r c e s  s i m u l t a n e o u s l y .  F u r t h e r m o r e ,  i t  w a s  s h o w n  b y  t h e  h o s t  p r o c e s s o r  l o a d  

t e s t s  t h a t  a l t h o u g h  D B A P  w a s  t h e  l e a s t  p r o c e s s o r  i n t e n s i v e  o f  a l l  t h e  a l g o r i t h m s  i m p l e m e n t e d ,  w h e n  u s e d  

w i t h  o t h e r  p r o c e s s i n g  s o f t w a r e  s u c h  a s  a  D A W  t h i s  p r o c e s s o r  l o a d  i n c r e a s e d .  A s  s u c h  i t  w o u l d  s t i l l  b e  

f a v o u r a b l e  t o  o f f l o a d  t h e  c a l c u l a t i o n s  s h o u l d  t h e  s e t u p  b e  s m a l l .

W h i l s t  t h e  V B A P  m a t r i x  c a l c u l a t i o n  i s  r e l a t i v e l y  i n e x p e n s i v e ,  i t  b e c o m e s  m o r e  e x p e n s i v e  a s  m o r e  s p e a k e r s  

g e t  a d d e d  t o  t h e  a r r a y .  T h i s  i s  b e c a u s e  t h e  m a t r i x  c a l c u l a t i o n  n e e d s  t o  b e  p e r f o r m e d  f o r  e a c h  f a c e  i n  t h e  

c o n v e x  h u l l  t o  d e t e r m i n e  w h e n  t h e  s o u r c e  p o s i t i o n  i s  r e n d e r e d  w i t h i n  a  p a r t i c u l a r  s p e a k e r  t r i p l e t .  

I n t e r e s t i n g l y ,  i t  w a s  s h o w n  t h a t  t h e  V B A P  a l g o r i t h m  c a l c u l a t e d  w i t h i n  t h e  h o s t  w a s  a b l e  t o  c o m p l e t e  w i t h i n  

t h e  t i m e  s e l e c t i o n ,  h o w e v e r ,  t h e  C P U  l o a d  e x e r t e d  b y  t h e  a l g o r i t h m  t e n d e d  t o  s l o w  d o w n  t h e  o p e r a t i o n  f o r  

m o r e  t h a n  8  s o u r c e s  t o  m o r e  t h a n  4 0  s p e a k e r s .  T h e  w h e n  m o v i n g  t h e  c a l c u l a t i o n s  t o  t h e  e n d p o i n t s ,  a  s i n g l e  

s o u r c e  w a s  a b l e  t o  b e  p a n n e d  t o  1 0 0  s p e a k e r s .  H o w e v e r ,  i f  t h e  n u m b e r  o f  s o u r c e s  p a n n e d  s i m u l t a n e o u s l y  

i n c r e a s e d  t o  8 ,  i t  w a s  l i m i t e d  t o  1 0  s p e a k e r s .  A s  s u c h ,  i t  i s  p r o p o s e d  t h a t  a n  ‘ o f f l i n e ’  v e r s i o n  o f  t h e  V B A P  

a l g o r i t h m  m i g h t  b e  i m p l e m e n t e d  t o  a l l o w  f o r  3 2  s o u r c e s  t o  1 0 0  s p e a k e r s .  T h i s  e n t a i l s  c a l c u l a t i n g  t h e  V B A P  

g a i n  v a l u e s  f o r  a  v a r i e t y  o f  d i f f e r e n t  d i r e c t i o n s  a n d  s a v i n g  t h e  d i r e c t i o n s  a s  k e y s  t o  g a i n s  f o r  e a c h  s p e a k e r  a  

d i c t i o n a r y .  T h e n ,  w h e n  a  s o u r c e  i s  p a n n e d  t o  a  d i r e c t i o n ,  t h e  g a i n  v a l u e s  m a y  b e  r e c a l l e d  f o r  t h a t  d i r e c t i o n  

a n d  s e n t  t o  t h e  p r o c e s s o r s .

W F S  h a s  t h e  l e v e l  a n d  d e l a y  v a l u e s  o f  t h e  l o u d s p e a k e r  c a l c u l a t e d  o n  a  p e r  s p e a k e r  b a s i s .  A s  s h o w n  i n  t h e  

r e s u l t s ,  W F S  w a s  a b l e  t o  p a n  3 2  t r a c k  s o u r c e s  t o  a n  a r r a y  o f  a n y  s i z e .  T h i s  i s  b e c a u s e  e a c h  e n d p o i n t  

p r o c e s s o r  w a s  o n l y  r e q u i r e d  t o  c a l c u l a t e  t h e  v a l u e s  f o r  s p e a k e r s  i t  w a s  a t t a c h e d  t o .  F o r  2  s p e a k e r s ,  W F S  w a s  

a b l e  t o  c a l c u l a t e  t h e s e  v a l u e s  w e l l  w i t h i n  t h e  8 . 3 m s .  T h i s  i s  a  p e r f e c t  e x a m p l e  o f  t h e  e n d p o i n t  d i s t r i b u t i o n  

a p p r o a c h  w o r k i n g  i n  p r a c t i c e .  N o w ,  a s  a  u s e r  a d d s  m o r e  s p e a k e r s  t o  t h e  a r r a y ,  t h e  p r o c e s s i n g  p o w e r  

r e q u i r e d  t o  c a l c u l a t e  t h e  m i x i n g  v a l u e s  f o r  t h o s e  s p e a k e r s  i s  a l s o  a d d e d .

A m b i s o n i c s  i s  a n  S B A  t e c h n i q u e  w h i c h  i s  d i f f e r e n t  f r o m  t h e  O B A  t e c h n i q u e s  d e s c r i b e d  a b o v e .  W h e n  

d e c o d i n g  a n  A m b i s o n i c  s o u n d  f i e l d ,  t h e  m i x e r  m a t r i x  f o r  e a c h  e n d p o i n t  n e e d  o n l y  b e  s e t  o n c e .  A s  s u c h ,  

t i m i n g  t e s t s  w e r e  o m i t t e d  f o r  t h e  A m b i s o n i c s  d e c o d e r ,  a l t h o u g h  i t  c a n  b e  s a i d  t h a t  t h e  t i m e  t a k e n  t o  s e t  t h e  

m i x e r  m a t r i x  o n c e  w o u l d  b e  t h e  s a m e  a s  w h e n  s e t t i n g  t h e  m i x e r  m a t r i x  a c c o r d i n g  t o  a  s i n g l e  m i x e r  m a t r i x  

u p d a t e  t h a t  w o u l d  b e  u s e d  f o r  s t e p  1  o f  t h e  d i s t r i b u t e d  e n d p o i n t  a p p r o a c h .  C P U  l o a d  t e s t s  w e r e  c o n d u c t e d  

t o  d e t e r m i n e  t h e  a m o u n t  o f  p r o c e s s i n g  l o a d  t h a t  m a y  b e  m i t i g a t e d  b y  o f f l o a d i n g  t h e  d e c o d e r  m i x i n g  t o  t h e  

e n d p o i n t s .  I t  w a s  s h o w n  t h a t  a s  t h e  s p e a k e r s  i n c r e a s e ,  t h e n  s o  d i d  t h e  p r o c e s s i n g  l o a d .  F o r  a  4 t h  o r d e r  

d e c o d i n g  t o  3 2  s p e a k e r  a r r a y ,  t h e  l o a d  p u t  o n  b y  t h e  D A W  w o u l d  i n c r e a s e  b y  1 2 % .  F u r t h e r m o r e ,  t h e  t r e n d  

i n  C P U  l o a d  u s a g e  f r o m  8  t o  3 2  s p e a k e r s  s u g g e s t s  t h a t  t h e  p r o c e s s i n g  l o a d  m a y  i n c r e a s e  b y  d o u b l e  s h o u l d  

t h e  s p e a k e r  a r r a y  i n c r e a s e  i n  s i z e .

A n o t h e r  i n t e r e s t i n g  f e a t u r e  w i t h  t h e  o f f l o a d i n g  t h e  A m b i s o n i c s  d e c o d e r  t o  s p e a k e r s ,  i s  t h a t  m e d i a  s u c h  a s  

3 6 0  v i d e o s  a r e  a b l e  t o  s t r e a m  t h e i r  e n c o d e d  A m b i s o n i c  a u d i o  f o r m a t  t o  t h e  s p e a k e r s  d i r e c t l y  w i t h o u t  a n y  

p r o c e s s i n g  b e i n g  p e r f o r m e d  o n  t h e i r  c o m p u t e r .
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9.3 The Novelty of Extending the Distributed Endpoint 
Approach

T h e  e x t e n s i o n  i m p l e m e n t e d  t o  t h e  I m m e r G o  d i s t r i b u t e d  e n d p o i n t  a p p r o a c h  i n  t h i s  p r o j e c t  i s  a b l e  t o  

p r o v i d e  a  u s e r  w i t h  f u n c t i o n a l i t y  t h a t  h a s  n o t  b e e n  p o s s i b l e  i n  o t h e r  3 D  s p a t i a l  a u d i o  s y s t e m s ,  i n c l u d i n g  

I m m e r G o .  I n  p a r t i c u l a r ,

1 .  T h e  i m p l e m e n t a t i o n  o f  D B A P ,  V B A P ,  W F S  a n d  A m b i s o n i c s  d e c o d i n g  s p a t i a l  a u d i o  r e n d e r i n g  

a l g o r i t h m s  w i t h i n  t h e  e n d p o i n t  X M O S  p r o c e s s o r s .

2 .  T h e  r e l e a s e  o f  p r o c e s s i n g  r e s o u r c e s  o n  t h e  h o s t  c o m p u t e r  f o r  o t h e r  s i g n a l  p r o c e s s i n g  a p p l i c a t i o n s .

3 .  A  r e a d y m a d e  A m b i s o n i c s  d e c o d e r  i m p l e m e n t e d  w i t h i n  t h e  e n d p o i n t  t h a t  a l l o w s  t h e  s p e a k e r  t o  

d i r e c t l y  p l a y o u t  a n  A m b i s o n i c s  e n c o d e d  a u d i o  f o r m a t .

4 .  A  n o v e l  u s e  o f  t h e  A V D E C C  p r o t o c o l  t o  t r a n s m i t  a u d i o  o b j e c t  m e t a d a t a  f o r  b o t h  t r a c k  o b j e c t s  a n d  

r o o m  e n v i r o n m e n t  o b j e c t s .

5 .  T h e  a b i l i t y  t o  i n c r e a s e  t h e  s i z e  o f  a  W F S  s p e a k e r  c o n f i g u r a t i o n  i n d e f i n i t e l y  b y  i n c r e m e n t a l l y  a d d i n g  

p r o c e s s o r  e n d p o i n t s  a t t a c h e d  t o  s p e a k e r s ,  t h u s  a v o i d i n g  t h e  n e e d  t o  p u r c h a s e  e x p e n s i v e  “ b i g  b o x ”  

c o m p u t e r s  a n d  a u d i o  i n t e r f a c e s .

6 .  A  c o n t r o l  m e c h a n i s m  f o r  t h e  X M O S  p r o c e s s o r  t o  c o n t r o l  t h e  S H A R C  D S P  c h i p .

9.4 Future Work

T h i s  t h e s i s  h a s  o p e n e d  f u r t h e r  a v e n u e s  o f  r e s e a r c h  i n  t h e  3 D  i m m e r s i v e  a u d i o  f i e l d .  B y  u s i n g  X M O S  

m i c r o c o n t r o l l e r s ,  E t h e r n e t  A V B  a n d  a  l i g h t w e i g h t  w e b - b a s e d  a p p l i c a t i o n ,  t h i s  p r o j e c t  h a s  s h o w n  t h a t  i t  i s  

v i a b l e  t o  u s e  t h e  e n d p o i n t  d i s t r i b u t e d  a p p r o a c h  s u c c e s s f u l l y  f o r  m u l t i p l e  s p a t i a l  a u d i o  a l g o r i t h m s .

L o o k i n g  a t  a  b i g g e r  p i c t u r e ,  t h e  f i n a l  s t e p  o f  e n d p o i n t  d i s t r i b u t i o n  s h o w s  g r e a t  p r o m i s e  a s  i t  a l l o w s  t o  h a v e  

a l l  f o u r  r e n d e r i n g  a l g o r i t h m s  i m p l e m e n t e d  w i t h i n  t h e  e n d p o i n t s .  T h i s  a l l o w s  f o r  b o t h  a  c o m b i n a t i o n  a n d  

h y b r i d i z a t i o n  o f  t h e s e  a l g o r i t h m s  t o  b e  e m p l o y e d  u s i n g  d i f f e r e n t  s t e p s  o f  d i s t r i b u t i o n .  F o r  i n s t a n c e ,  m i x e r  

v a l u e s  m a y  b e  c a l c u l a t e d  a c c o r d i n g  t o  D B A P  w i t h i n  t h e  h o s t  s e r v e r ,  a n d  s e n t  t o  a  s p e a k e r  c o n f i g u r a t i o n  

t h a t  i s  a l s o  p e r f o r m i n g  W F S  p a n n i n g .  T h e  I m m e r G o  u s e r  i n t e r f a c e  c o u l d  b e  e x t e n d e d  t o  r e p r e s e n t  d i f f e r e n t  

t y p e s  o f  s p e a k e r  a r r a y s  t h a t  h a v e  a s s o c i a t e d  w i t h  t h e m  d i f f e r e n t  r e n d e r i n g  a l g o r i t h m s  t h a t  a r e  a b l e  t o  b e  

e n a b l e d  d e p e n d i n g  o n  t h e  p r o x i m i t y  o f  t r a c k  o b j e c t s  t o  e a c h  o f  t h e  s p e a k e r s .

A s  m e n t i o n e d  i n  c h a p t e r  6 ,  t h e  W F S  i m p l e m e n t a t i o n  o m i t s  t h e  s y n t h e s i s  o f  m o v i n g  s o u r c e s .  I n  o r d e r  t o  

p r o v i d e  t h i s ,  f u r t h e r  m o d i f i c a t i o n s  t o  t h e  X M O S  i m p l e m e n t a t i o n  w o u l d  b e  r e q u i r e d  i n  o r d e r  t o  p r o v i d e  a  

m e t h o d  t o  g e n e r a t e  a n d  i n t e r p o l a t e  b e t w e e n  f i l t e r s  t h a t  a r e  u s e d  t o  s y n t h e s i z e  t h e  m o v e m e n t  o f  p o i n t  

s o u r c e s  a c r o s s  t h e  l o u d s p e a k e r  a r r a y .  T h i s  w o u l d  r e q u i r e  a  m o r e  c o m p l e x  r e s t r u c t u r i n g  o f  t h e  c u r r e n t  

i m p l e m e n t a t i o n  i n  t h i s  p r o j e c t  a n d  i t  w o u l d  b e  o f  i n t e r e s t  t o  s e e  t h e  l i m i t a t i o n s  o f  t h e  c u r r e n t  h a r d w a r e  

w h e n  i m p l e m e n t i n g  a  c o m p l e t e  W F S  s o l u t i o n .

A s  w e l l  a s  t h i s ,  f u r t h e r  o p t i m i z a t i o n  m a y  b e  p e r f o r m e d  w i t h i n  t h e  e n d p o i n t s  u s e d  i n  t h i s  p r o j e c t .  T h e  

X M O S  f i r m w a r e  d e v e l o p e d  i n  t h i s  p r o j e c t  c o u l d  b e  s t r u c t u r e d  i n  d i f f e r e n t  w a y s  t o  a l l o w  f o r  a  m o r e  e f f i c i e n t  

i m p l e m e n t a t i o n  o f  e a c h  o f  t h e  a l g o r i t h m s .  O f  p a r t i c u l a r  i n t e r e s t  w o u l d  b e  t o ,
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1 .

2 .

3 .

4 .

I n c r e a s e  t h e  n u m b e r  o f  A V B  s t r e a m s  a b l e  t o  b e  s t r e a m e d  t o  t h e  X M O S  p r o c e s s o r .

O p t i m i z e  t h e  i m p l e m e n t a t i o n  o f  D B A P  t o  d e c r e a s e  t h e  p r o c e s s o r  l o a d  e x e r t e d  o n  t h e  X M O S  

p r o c e s s o r  f o r  l a r g e  t r a c k  a n d  c h a n n e l  c o u n t s .

I m p l e m e n t  a n  o f f l i n e  V B A P  a n d  M D A P  p a n n i n g  s y s t e m  w i t h i n  I m m e r G o  t o  p r e v e n t  t h e  h e a v y  

p r o c e s s o r  l o a d s  e l i c i t e d  b y  c a l c u l a t i n g  t h e  v a l u e s  i n  r e a l - t i m e .

C o m b i n e  t h e  V B A P  g a i n  c a l c u l a t i o n s  a n d  A m b i s o n i c  d e c o d i n g  i n t o  w h a t  i s  k n o w n  a s  a n  A 1 1 R A D  

d e c o d e r  w h i c h  a l l o w s  f o r  m o r e  f l e x i b l e  l o u d s p e a k e r  a r r a n g e m e n t s .
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Appendix A
A l Solving the Covariance Factor

B e f o r e  D B A P  p a n n i n g ,  t h e  c o v a r i a n c e  f a c t o r  f o r  t h e  s p a t i a l  b l u r  n e e d e d  t o  b e  s o l v e d .  T h i s  h a p p e n e d  a f t e r  

t h e  s p e a k e r  c o n f i g u r a t i o n  f i l e  w a s  r e a d  i n t o  m e m o r y .  T h e  c o v a r i a n c e  f a c t o r  i s  s o l v e d  a c c o r d i n g  t o  t h e  

f u n c t i o n  getCovarianceFactor s h o w n  i n  Listing Al b e l o w .  F i r s t ,  t h e  m e a n  v a l u e  o f  t h e  l o u d s p e a k e r  

c o o r d i n a t e s  i s  s o l v e d .  T h i s  i s  t h e n  u s e d  t o  c a l c u l a t e  t h e  c o v a r i a n c e  f a c t o r  a c c o r d i n g  t o  e q u a t i o n  ( 2 . 1 0 ) .  T h i s  

f a c t o r  w i l l  t h e n  b e  u s e d  w h e n  p a n n i n g  w i t h  D B A P .

3 6 7

3 6 8

3 6 9

3 7 0

3 7 1

3 7 2

3 7 3

3 7 4

3 7 5

3 7 6

3 7 7

3 7 8

3 7 9

3 8 0

3 8 1

3 8 2

3 8 3

3 8 4

3 8 5

3 8 6

3 8 7

3 8 8

3 8 9

3 9 0

3 9 1

f u n c t i o n  g e t C o v a r i a n c e F a c t o r ( s p e a k e r C o n f i g ) {

l e t  m e a n c o o r d s ;

l e t  c o v a r i a n c e F a c t o r  =  0 ;

l e t  N  =  0 ;

/ /  F ir s t  determine mean o f  the speaker con figura tion 

m e a n c o o r d s  =  m e a n ( s p e a k e r C o n f i g ) ;

/ /  Now determine covariance
f o r  ( l e t  i  =  0 ;  i  <  s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + ) {

f o r  ( l e t  j  =  0 ;  j  <  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h ; j + + ) {  

l e t  x  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . x ;

l e t  y  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . y ;

l e t  z  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . z ;

c o v a r i a n c e F a c t o r  + =  ( x - m e a n _ c o o r d s [ 0 ] ) * ( x - m e a n _ c o o r d s [ 0 ] ) ;

c o v a r i a n c e F a c t o r  + =  ( y - m e a n _ c o o r d s [ l ] ) * ( y - m e a n _ c o o r d s [ l ] ) ;

c o v a r i a n c e F a c t o r  + =  ( z - m e a n _ c o o r d s [ 2 ] ) * ( z - m e a n _ c o o r d s [ 2 ] ) ;  

N + + ;

}

c o v a r i a n c e F a c t o r  / =  N - l ;

c o v a r i a n c e F a c t o r  =  M a t h . s q r t ( c o v a r i a n c e F a c t o r ) ;

r e t u r n  c o v a r i a n c e F a c t o r

Listing Al: Solving for the covariance factor.

A2 Sending Mixer Updates to Endpoints

T h e  d a t a  c o m p r i s e s  o f  a  6 4  4  b i t  c h a r s  w i t h  e a c h  c h a r  c o n t r o l l i n g  m i x e r  c r o s s p o i n t .  Listing A2 s h o w s  t h e  

sendMixLevels f u n c t i o n  w i t h i n  t h e  s e r v e r .  T h e  t e m p l a t e  u s e d  t o  s e n d  t h e  p a c k e t s  i s  g i v e n  i n  Listing A3. 
T h i s  i t e r a t e s  t h r o u g h  e v e r y  e n d p o i n t  p r o c e s s o r  a n d  s e n d s  t h e  c o r r e s p o n d i n g  m i x  l e v e l s  f o r  t h o s e  m i x e r s  

u s i n g  t h e  sendPacketToAmp f u n c t i o n  s h o w n  i n  Listing A4. T h e  sendPacketToAmp f u n c t i o n  c o p i e s  t h e  

p a c k e t  t e m p l a t e  a n d  r e p l a c e s  t h e  h e a d e r s  w i t h  t h e  c o r r e c t  M A C  a n d  G U I D  i n f o r m a t i o n  f o r  t h e  s e r v e r  a n d  

e n d p o i n t  p r o c e s s o r  a d d r e s s e s .  F r o m  h e r e  t h e  l e n g t h  o f  t h e  m i x e r  d a t a  i s  s e t  a n d  t h e  c o n t r o l  d a t a  l e n g t h  

v a l u e  u p d a t e d  w i t h i n  t h e  p a c k e t .  T h e  m i x e r  g a i n  v a l u e s  a r e  t h e n  b u i l t  u p  a n d  c o n c a t e n a t e d  t o  t h e  c o p i e d  

p a c k e t .  T h i s  p a c k e t  i s  t h e n  s e n t  u s i n g  p c a p .

2 2 3 3

2 2 3 4

2 2 3 5

2 2 3 6

2 2 3 7

2 2 3 8

/ /  send mix LeveLs to  aLL amps
v a r  s e n d M i x L e v e l s  =  f u n c t i o n ( )  {

/ /  For each ampLifier transm it mix LeveLs fo r  each speaker 
f o r  ( v a r  i = 0 ;  i < s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + )

|  s e n d P a c k e t T o A m p ( i ) ;

Listing A2: SendMixLevels function which updates all the endpoint mixer parameters.
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2 1 6 0 / /  The Mixer gain LeveL packet Layout
2 1 6 1

2 1 6 2

l e t  a e c p M i x e r G a i n s P a c k e t  =  n e w  B u f f e r ( [  

0 x f f , 0 x f f , 0 x f f , 0 x f f , 0 x f f , 0 x f f , / /  destina tion  MAC
2 1 6 3 0 x 6 8 , 0 x 5 b , 0 X 3 5 , 0 x d 0 , 0 x b b , 0 X 5 5 , / /  source MAC NB! change fo r  other servers
2 1 6 4 0 X 2 2 , 0 x f 0 , / /  ethertype 1722
2 1 6 5 0 x f b , / /  controL ind ica to r true, AECP subtype
2 1 6 6 0 X 0 0 , / /  AEM command
2 1 6 7 0 X 0 0 , 0 X 4 0 , / /  controL data Length
2 1 6 8 0 x 0 0 , 0 x 2 2 , 0 x 9 7 , 0 x f f , 0 x f e , 0 X 0 0 , 0 X 4 1 , 0 X C 1 , / /  ta rge t GUID
2 1 6 9 0 x 6 8 , 0 x 5 b , 0 x 3 5 , 0 x f f , 0 x f e , 0 x d 0 , 0 x b b , 0 x 5 5 , / /  controLLer GUID
2 1 7 0 0 X 0 0 , 0 X 0 0 , / /  sequence number
2 1 7 1 0 x 0 0 , 0 x l e , / /  commmand type (SET MIXER) (controL is  18)
2 1 7 2 0 X 0 0 , 0 X 1 C , / /  descrip to r type (MIXER) (controL is  la )
2 1 7 3 0 X 0 0 , 0 X 0 1 , / /  descrip to r index (0x0001 fo r  XMOS mixer gain controL)
2 1 7 4

2 1 7 5
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

] ) ;
| / /  mix vaLues 2x24 m atrix

Listing A3: The SET_MIXER packet structure within the ImmerGo source code.

2 1 7 8

2 1 7 9

2 1 8 0

2 1 8 1

2 1 8 2

2 1 8 3

2 1 8 4

2 1 8 5

2 1 8 6

2 1 8 7

2 1 8 8

2 1 8 9

2 1 9 0

2 1 9 1

2 1 9 2

2 1 9 3

2 1 9 4

2 1 9 5

2 1 9 6

2 1 9 7

2 1 9 8

2 1 9 9

2 2 0 0

2 2 0 1

2 2 0 2

2 2 0 3

2 2 0 4

2 2 0 5

2 2 0 6

2 2 0 7

2 2 0 8

2 2 0 9

2 2 1 0

2211

2212

2 2 1 3

2 2 1 4

2215

2 2 1 6

2 2 1 7

2 2 1 8

2 2 1 9

2 2 2 0

2221

2 2 2 2

2223

2 2 2 4

2225

2 2 2 6

2227

2 2 2 8

2229

/ /  fu n c tio n  to  send mix LeveLs f o r  aLL speakers connected to  an amp
l e t  s e n d P a c k e t T o A m p  =  - F u n c t i o n ( a m p i n d e x )  {

l e t  i  =  a m p i n d e x ;

/ /  Copy temp Late packet
l e t  n e w a e c p M i x e r G a i n s P a c k e t  =  a e c p M i x e r G a i n s P a c k e t ;

/ /S e t  ta rg e t mac address
n e w _ a e c p M i x e r G a i n s P a c k e t [ 0 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] , m a c a d r [ 0 ] ;

n e w  a e c p M i x e r G a i n s P a c k e t [ 1 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] , m a c a d r [ l ] ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 2 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 2 ] j

n e w _ a e c p M i x e r G a i n s P a c k e t [ 3 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] , m a c a d r [ 3 ] ;

n e w  a e c p M i x e r G a i n s P a c k e t [ 4 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 4 ] ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 5 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 5 ] j

/ /  Set source MAC address
m a c . t o B u f f e r ( A V B N e t w o r k M a c ,  n e w a e c p M i x e r G a i n s P a c k e t ,  6 ) ;  / /  copy mac address o f  server in to  connection request packet

/ /S e t  ta rg e t GUID
n e w  a e c p M i x e r G a i n s P a c k e t [ 1 8 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 0 ] ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 1 9 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ l ] ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 2 0 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 2 ] ;

n e w  a e c p M i x e r G a i n s P a c k e t [ 2 1 ]  =  0 x f f ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 2 2 ]  =  0 x f e ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 2 3 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 3 ] ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 2 4 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 4 ] ;

n e w _ a e c p M i x e r G a i n s P a c k e t [ 2 5 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 5 ] ;

s e r v e r E n t i t y I D . c o p y ( n e w _ a e c p M i x e r G a i n s P a c k e t ,  2 6 ) ;  / /  server e n t it y  ID -->  aecp packet controL ter f i e id

l e t  g a i n M i x e r L e n g t h  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h * n o T r a c k s ;  / /  TotaL Length o f  data
n e w _ a e c p M i x e r G a i n s P a c k e t [ 1 7 ]  =  1 6  +  g a i n M i x e r L e n g t h ;  / /  Set controL data Length o f  AVDECC packet

l e t  m i x L e v e l D a t a  =  n e w  B u f f e r ( g a i n M i x e r L e n g t h ) ;

/ /  BuiLd up mix LeveLs data packet
l e t  m i x L e v e l l n d e x  =  0 ;

f o r  ( l e t  j = 0 ;  j < s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h ;  j + + )  {

/ /S e t  mix LeveLs
f o r  ( l e t  k = 0 ;  k < n o T r a c k s ;  k + + )  {  / /  Each speaker has mix LeveLs f o r  each tra ck
|  m i x L e v e l D a t a [ m i x L e v e l I n d e x + + ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . m i x L e v e l s [ k ] ;
} ’ ~ ’

}

/ /  Concatenate b u ffe r
n e w a e c p M i x e r G a i n s P a c k e t  =  B u f f e r . c o n c a t ( [ n e w a e c p M i x e r G a i n s P a c k e t , m i x L e v e l D a t a ] ) ;

t r y  {

I  / /  send pcap packet
|  c . s e n d ( n e w _ a e c p M i x e r G a i n s P a c k e t , n e w _ a e c p M i x e r G a i n s P a c k e t . l e n g t h ) ;

}  c a t c h ( e )  {

|  c o n s o l e . l o g ( " E r r o r  s e n d i n g  p a c k e t " ) ;

}  ’

Listing A4: Sending AVDECC packets to an endpoint processor.
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A3 Sending ImmerGo Room Definition Model

The room definition model is sent to all the endpoint devices held within the speaker configuration XML 

once they’ve been discovered and connected to on the network. Listing A5 shows after the connections 

have been made the sendSpkConfioXMOS function is called which sends the speaker configuration to all the 

endpoints within the XML file.

629
630
631
632
633
634
635

if (gotAmplifiers && gotServer) { // Have we got entity ID's of server and amplifiers?
discoveryComplete = true;
console.log("discovery done");
deleteConnections();
ma keConnection s();

sendSpkConftoXMOS();

Listing A5: sendSpkConfioXMOS called after all the endpoint devices in XML have been discovered and connected.

Listing A6 shows how the sendSpkConfioXMOS function flattens the speaker configuration model into a 

single array ready for sending. The entire speaker configuration is iterated through and added to an array. 

From here, the array is packetized into a buffer using the packetizeSpkConf function as shown in Listing 

A7. Each speaker configuration coordinate is given as a 32 bit integer byte and as such needs to be sent in 4 

bit chunks. After all the speaker positions have been packed, the configuration is terminated with a 

OxFFFFFFFF.

981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002

function sendSpkConftoXMOS(){
// Get vaLues of speaker configuration into array
let flatSpkConf = [];
for (let i = 0; i < speakerConfig.amplifiers.length; i++){
// Get speakers at amplifier

for (let j = 0; j < speakerConfig.amplifiers[i].speakers.length;j++){ 
let x = speakerConfig.amplifiers[i].speakers[j].x;
let y = speakerConfig.amplifiers[i].speakers[j].y;
let z = speakerConfig.amplifiers[i].speakers[j].z;
// get positions of each speaker and add to one configuration 
flatSpkConf = flatSpkConf,concat([x,y,z]);

}

// Packetize speaker configuration
let spkConfpacketData = packetizeSpkConf(flatSpkConf);

// Send speaker configuration to each amp
for (let i = 0; i < speakerConfig.amplifiers.length; i++){
| sendSpkConfToAmp(i,spkConfpacketData);

}
}

Listing A6: sendSpkConfioXMOS function.
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9 1 5

9 1 6

9 1 7

9 1 8

9 1 9

9 2 0

9 2 1

9 2 2

9 2 3

9 2 4

9 2 5

9 2 6

9 2 7

9 2 8

9 2 9

9 3 0

9 3 1

9 3 2

9 3 3

9 3 4

9 3 5

9 3 6

9 3 7

9 3 8

9 3 9

9 4 0

9 4 1

9 4 2

9 4 3

9 4 4

9 4 5

9 4 6

9 4 7

9 4 8

9 4 9

9 5 0

9 5 1

9 5 2

9 5 3

9 5 4

9 5 5

9 5 6

9 5 7

9 5 8

9 5 9

9 6 0

9 6 1

9 6 2

9 6 3

9 6 4

9 6 5

9 6 6

9 6 7

9 6 8

9 6 9

9 7 0

9 7 1

9 7 2

9 7 3

9 7 4

9 7 5

9 7 6

9 7 7

f u n c t i o n  p a c k e t i z e S p k C o n f ( f l a t S p k C o n f ) {

/ /  turns a fL a tte n  speaker con figu ra tion  array in to  packet data
l e t  p a c k e t D a t a  =  n e w  B u f f e r ( f l a t S p k C o n f . l e n g t h * 4 + 4 ) ;  / / +  2 f o r  term inating s tr in g 

l e t  i  =  0 ;

l e t  s p k i d  = 0 ;

w h i l e ( i  <  f l a t S p k C o n f . l e n g t h ) {

/ /  Turn coords in to  32 b i t  signed in t  type
l e t  v a l x  =  p a r s e ! n t ( f l a t S p k C o n f [ i ] ) ;

l e t  v a l _ y  =  p a r s e ! n t ( f l a t S p k C o n f [ i ] ) ;

l e t  v a l z  =  p a r s e ! n t ( f l a t S p k C o n f [ i ] ) ;  

i + + ;

/ /  S pLit coords in to  4 8 b i t  nybbLes
/ /  x  coord
l e t  u u x  =  ( v a l  x  » >  2 4 )  &  0 x f f ;

l e t  u x  =  ( v a l  x  » >  1 6 )  &  0 x f f ;

l e t  l x  =  ( v a l  x  » >  8 )  &  0 x f f ;

l e t  l l x  =  v a l x  &  0 x f f ;

/ /  y  coord
l e t  u u y  =  ( v a l _ y  » >  2 4 )  &  0 x f f ;

l e t  u y  =  ( v a l _ y  » >  1 6 )  &  0 x f f ;

l e t  l y  =  ( v a l _ y  » >  8 )  &  0 x f f ;

l e t  l l y  =  v a l _ y  &  0 x f f ;

/ /  z  coord
l e t  u u z  =  ( v a l  z  » >  2 4 )  &  0 x f f ;

l e t  u z  =  ( v a l  z  » >  1 6 )  &  0 x f f ;

l e t  I z  =  ( v a l  z  » >  8 )  &  0 x f f ;

l e t  l l z  =  v a l z  &  0 x f f ;

p a c k e t D a t a [ s p k i d * 1 2 ]  =  u u x ;

p a c k e t D a t a [ s p k i d * 1 2 + l ]  =  u x ;

p a c k e t D a t a [ s p k i d * 1 2 + 2 ]  =  l x ;

p a c k e t D a t a [ s p k i d * 1 2 + 3 ]  =  l l x ;

p a c k e t D a t a [ s p k i d * 1 2 + 4 ]  =  u u y ;

p a c k e t D a t a [ s p k i d * 1 2 + 5 ]  =  u y ;

p a c k e t D a t a [ s p k i d * 1 2 + 6 ]  =  l y ;

p a c k e t D a t a [ s p k i d * 1 2 + 7 ]  =  l l y ;

p a c k e t D a t a [ s p k i d * 1 2 + 8 ]  =  u u z ;

p a c k e t D a t a [ s p k i d * 1 2 + 9 ]  =  u z ;

p a c k e t D a t a [ s p k i d * 1 2 + 1 0 ]  =  I z ;

p a c k e t D a t a [ s p k i d * 1 2 + l l ]  =  l l z ;

s p k i d + + ;

/ /  End o f  speaker configuration term ination in t 
l e t  u u t e r m  =  ( t e r m  » >  2 4 )  &  0 x f f ;

l e t  u t e r m  =  ( t e r m  > »  1 6 )  &  0 x f f ;

l e t  I t e r m  =  ( t e r m  > »  8 )  &  0 x f f ;

l e t  l l t e r m  =  t e r m  &  0 x f f ;

p a c k e t D a t a [ s p k i d * 1 2 ]  =  u u t e r m ;

p a c k e t D a t a [ s p k i d * 1 2 + l ]  =  u t e r m ;

p a c k e t D a t a [ s p k i d * 1 2 + 2 ]  =  I t e r m ;

p a c k e t D a t a [ s p k i d * 1 2 + 3 ]  =  l l t e r m ;

r e t u r n  p a c k e t D a t a ;

Listing A7: Packetizing the flattened speaker configuration.

Finally, the packetized speaker configuration is passed to the sendSpkConftoAmp function which sends it to 

each of endpoint processors. This function works similarly to the mixer matrix update function in the 

previous subsection.

It uses the template packet shown in Listing A8.
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833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

// The speaker config packet Layout
let aecpSpkConfPacket = new Buffer([
0xf f,0xff,0xff,0xff,0xf f,0xff, 
0x68,0x5b,0x35,0xd0,0xbb,0x55, 
0X22,0xf0, 
0xfb, 
0x00, 
0x00,0x50,
0x00,0x22,0x97,0xff,0xfe,0x00,0x41,0xc1 
0x68,0x5b,0x35,0xff,0xfe,0xd0,0xbb,0x55 
0X00,0X00, 
0X00,0x1e, 
0X00,0x1c, 
0X00,0X10, 
0X00,0X00,

]);

// destination MAC
// source MAC NB! change for other servers
// ethertype 1722
// controL indicator true, AECP subtype
// AEM command
// controL data Length
// target GUID
// controLLer GUID
// sequence number
// commmand type (SET MIXER) (controL is 18)
// descriptor type (MIXER) (controL is la)
// descriptor index (0x0010)
// ID of speakers attached

Listing A8: S p e a k e r  C o n f i g u r a t i o n  p a c k e t  t e m p l a t e .

A s  s h o w n  i n  Listing A9, w i t h i n  t h e  sendSpkConfToAmp f u n c t i o n ,  t h e  t e m p l a t e  i s  c o p i e d  a n d  m o d i f i e d  t o  

s e n d  f r o m  t h e  c o r r e c t  s o u r c e  M A C  t o  t h e  c o r r e c t  d e s t i n a t i o n  M A C  f o r  t h e  e n d p o i n t  p r o c e s s o r .  T h e  c o n t r o l  

l e n g t h  v a l u e  i s  c h a n g e d  a c c o r d i n g  t o  t h e  p a c k e t  d a t a  s i z e  f o r  t h e  s p e a k e r  c o n f i g u r a t i o n .  T h e  I D  o f  s p e a k e r s  

f o r  e a c h  a m p  a r e  i t e r a t e d  t h r o u g h  a n d  t h e  t e m p l a t e ’ s  f i r s t  t w o  d a t a  b y t e s  a r e  m o d i f i e d  t o  h o l d  t h o s e .  F i n a l l y ,  

t h e  p a c k e t i z e d  s p e a k e r  c o n f i g u r a t i o n  i s  c o n c a t e n a t e d  a n d  t o  t h e  p a c k e t  a n d  t h e n  s e n t  w i t h  p c a p .

850 // function to send mix LeveLs for aLL speakers connected to an amp
851 let sendSpkConfToAmp = function(ampindex,packetSpkConf) {
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876

let new aecpSpkConfPacket = aecpSpkConfPacket;

let i = ampindex;
//Set target mac address
new_aecpSpkConfPacket[0] = speakerconfig.amplifiers[i].macadr[0];
new aecpSpkConfPacket[1] = speakerConfig.amplifiers[i].macadr[l];
new_aecpSpkConfPacket[2] = speakerconfig.amplifiers[i].macadr[2];
new_aecpSpkConfPacket[3] = speakerConfig.amplifiers[i].macadr[3];
newaecpSpkConfPacket[4] = speakerConfig.amplifiers[i].macadr[4];
new_aecpSpkConfPacket[5] = speakerconfig.amplifiers[i].macadr[5];

// Set source MAC address
mac.toBuffer(AVBNetworkMac, newaecpSpkConfPacket, 6); // copy mac address of server into connection request packet

//Set target GUID
new_aecpSpkConfPacket[18] = speakerConfig.amplifiers[i].macadr[0];
new aecpSpkConfPacket[19] = speakerConfig.amplifiers[i].macadr[l];
new_aecpSpkConfPacket[20] = speakerConfig.amplifiers[i].macadr[2];
new aecpSpkConfPacket[21] = 0xff;
new_aecpSpkConfPacket[22] = 0xfe;
new_aecpSpkConfPacket[23] = speakerConfig.amplifiers[i].macadr[3];
new_aecpSpkConfPacket[24] = speakerConfig.amplifiers[i].macadr[4];
new_aecpSpkConfPacket[25] = speakerConfig.amplifiers[i].macadr[5];

serverEntitylD.copy(new_aecpSpkConfPacket, 26); // server entity ID --> aecp packet controLLer fieLd
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8 7 7

8 7 8

8 7 9

8 8 0

8 8 1

8 8 2

8 8 3

8 8 4

8 8 5

8 8 6

8 8 7

8 8 8

8 8 9

8 9 0

8 9 1

8 9 2

8 9 3

8 9 4

8 9 5

8 9 6

8 9 7

8 9 8

8 9 9

9 9 0

9 0 1

9 0 2

9 0 3

9 0 4

9 0 5

9 0 6

/ /  Determine speaker c o n fig u ra tio n  Length f o r  packet
l e t  a m o u n t S p k s A t t a c h e d  =  2 ;  / /  SPK4P is  2
let S p k C o n f L e n g t h  =  a m o u n t S p k s A t t a c h e d  +  s p e a k e r C o n f i g . t o t a l S p k s * 3 * 4  +  4 ;  / /  each speaker has 3 coords associated w ith  i t .
let S p k C o n f s t a r t i n d x  =  4 2 ;

/ /  Enter Length o f  vaLues in to  packet
n e w _ a e c p S p k C o n f P a c k e t [ 1 7 ]  =  1 6  +  S p k C o n f L e n g t h ;

l e t  i d s p k s  =  [ ] ;  / /  hoLds id  o f  speakers in  speaker co n fig  a ttached to  cu rren t XMOS

f o r  ( l e t  j  =  0 ;  j  <  a m o u n t S p k s A t t a c h e d ; j + + ) {

/ /  Add IDs f o r  speakers attached to  th is  amp
i d s p k  =  i * a m o u n t S p k s A t t a c h e d + j ;

n e w _ a e c p S p k C o n f P a c k e t [ S p k C o n f s t a r t i n d x + j ]  =  i d s p k ;

/ /  Add those ids  to  a rray
i d _ s p k s  =  i d _ s p k s . c o n c a t ( [ i d s p k ] ) ;

}  ’  -  -  -

/ /  Then append speaker co n fig u ra tion  packet data
n e w a e c p S p k C o n f P a c k e t  =  B u f f e r . c o n c a t ( [ n e w a e c p S p k C o n f P a c k e t , p a c k e t S p k C o n f ] ) ;

t r y  {

/ /  send pcap packet
c . s e n d ( n e w a e c p S p k C o n f P a c k e t , n e w a e c  p S p k C o n f P a c k e t . l e n g t h ) ;

c o n s o l e . l o g ( " s p e a k e r  c o n f i g u r a t i o n  s e n t " )

}  c a t c h ( e )  {

|  c o n s o l e . l o g ( " E r r o r  s e n d i n g  p a c k e t " ) ;

Listing A9: sendSpkConftoXMOSToAmp function.

A4 Sending ImmerGo Track Object Model

Listing A10 shows the array that holds all the tracks to be updated. This array is filled provided it is not 

there already when the updateSpeakerMixLevels function is called as shown in Listing A ll.

1 1 3 7

1 1 3 8

2 2 3 9

2 2 4 0

2 2 4 1

/ /  s tru c tu re  f o r  aLL tracks  th a t wiLL be sent on MTC frame 

v a r  t r a c k s f o r U p d a t e  =  [ ] ;

Listing A10: The tracks for update array.

/ /  Add tracks to  updated
i f  ( ! t r a c k s f o r U p d a t e . i n c l u d e s ( t r a c k N o ) )

|  t r a c k s f o r U p d a t e . p u s h ( t r a c k N o )

Listing All: Adding track IDs for updating.

These are then sent similarly to when updating the speaker endpoint mixer matrices. This is performed 

within the sendSrcUpdate function as shown in Listing A l2.

1 3 3 7

1 3 3 8

1 3 3 9

1 3 4 0

1 3 4 1

1 3 4 2

1 3 4 3

1 3 4 4

1 3 4 5

1 3 4 6

1 3 4 7

1 3 4 8

f u n c t i o n  s e n d S r c U p d a t e ( ) {

/ /  Send s rc  vaLues to  each amp
i f  ( t r a c k s f o r U p d a t e . l e n g t h  >  0 ) {

l e t  s r c P a c k e t D a t a  =  p a c k e t i z e S r c D a t a ( t r a c k s f o r U p d a t e . l e n g t h ) ;

f o r  ( l e t  i  =  0 ;  i  <  s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + ) {

I  / /  i f  no tra cks  updated d o n 't  send packet
|  s e n d S r c T o A m p ( s r c P a c k e t D a t a , i ) ;

}

/ /  CLear the tra cks  f o r  update s t ru c t  so next frame is  d e a n 

t r a c k s f o r U p d a t e  =  [ ] ;

Listing A l2: Sending source updates to the speaker endpoints.

If there are elements in the tracksforUpdate array, the sources are packetized into data using the 

packetizeSrcData function shown in Listing A l3. The number of sources to be updated are parsed and the 

packet data length is determined. From there a new buffer object is created and filled according to the 

number of sources. The track number and volume of the track is set to be added to the packet. Similar to
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sending the speaker configuration coordinates, each source coordinate element needs to be sent as a 4 bit 

byte. Once broken into bits all the track object model information is added to the packet. This happens for 

each track object and then is passed back as a buffer that is then sent to each endpoint processor using the 

sendSrcToAmp function with the return packet data as an argument.

1 1 5 6

1 1 5 7

1 1 5 8

1 1 5 9

1 1 6 0

1 1 6 1

1 1 6 2

1 1 6 3

1 1 6 4

1 1 6 5

1 1 6 6

1 1 6 7

1 1 6 8

1 1 6 9

1 1 7 0

1 1 7 1

1 1 7 2

1 1 7 3

1 1 7 4

1 1 7 5

1 1 7 6

1 1 7 7

1 1 7 8

1 1 7 9

1 1 8 0

1 1 8 1

1 1 8 2

1 1 8 3

1 1 8 4

1 1 8 5

1 1 8 6

1 1 8 7

1 1 8 8

1 1 8 9

1 1 9 0

1 1 9 1

1 1 9 2

1 1 9 3

1 1 9 4

1 1 9 5

1 1 9 6

1 1 9 7

1 1 9 8

1 1 9 9

1 2 0 0

1 2 0 1

1 2 0 2

1 2 0 3

1 2 0 4

1 2 0 5

1 2 0 6

1 2 0 7

1 2 0 8

1 2 0 9

1 2 1 0

1 2 1 1

1 2 1 2

l e t  p a c k e t i z e S r c D a t a  =  f u n c t i o n ( n o S r c s ) {

/ /  F i r s t  s e t the  Length o f  the  vaLues
/ /  Determ ine Length s rc  f o r  packet
l e t  n o S r c s  =  n o S r c s ;

l e t  s r c P a c k e t L e n g t h  =  1 + n o S r c s * ( 2 + 3 * 4 ) ;  / /  (1 f o r  number o f  sources) + (each source has id  + voL + (co o rd in a te s  3 * (4 *b y te s ))  )

/ /  bu iLd vaLues f ie L d  f o r  f o r  srcPacket
l e t  s r c P a c k e t d a t a  =  n e w  B u f f e r ( s r c P a c k e t L e n g t h )  

s r c P a c k e t d a t a [ 0 ]  =  n o S r c s ;

/ /  For each tra c k  id j  s p L it  i t ' s  coords in to  4 bytes and add to  b u f fe r  w ith  i t ' s  id
f o r  ( l e t  i  =  0 ;  i < n o S r c s ; i + + ) {

l e t  i d  =  t r a c k s f o r U p d a t e [ i ] ;

/ /  voLume o f  t ra c k
l e t  v o l  =  t r a c k s 3 D [ i d ] . v o l u m e ;

l e t  x _ r  =  p a r s e ! n t ( M a t h . r o u n d ( t r a c k s 3 D [ i d ] . c u r r e n t x C o o r d ) ) ;

l e t  y r  =  p a r s e ! n t ( M a t h . r o u n d ( t r a c k s 3 D [ i d ] . c u r r e n t y C o o r d ) ) ;

l e t  z _ r  =  p a r s e ! n t ( M a t h . r o u n d ( t r a c k s 3 D [ i d ] . c u r r e n t z C o o r d ) ) ;

/ /  S p L it  s rc  coords in to  4 8 b i t  words
/ /  x  coord
l e t  u u x  =  ( x _ r  > »  2 4 )  &  0 x f f ;

l e t  u x  =  ( x _ r  » >  1 6 )  &  0 x f f ;

l e t  l x  =  ( x _ r  » >  8 )  &  0 x f f ;

l e t  l l x  =  x _ r  &  O x f f ;

/ /  y  coord
l e t  u u y  =  ( y r  > > >  2 4 )  &  O x f f ;

l e t  u y  =  ( y  r  > »  1 6 )  &  O x f f ;

l e t  l y  =  ( y  r  » >  8 )  &  0 x f f ;

l e t  l l y  =  y r  &  O x f f ;

/ /  z coord
l e t  u u z  =  ( z _ r  » >  2 4 )  &  O x f f ;

l e t  u z  =  ( z  r  » >  1 6 )  &  O x f f ;

l e t  I z  =  ( z  r  » >  8 )  &  O x f f ;

l e t  l l z  =  z _ r  &  O x f f ;

/ /  Add to  packet data
s r c P a c k e t d a t a [ l + 1 4 * i ]  =  i d ;

s r c P a c k e t d a t a [ l + 1 4 * i + l ]  =  v o l ;

s r c P a c k e t d a t a [ l + 1 4 * i + 2 ]  =  u u x ;

s r c P a c k e t d a t a [ l + 1 4 * i + 3 ]  =  u x ;

s r c P a c k e t d a t a [ l + 1 4 * i + 4 ]  =  l x ;

s r c P a c k e t d a t a [ l + 1 4 * i + 5 ]  =  l l x ;

s r c P a c k e t d a t a [ l + 1 4 * i + 6 ]  =  u u y ;

s r c P a c k e t d a t a [ l + 1 4 * i + 7 ]  =  u y ;

s r c P a c k e t d a t a [ 1 + 1 4 * i + 8 ]  =  l y ;

s r c P a c k e t d a t a [ l + 1 4 * i + 9 ]  =  l l y ;

s r c P a c k e t d a t a [ l + 1 4 * i + i 0 ]  =  u u z ;

s r c P a c k e t d a t a [ 1 + 1 4 * i + 1 1 ]  =  u z ;

s r c P a c k e t d a t a [ l + 1 4 * i + 1 2 ]  =  I z ;

s r c P a c k e t d a t a [ l + 1 4 * i + 1 3 ]  =  l l z ;
}  ’  ’

r e t u r n  s r c P a c k e t d a t a ;

Listing A l 3 :  C r e a t i n g  s o u r c e  p a c k e t  d a t a .

The sendSrcToAmp uses the source update packet template shown in Listing A14 with the respective 

descriptor index for the algorithm that intends to be used to solve for the audio mixer values.
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1 1 4 0

1 1 4 1

1142

1143

1 1 4 4

1 1 4 5

1 1 4 6

1 1 4 7

1 1 4 8

1 1 4 9

1 1 5 0

1151

1152

1153

1 1 5 4

/ /  The src packet Layout
v a r  a e c p S r c P a c k e t  =  n e w  B u f f e r ( [

0 x f  f ,  0 x f  f ,  0 x f  f ,  0 x f  f , 0 x f f ,  0 x f  f

0 x 6 8 , 0 x 5 b ,  0 X 3 5 , 0 X 6 1 0 , 0 x 1 ) 1 3 , 0 x 5 5 ,

0 x 2 2 , 0 x f 0 ,

Qxfb,

0 x 0 0 ,

0 x 0 0 , 0 x 5 0 ,

0 x 0 0 , 0 x 2 2 , 0 x 9 7 , 0 x f  f , 0 x f e , 0 x 0 0 , 0 x 4 1 , 0 x c 1 ,  

0 x 6 8 , 0 x 5  b , 0 x 3  5 , 0 x f f , 0 x f e , 0 x d 0 , 0 x b  b , 0 x 5  5 ,  

0 X 0 0 , 0 X 0 0 ,

0 x 0 0 , 0 x l e ,

0 x 0 0 , 0 x l c ,

0 x 0 0 , 0 x 2 0 ,

] ) ;

/ /  destination MAC
/ /  source MAC NB! change fo r  other servers
/ /  ethertype 1722
/ /  contraL ind ica to r true, AECP subtype
/ /  AEM command
/ /  controL data Length o f  80 (16 + variabLe depending on no o f srcs)
/ /  ta rge t GUID
/ /  controLLer GUID
/ /  sequence number
/ /  commmand type (SET MIXER) (controL is  18)
/ /  descrip tor type (MIXER) (controL is  la )
/ /  descrip tor index 0x0020 fo r  src update DBAP

Listing A l4: The source packet template.

1 2 1 4

1 2 1 5

1 2 1 6

1 2 1 7

1 2 1 8

1 2 1 9

1 2 2 0

1 2 2 1

1 2 2 2

1 2 2 3

1 2 2 4

1 2 2 5

1 2 2 6

1 2 2 7

1 2 2 8

1 2 2 9

1 2 3 0

1 2 3 1

1 2 3 2

1 2 3 3

1 2 3 4

1 2 3 5

1 2 3 6

1 2 3 7

1 2 3 8

1 2 3 9

1 2 4 0

1 2 4 1

1 2 4 2

1 2 4 3

1244

1 2 4 5

1 2 4 6

1 2 4 7

1 2 4 8

1 2 4 9

1 2 5 0

/ /  fu n c tio n  to  send s rc  p o s it io n s  f o r  aLL speakers connected to  an amp
l e t  s e n d S r c T o A m p  =  f u n c t i o n ( s r c P a c k e t D a t a , a m p i n d e x )  {

l e t  i  =  a m p i n d e x ;

l e t  n e w  a e c p S r c P a c k e t  =  a e c p S r c P a c k e t ;

/ /S e t  ta rg e t mac address
n e w _ a e c p S r c P a c k e t [ 0 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 0 ] ;  

n e w _ a e c p S r c P a c k e t [ l ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ l ] ;  

n e w _ a e c p S r c P a c k e t [ 2 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 2 ] ;  

n e w _ a e c p S r c P a c k e t [ 3 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 3 ] ;  

n e w _ a e c p S r c P a c k e t [ 4 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 4 ] ;  

n e w _ a e c p S r c P a c k e t [ 5 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 5 ] ;

/ /  Set source MAC address
m a c . t o B u f f e r ( A V B N e t w o r k M a c ,  n e w a e c p S r c P a c k e t ,  6 ) ;  / /  copy mac address o f  server in to  connection request packet

/ /S e t  ta rg e t GUID
n e w _ a e c p S r c P a c k e t [ 1 8 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 0 ] ;

n e w _ a e c p S r c P a c k e t [ 1 9 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ l ] ;

n e w _ a e c p S r c P a c k e t [ 2 0 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 2 ] ;

n e w a e c p S r c P a c k e t [ 2 1 ]  =  0 x f f ;

n e w _ a e c p S r c P a c k e t [ 2 2 ]  =  0 x f e ;

n e w _ a e c p S r c P a c k e t [ 2 3 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 3 ] ;

n e w _ a e c p S r c P a c k e t [ 2 4 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 4 ] ;

n e w _ a e c p S r c P a c k e t [ 2 5 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 5 ] ;

s e r v e r E n t i t y I D . c o p y ( n e w _ a e c p S r c P a c k e t ,  2 6 ) ;  / /  se rver e n t it y  ID -->  aecp packet controLLer f ie L d

n e w _ a e c p S r c P a c k e t [ 1 7 ]  =  1 6  +  s r c P a c k e t D a t a . l e n g t h

n e w a e c p S r c P a c k e t  =  B u f f e r . c o n c a t ( [ n e w _ a e c p S r c P a c k e t , s r c P a c k e t _ D a t a ] ) ;

t r y  {

I  / /  send pcap packet
|  c . s e n d ( n e w a e c p S r c P a c k e t , n e w a e c p S r c P a c k e t . l e n g t h ) ;

}  c a t c h ( e )  {

I  c o n s o l e . l o g ( " E r r o r  s e n d i n g  p a c k e t " ) ;

Listing A l5: Sending the source packet.

The sendSrcToAmp function changes the AECP headers to contain the correct destination and source 

addresses. It then updates the control data length parameters and concatenates the source packet data to the 

function. It then sends the packet to the endpoints using the cap package.

A5 Unpacking the Speaker Configuration

There are two parts when sending the speaker configuration to the endpoints. As shown in Listing A 16, 

first is to update the SPK-4P speaker ids so mixer values from the spatial audio rendering algorithms go to 

the correct speaker. Then each speaker location needs to be added to the speaker configuration array. The 

speaker configuration is limited to 100 speakers. The speaker coordinates are split into 4 8 bit words. Each 

coordinate element is unpacked within the for-loop. There are then combined into one integer value 

coordinate. There is a loop termination if the coordinate received is OxFFFFFFFF which means it has 

reached the end of the speaker configuration.
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154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

case i_1722_l_control.set_speakerConfig(unsigned char ids [], char config[]) :{ 
/* Unpack ImmerGo Speaker Configuration */

// First set the speaker ids attached to this processor
ids_nanoSPKs[0] = ids[0];
ids_nanoSPKs[1] = ids[ 1 ] ;

/* Unpack speaker configuration from packet and put into struct */
indx = 0;
for (int i=0; i<MAX_SIZE_CONFIG*3;i++){

unsigned char u_upper_byte = config[indx++];
unsigned char upper_byte = config[indx++];
unsigned char lower_byte = config[indx++];
unsigned char l_lower_byte = config[indx++];
H  Convert to int
int coord = (int) ((u_upper_byte «  24) I (upper_byte «  16) I (lower_byte «  8) I (l_lower_byte));

if (coord == -2147483648){ 
speakerConfig[i] = -2147483648; 
break;

}
// Add entry to config
speakerConfig[i] = (double) coord;

} ' '

/* Clear fifoMixVals */
memset(fifoMixVals, 0, sizeof fifoMixVals); 
break;

Listing A l6: The server interface that receives the speaker configuration into the endpoints.

Each object-based rendering algorithm required locations of the source and speakers to be sent to the 

endpoint processors. Listing A17 shows how a source is unpacked before being used by a particular spatial 

audio algorithm. First, the track ID is unpacked which is then used for subsequent updates to the correct 

parts of the array. The volume of that track is then updated. From there the source location is unpacked 

into a 32 bit integer which is then cast into a double and saved to the source array before being processed 

through the algorithm. If more than one track is sent at once, this process is repeated for subsequent 

sources until all of them have been solved for. The algorithm then updates the gain structures and the 

mixer matrices are sent their parameters.

318 case i_1722_l_control.perform_DBAP(unsigned char noSrcs, char src[]) :{
319 /* Unpack ImmerGo Track Object Model */
320 indx = 0; // Reset index counter
321 // Source bundle updates
322 for (int j=0;j<noSrcs;j++){

unsigned char id_src = src[indx++]; // The track number of source update
324 volumes[id_src] = src[indx++]; // Volume of source update
325

326 // Add source position (x,y,z)
#pragma loop unroll

328 for (int i=0; i<3;i++){
unsigned char u_upper_byte = src[indx++];

330 unsigned char upper_byte = src[indx++];
331 unsigned char lower_byte = src[indx++];

unsigned char l_lower_byte = src[indx++];
333
334 // Add to sources array

srcs[id_src][i] = (double)((int) ((u_upper_byte «  24) I (upper_byte «  16) I (lower_byte «  8) I (l_lower_byte)))
336 )

337 // Perform algorithm...

A7 Updating the SHARC Mixer Matrix Crosspoints

The SHARC mixer matrix is addressed using indices 0-64, with 0-31 being the first column cross points 

and 32-63 being the second column cross points. A matrix cross point’s gain and delay parameters are set 

using a single 32-bit word split into two parts. The 16 most significant bits are the gain levels of the samples 

and the 16 least significant bits is the amount of delay. Listing A 18 shows the procedure to set a single 

matrix cross point.
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173//Gain: 16bits range 1 to -1, 1/15 per steps, 2's complement (QI.15)
174//Delay: 16bits range 0 to WFS_MAX_DELAY samples
17 : unsigned char DSP_SetWFS_CrossPoint(unsigned int input, unsigned int output, unsigned short Gain, unsigned short Delay)
1 7 6  {

177 unsigned int Tx_Buff[MAX_SPI_MSG_DWORD];
178 unsigned int DSP_Address;
179 unsigned int temp;
1 8 0

181 DSP_Address = input*WFS_NUM_OUT+output;
1 8 2

183 temp = Gain«16;
184 temp |= (Delay & OxFFFF);
1 8 5

186 Tx_Buff[0] = temp;
1 8 7

188 return DSP_AddrParaLoad(DSP_Address, (unsigned int*)Tx_Buff, 1);
1 8 9  }

Listing A l8: Setting a single matrix crosspoint.

A  3 2 - b i t  v a r i a b l e  h o l d s  t h e  v a l u e s  t o  b e  s e n t  t o  t h e  S H A R C .  T h e  g a i n  i s  s e t  a n d  s h i f t e d  l e f t  1 6  b i t s  a n d  t h e  

l e a s t  s i g n i f i c a n t  1 6  b i t s  a r e  g i v e n  t h e  d e l a y  v a l u e .  T h i s  i s  t h e n  l o a d e d  i n t o  t h e  DSP_AddrParaLoad f u n c t i o n  

w i t h  a  m e s s a g e  c o u n t  o f  1  s i n c e  o n l y  1  c r o s s  p o i n t  i s  b e i n g  a d d r e s s e d .

W h e n  a  s o u r c e  i s  m o v e d  m u l t i p l e  c r o s s p o i n t s  n e e d  t o  b e  u p d a t e d  a t  o n c e .  F o r  i n s t a n c e ,  w h e n  a  s i n g l e  i n p u t  

s o u r c e  g a i n  a n d  d e l a y  v a l u e s  a r e  s o l v e d ,  i t  i s  r e q u i r e d  t h e  m i x e r  c r o s s  p o i n t s  t o  u p d a t e d  a t  t h e  s a m e  t i m e .  

F o r  t h i s  r e a s o n ,  a  s o u r c e  u p d a t e  f u n c t i o n  i s  m a d e  t h a t  s e t s  t h e  c r o s s  p o i n t s  f o r  t h a t  s o u r c e  a s  a  g r o u p .  A s  

s h o w n  i n  Listing A19, t h i s  f u n c t i o n  t a k e s  t h e  s o u r c e  b a s e  a d d r e s s  a n d  p o i n t e r s  t o  t h e  g a i n  a n d  d e l a y  

s t r u c t u r e  f o r  t h e  s o u r c e .  T h e s e  p a r a m e t e r s  a r e  l o a d e d  i n t o  t h e  p a r a m e t e r  b u f f e r  w i t h  s p e c i a l  c a r e  t o  c o n v e r t  

t h e  g a i n  v a l u e s  t o  Q I .  1 5  a n d  t o  t r u n c a t e  t h e  n u m b e r  o f  s a m p l e s  t o  b e  d e l a y e d .  E v e r y  t i m e  p a r a m e t e r s  a r e  

a d d e d  t o  t h e  S H A R C ,  t h e  p a r a m e t e r  c o u n t e r ,  msg_count. T h i s  c o u n t e r  a l o n g  w i t h  a  p o i n t e r  t o  t h e  

p a r a m e t e r  b u f f e r  i s  t h e n  s e n t  t o  t h e  S H A R C .

222void load_srcGainsDelays2SHARC(unsigned int address,double* gains_fs,double* delays){
223 unsigned int Tx_Buff [MAX_SPI_MSG_DWORD]; //Sync+Header+CRC = 3 DWORD
224 unsigned int DSP_Address;
225 unsigned int temp;
226 unsigned int msg_count;
227 DSP_Address = address; //start from src address
228
229 msg_count = 0;
230
231 for(int j=0; j <WFS_NUM_OUT; j++){
232 temp = fs_to_Q115(*gains_fs++) «  16; // Add gain parameter

temp |= (trunc(*delays++)) £ OxFFFF; // Add delay parameter
234 Tx_Buff[msg_count++] = temp; // Add parameters to send buffer
235
236
237 // If reach maximum values sent over bus, split into two talker buffers and send remaining parameters
238 if(msg_count =  ((MAX_SPI_MSG_DWORD) - 4)) //Sync+Header+Idx+CRC = 4 DWORD
239 {
240 DSP_AddrParaLoad(DSP_Address, (unsigned int*)Tx_Buff, msg_count);
241 DSP_Address += msg_count;
242 msg_count = 0;
243 }
244 }
245
246 i f (msg_count) // Send any remaining parameters
247 {
248 DSP_AddrParaLoad(DSP_Address, (unsigned int*)Tx_Buff, msg_count); // Send parameters to SHARC
249 }
25: }

Listing A l9: Function to set matrix crosspoints for a single source.

T h e  H R  a n d  a m p l i t u d e  s m o o t h i n g  f i l t e r  c o e f f i c i e n t s  a r e  a d d r e s s e d  a t  t h e  v e r y  e n d  o f  t h e  a d d r e s s  s p a c e .  F o r  

t h e  S P K - 4 P ,  t h e y  a r e  a d d r e s s e d  a t  6 4  a n d  6 5 .  T h e  c o e f f i c i e n t s  a r e  s e n t  t o  t h e  S H A R C  a s  f l o a t i n g  p o i n t  

v a l u e s  u s i n g  t h e  DSP_AddrParaLoad. T h e  s p a t i a l  a u d i o  r e n d e r e r  i s  a b l e  t o  s e n d  u p d a t e s  o f  t h e  f i l t e r  

c o e f f i c i e n t s  u s i n g  t h e  load_filter2SHARC s h o w n  i n  Listing A20.
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4 1 8 v o id  load _filter2S H A R C ( f lo a t *  f i l t e r _ c o e f f ) {

4 1 9  / / L o a d  f i l t e r  c o e f f i c i e n t s  a s  f l o a t  i n t o  S H A R C

4 2 0  u n sig n ed  in t  D S P A d d r e s s ;

4 2 1  u n sig n ed  i n t  m s g _ c o u n t ;

4 2 2

4 2 3  D S P A d d r e s s  =  M A X _ C H A N N E L S * M A X _ S P E A K E R S ;  / / s t a r t  f r o m  M A X C H A N N E L S * M A X _ S P E A K E R S

4 2 4

4 2 5  m s g _ c o u n t  =  2 ;

4 2 6  D S P _ A d d r P a r a L o a d ( D S P _ A d d r e s s ,  (un sign ed  i n t * ) f i l t e r _ c o e f f ,  m s g _ c o u n t ) ;

4 2 7  }

Listing A20: Function to load filter coefficients

T h e  DSP_AddrParaLoad f u n c t i o n  i s  d e f i n e d  i n  Listing A21 b e l o w .  T h e  a r g u m e n t s  a r e  u s e d  t o  s p e c i f y  t h e  

a d d r e s s  o f  t h e  m a t r i x  c r o s s  p o i n t ,  a  p o i n t e r  t o  t h e  a r r a y  o f  p a r a m e t e r s  b e i n g  l o a d e d  a n d  t h e  n u m b e r  o f  

p a r a m e t e r s  b e i n g  l o a d e d .  T h e s e  a r e  t h e n  s e n t  t o  t h e  S H A R C  o v e r  t h e  S P I  t a l k e r  b u s .

1 5 7  u n sig n ed  char DSP_AddrParaLoad(un sign ed  i n t  D S P _ A d d r e s s ,  u n sig n ed  in t*  p a r a ,  u n sig n ed  i n t  p a r a _ c n t )
1 5 8  {  ’  ’

1 5 9

i f  (! S H A R C _ S P I _ T x  (  (un sign ed  char *) & p a r a [ 0 ] ,  p a r a _ c n t * 4 ,  ( A M F C o m m a n d _ S e t _ P a r a & O x F F ) ,  D S P _ A d d r e s s ) )

1 6 1  {

1 6 2  / / e r r o r ,  c a n ' t  s e n d  t o  D S P

1 6 3  r e tu r n  0 ;

1 6 4  }

1 6 5

1 6 6  M S T i m e r W a i t ( 5 )  ;

1 6 8  r e tu r n  1 ;

1 6 9  }

Listing A21: The DSP_AddrParaLoad function.
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Before the server is able to perform the VBAP calculation, it is determined whether the configuration lies 

on a sphere. This is done by determining the radius of each speaker to the origin as shown in Listing Bl.

405
406

407

408

409
410

411

412

413
414

415

416

417

l e t  s p k p o s  =  [ ] ;

l e t  r a d i i  =  [ ] ;

/ /  Get p os itio n s  o f  speakers
f o r  ( l e t  i  =  0 ;  i < s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + ) {

f o r  ( l e t  j  =  0 ;  j < s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h ;  j + + ) {

l e t  x  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . x ;

l e t  y  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . y ;

l e t  z  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . z ;

r a d i i . p u s h ( M a t h . r o u n d ( M a t h . s q r t ( M a t h . p o w ( x , 2 ) + M a t h . p o w ( y , 2 ) + M a t h . p o w ( z , 2 ) ) ) ) ;  

s p k _ p o s . p u s h ( [ x , y , z ] )

/ /  Get distance to  centre
/ /  Add to  the speaker pos itio n s

Listing Bl: D e t e r m i n i n g  t h e  r a d i u s  o f  e a c h  s p e a k e r  i n  t h e  I m m e r G o  s e r v e r .

As shown in Listing B2, the distance of each radius is then checked to be within the bounds of 5cm from 

each other using the checkAUValuesWithinBounds function shown in Listing B3.

4 1 9

420
421
422
423
424
425
426
427
428
4 2 9

430
431
432
433
434
435
436

/ /  Are the speakers on the perimeter o f a sphere?
i f ( c h e c k A l l V a l u e s W i t h i n B o u n d s ( r a d i i )  ! =  t r u e ) {

|  c o n s o l e . l o g ( " V B A P  d i s a b l e d .  S p e a k e r s  n o t  o n  r a d i u s  o f  s p h e r e . " ) ;
}  ’

e l s e  {

/ /  Set up the triangLe mesh
t r y {

v b a p . S e t M e s h ( s p k p o s )

v b a p e n a b l e d  =  1 ;

c o n s o l e . l o g ( " V B A P  s p e a k e r  m e s h  s e t " ) ;

}  c a t c h ( e )

{

c o n s o l e . l o g ( " U n a b l e  t o  s e t  V B A P  l o u d s p e a k e r  m e s h . " ) ;

c o n s o l e . l o g ( e )

c o n s o l e . l o g ( " V B A P  d i s a b l e d " )

v b a p e n a b l e d  =  0 ;

Listing B2: C a l l i n g  SetMesh f r o m  t h e  V B A P  l i b r a r y .

If this is not the case, then VBAP will be disabled. Provided they are within bounds, the VBAP 

configuration is set using the module function SetMesh called with an array holding the speaker positions.

392
393
394
395
396
397
398
399
400
4 0 1

402

/ /  Checks whether speakers are on sphere
f u n c t i o n  c h e c k A U V a l u e s W i t h i n B o u n d s ( r a d i i ) {

v a r  l e n g t h  =  r a d i i . l e n g t h ;

f o r ( v a r  i  =  1 ;  i  <  l e n g t h ;  i + + )
{  "

i f ( r a d i i [ i ]  >  r a d i i [ O ]  +  5  | |  r a d i i [ i ]  <  r a d i i [ 0 ]  -  5 ) {

|  r e t u r n  f a l s e

}

}

r e t u r n  t r u e ;

I
Listing B3: C h e c k i n g  e a c h  r a d i u s  i s  w i t h i n  5 c m  w i t h i n  t h e  checkAUValuesWithinBound f u n c t i o n .

SetMesh performs the convex hull algorithm, discards all triangles that are either too big or too small and 

then determines the inverse loudspeaker matrices for the remaining triangles as shown in Listing B4. First,



π

2
π

2
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the convex hull is determined using FindLsTriplets called with the loudspeaker positions. The 

OMIT_LARGE_TRIANGLES variable is set to true and there is no aperture limit set. The inverse 

loudspeaker matrices are then solved using the convex hull array.

4 3 6  f u n c t i o n  S e t M e s h ( l s _ p o s i t i o n s ) {

4 3 7  / *  Sets the  c o r re c t Loudspeaker mesh and caLcuLates inve rse  Loudspeaker m a tr ix  * /
438
439
440
441
442
443
444 }

/ /  F ind  vaL id  Loudspeaker groups 

l s _ m e s h  =  F i n d L s T r i p l e t s ( l s _ p o s i t i o n s ,  O M I T _ L A R G E _ T R I , 0 ) ;

/ /  F ind  in ve rse  Loudspeaker m a tr ix 

i n v l s m t x  =  i n v e r t l s M a t r i x ( l s  m e s h ) ;

Listing B4: The SetMesh function.

Listing B5 shows the FindLsTriplets function which determines the convex hull used for the VBAP 

calculation. First, the loudspeaker vertices are converted into normalized vectors. From there, the 

triangulation process begins by determining the convex hull faces using Quickhull3d. The faces are then 

sorted from smallest to largest with the first element being the smallest in the face. From there triangles that 

are incorrectly orientated are discarded using the keepValidTriangles function.

1 9 1

1 9 2

1 9 3

1 9 4

1 9 5

1 9 6

1 9 7

1 9 8

1 9 9

2 0 0

2 0 1

2 0 2

2 0 3

2 0 4

2 0 5

2 0 6

2 0 7

2 0 8

2 0 9

f u n c t i o n  F i n d L s T r i p l e t s ( l s _ p o s ,  O M I T L A R G E T R I ,  a p e r t u r e _ l i m ) {

/ *  Find speaker t r ip L e ts . Returns speakermesh w ith  faces and ve rtice s  o f  each speaker * /
l e t  s p e a k e r m e s h ;

/ /  Turn Loudspeaker p o s it io n s  in to  u n it  vectors
l e t  v e r t i c e s  =  l s _ p o s . m a p ( p o s  = >  {

l e t  d i s t  =  m a t h . s q r t ( p o s [ 0 ] * p o s [ 0 ] + p o s [ l ] * p o s [ l ] + p o s [ 2 ] * p o s [ 2 ] ) ;

r e t u r n  [ p o s [ 0 ] / d i s t , p o s [ l ] / d i s t , p o s [ 2 ] / d i s t ] ;

1 )
/ *  TrianguLation process: * /
/ *  Step 1: Find triangLe faces o f  convex-huLL o f  Loudspeakers * /
l e t  f a c e s  =  q u i c k h u l l ( v e r t i c e s ) ;  / /  Determine Convex huLL (using quickhuLL3d)

f a c e s  =  f a c e s . m a p ( s o r t V e r t i c e s I n F a c e ) ;  / /  S h if t  resuLts to  begin each triangLe from smaLLest en try

f a c e s  =  f a c e s . s o r t ( s o r t B y C o l u m n ) ;  / /  S ort by f i r s t  coLumn, then second coLumn

/ *  Step 2: D iscard invaL id  triangLes (ones w ith  area too narrow) * / 
f a c e s  =  k e e p V a l i d T r i a n g l e s ( f a c e s , v e r t i c e s ) ;

2 1 0

2 1 1  s p e a k e r m e s h  =  n e w  l s M e s h ( f a c e s , v e r t i c e s ) ;  / /  Return convex huLL mesh
2 1 2  r e t u r n  s p e a k e r m e s h ;

2 1 3

2 1 4  }

Listing B5: The FindLsTriplets function.

As shown in Listing 23, the keepValidTriangles function iterates over each triangle faces and determines the 

angle between the surface normal of the triangle to the centroid. If the angle is greater than — then the 

faces are orientated incorrectly and thus discarded. All triangles whose angles are less than — are saved and 

returned by the function. The loudspeaker mesh is then set with these faces in the FindLsTriplets function.
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165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

f u n c t i o n  k e e p V a l i d T r i a n g l e s ( f a c e s , v e r t ) {

/ *  Function th a t  d isca rd s  in v a lid  t r ia n g le s  * /
l e t  v a l i d f a c e s  =  [ ] ;  

l e t  n  =  f a c e s . l e n g t h ;

f o r  (  l e t  i  =  0  ;  i  <  n ;  i + + ) {  

l e t  c u r r e n t f a c e  =  f a c e s [ i ] ;

l e t  v e c  =  [ v e r t [ c u r r e n t f a c e [ 0 ] ] ,  v e r t [ c u r r e n t f a c e [ l ] ] ,  v e r t [ c u r r e n t f a c e [ 2 ] ] ] ;  / /  C u rren t fa ce  vec to rs
l e t  t r i a n g l e n o r m a l  =  m a t h . c r o s s ( m a t h . s u b t r a c t ( v e c [ 0 ] ,  v e c [ l ] ) ,  m a t h . s u b t r a c t ( v e c [ 1 ] ,  v e c [ 2 ] ) ) ;  / /  T ria n g le  su rfa ce  normal

l e t  c e n t r o i d  =  m a t h . m e a n ( v e c ,  0 ) ;  / /  C e n tro id  o f  t r ia n g le  vec to rs

i f  ( m a t h . a c o s ( m a t h . d o t ( c e n t r o i d , t r i a n g l e _ n o r m a l ) )  <  M a t h . P I / 2  ) {

v a l i d f a c e s . p u s h ( f a c e s [ i ] ) i  / /  I f  o r ie n ta te d  c o r re c t ly  add to  v a l id  t r ia n g le s
}

}

r e t u r n  v a l i d f a c e s ;

183 }

Listing B6: Determining which convex hull triplets to discard.

After the convex hull is determined the inverse loudspeaker matrices are determined. This happens within 

the invertlsMatrix function shown in Listing B7. For each of the faces in the convex hull, the inverse 

loudspeaker matrix for that face is determined. Once complete, the array holding all the inverted matrices is 

returned.

216
217
218
2 1 9

220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

f u n c t i o n  i n v e r t l s M a t r i x ( l s _ m e s h ) {

/ *  F ind  In ve rse  Loudspeaker M a tr ix  * /
l e t  n o f a c e s  =  I s m e s h . f a c e s . l e n g t h ;

l e t  l a y o u t l n v H t x  =  [ ] ;

f o r  ( l e t  i  =  0 ;  i  <  n o f a c e s ;  i + + ) {

/ *  Get u n i t  vec to rs  f o r  c u r re n t group * /
l e t  c u r r e n t f a c e  =  I s  m e s h . f a c e s [ i ] ;

l e t  t e m p G r o u p  =  [ I s _ m e s h . v e r t i c e s [ c u r r e n t f a c e [ 0 ] ] ,

/ *  Get Inve rse  o f  c u r re n t group * /
l e t  t e m p l n v  =  m a t h . d i v i d e ( m a t h . e y e ( 3 ) ,  t e m p G r o u p ) ;

/ *  Push onto  In v M a tr ix  * /
l e t  f l a t  =  m a t h . f l a t t e n ( m a t h . t r a n s p o s e ( t e m p l n v ) ) ;

f l a t  =  f l a t . t o A r r a y ( ) ;

l a y o u t l n v M t x . p u s h ( f l a t ) ;

1

r e t u r n  l a y o u t l n v H t x ;

I s m e s h . v e r t i c e s [ c u r r e n t f a c e [ l ] ] ,  I s m e s h - v e r t i c e s [ c u r r e n t f a c e [ 2 ] ] ] ;

Listing B7: Determining convex hull inverted loudspeaker matrices.

B2 Squeezing Vectors for MDAP

To squeeze secondary spread sources for required for MDAP, the getSpreadSrcDirs function is shown in 

Listing B8. These sources are then “squeezed” to the spread angle by multiplying the perpendicular vectors 

by the tangent of the spread angle and then adding to the original vector as shown in line 311. After this, 

they are normalized, concatenated with the primary vector and returned from the function.
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2 5 7  f u n c t i o n  g e t S p r e a d S r c D i r s ( s r c _ v e c t o r ,  s p r e a d ) {

2 5 8  / *  Generates d irec tions  fo r  spreading a source.
2 5 9  s rc v e c to r  - source u n it vector.
2 6 0  spread - spread angLe o f  sources.
2 6 1

2 6 2  Returns d ire c tio n  m atrix as vectors V

2 6 3

2 6 4

2 6 5

2 6 6

2 6 7

2 6 8

2 6 9

2 7 0

2 7 1

2 7 2

2 7 3

2 7 4

2 7 5

2 7 6

2 7 7

2 7 8

2 7 9

2 8 0

2 8 1

2 8 2

2 8 3

2 8 4

2 8 5

2 8 6

2 8 7

2 8 8

2 8 9

2 9 0

2 9 1

2 9 2

2 9 3

2 9 4

2 9 5

2 9 6

2 9 7

2 9 8

2 9 9

3 0 0

3 0 1

3 0 2

3 0 3

3 0 4

/ *  Number o f spread sources and concentric rings * /
l e t  n u m s r c  =  8 ;

l e t  n u m _ r i n g s _ 3 d  =  1 ;

l e t u  =  s r c v e c t o r ;

/ *  ro ta tio n  m atrix using axis o f  rotation-angLe d e fin it io n  (around source d ire c tio n ) * / 
l e t  u _ x _ u  =  [

[ m a t h . p o w ( u [ 0 ] , 2 ) ,  u [ 0 ] * u [ l ] ,  u [ 0 ]  u [ 2 ] ] j

[ u [ 0 ] * u [ l ] ,  m a t h . p o w ( u [ l ] , 2 ) ,  u [ l ] * u [ 2 ] ] ,

[ u [ 0 ] * u [ 2 ] ,  u [ l ] * u [ 2 ] ,  m a t h . p o w ( u [ 2 ] , 2 ) ]

] ;

l e t  u _ x  =  [

[ 0 ,  - □ [ 2 ] ,  U [ l ] ] >

[ u [ 2 ] ,  0 ,  U [ 0 ] ] >

[ U [ 1 ] ,  U t e ] ,  0 ]

] ;

/ *  Determine angLe o f ro ta tion  between each secondary source * /
l e t  t h e t a  =  m a t h . d i v i d e ( 2 * M a t h . P l ^ n u m s r c ) . t o F i x e d ( 4 ) ;

l e t  a  =  m a t h . d o t M u l t i p l y ( m a t h . e y e ( 3 ) , m a t h . c o s ( t h e t a ) . t o F i x e d ( 4 ) ) ;  / /  cos(theta)*Id
l e t  b  =  m a t h . d o t M u l t i p l y ( m a t h . s i n ( t h e t a ) . t o F i x e d ( 4 ) , u _ x )  ;  / /  sin(theta)*u_x
l e t  c  =  m a t h . d o t M u l t i p l y ( ( 1 - m a t h . c o s ( t h e t a ) . t o F i x e d ( 4 ) ) , u _ x _ u ) ;  / /  (1 - cos(theta))*u_x_u
l e t  R _ t h e t a  =  m a t h , a d d ( m a t h . a d d ( a , b ) , c ) , t o A r r a y ( ) ;  / /  Rotation by theta matrix

/ *  Create a ring o f sources on the pLane that is  perpendicuLar to the source * /
l e t  s p r e a d b a s e  =  m a t h . z e r o s ( n u m _ s r c , 3 ) . t o A r r a y ( )  / /  ALL the secondary sources
l e t  e l e v  =  m a t h . a s i n ( s r c _ v e c t o r [ 2 ] ) * ( 1 8 0 / M a t h . P I ) ;  / /  Determine angLe o f eLevation o f u n it vector

/ *  Add f i r s t  source * /
i f ( e l e v  >  8 9  | |  e l e v  <  - 8 9 ) {

s p r e a d b a s e [ 0 ]  =  [ 1 ?  0  , 0 ] ;  / /  L im it angLes that are orthogonaL
} e l s e {

s p r e a d  b a s e [ 0 ]  =  c r o s s _ p r o d _ s c a l e d ( u , [ 0 ,  0 ,  1 ] ) ;  / /  Determine normaL o f vector to 

}

/ *  Get rings o f d irections by ro ta ting  f i r s t  vector around the source * /
f o r ( l e t  n s  =  1 ;  n s < n u m _ s r c ; n s + + ) {

s p r e a d b a s e [ n s ]  =  m a t h . m u l t i p l y ( R _ t h e t a , m a t h . t r a n s p o s e ( s p r e a d b a s e [ n s - 1 ] ) )  

}
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3 0 5  / *  Squeeze the purpendicu lar r in g  to  desired spread * /
3 0 6  l e t  s p r e a d r a d  =  ( s p r e a d / 2 ) * ( M a t h . P I / 1 8 0 ) ;

3 0 7  l e t  r i n g  r a d  =  ( s p r e a d _ r a d / n u m _ r i n g s _ 3 d ) ;

3 0 8  l e t  U s p r e a d  =  m a t h . z e r o s ( n u m _ s r c * n u m _ r i n g s _ 3 d , 3 ) . t o A r r a y ( ) ;

3 0 9  f o r ( l e t  n r  =  0 ; n r  <  n u m _ r i n g s _ 3 d ; n r + + ) {

3 1 0  \ I  f o r ( l e t  j  =  0 ;  j < n u m _ s r c ; j + + ) {  / /  Squeeze from  o r ig in a l vector
3 1 1  I  U _ s p r e a d [ j ]  =  m a t h . a d d ( u , m a t h . m u l t i p l y ( s p r e a d b a s e [ j + n r ] , m a t h . t a n ( r i n g _ r a d * ( n r + l ) ) ) )
3 1 2  |  }

3 1 3  }

3 1 4

3 1 5  / *  Normalize vectors to  u n ity  * /
3 1 6  l e t  p o w S  =  U _ s p r e a d , m a p ( x  = >  m a t h . d o t M u l t i p l y ( x , x ) ) ;

3 1 7  U s p r e a d n o r m  =  m a t h . s q r t ( s u m 2 ( p o w S ) ) ;  / /  Determine d iv is o rs
3 1 8  \ r e p l l s p r e a d n o r m  =  m a t h . t r a n s p o s e ( r e p m a t ( U s p r e a d n o r m , 3 ) ) ; / /  Replicate the secondary sour
3 1 9  U s p r e a d  =  m a t h . d o t D i v i d e ( U _ s p r e a d , r e p _ U _ s p r e a d _ n o r m ) ;  / /  Normalize secondary source v
3 2 0  U _ s p r e a d [ U _ s p r e a d . l e n g t h ]  =  u ;  / /  Add o r ig in a l prim ary source
3 2 1

3 2 2  |  r e t u r n  U s p r e a d ;

3 2 3  }

Listing B8: getSpreadSrcDirs function.

Once the secondary sources have been returned, the matrix calculation is performed for each secondary 

source and added to the temporary structure holding the gains for each of the loudspeakers. Once the gains 

for each secondary source has been determined, they are normalized for each other, returned from the 

function and used to update the speaker mix levels within the server’s loudspeaker definition models.
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T h e  V B A P  a l g o r i t h m  w a s  i m p l e m e n t e d  o n  t h e  X M O S  p r o c e s s o r .  T h e  V B A P  c o n f i g u r a t i o n  i s  f i r s t  s e n t  t o  

t h e  e n d p o i n t  p r o c e s s o r  f r o m  t h e  N W J S  a p p  u s i n g  t h e  s e n d V B A P C o n f i g  f u n c t i o n  a f t e r  a l l  t h e  e n d p o i n t  

d e v i c e s  h a v e  b e e n  d i s c o v e r e d  a s  s h o w n  i n  Listing B9.

5 9 7

598
5 9 9

600
601
602
603
604

if (gotAmplifiers && gotServer) { // Have we got entity ID's of server and ampLifiers?
discoveryComplete = true;
console.log("discovery done");
deleteConnections();
makeConnections();
sendSpkConftoXMOS();
sendVBAPconfig();

}

Listing B9: Function called to send the VBAP configuration to the endpoint processors.

A s  s h o w n  i n  Listing BIO b e l o w  t h e  sendVBAPConfig f u n c t i o n  s i m p l y  i t e r a t e s  t h r o u g h  a l l  t h e  e n d p o i n t  

d e v i c e s  a n d  s e n d s  t h e  p a c k e t s  t o  e a c h  o f  t h e m  u s i n g  t h e  sendVBAPConfigToAmp f u n c t i o n .

1507
1508
1509
1510
1511
1512
1513

function sendVBAPconfig(){
// Send the VBAP configuration to each amp
for (var i = 0; i < speakerconfig.amplifiers.length; i++){ 

| sendVBAPConfigToAmp(i);

console.log("VBAP Config sent to all devices")

I
Listing BIO: Sending the VBAP configuration to each amp.

T h e  sendVBAPConfigToAmp p e r f o r m s  a l l  t h e  p a c k e t i z a t i o n  a n d  s e n d i n g .  S i m i l a r l y  t o  s e n d i n g  t h e  a u d i o  

d e f i n i t i o n  m o d e l s ,  i t  u s e s  a  p a c k e t  t e m p l a t e  a s  s h o w n  i n  Listing B ll.

1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202

/ /  The VBAP con fig u ra tion  packet Layout 
let aecpVBAPconfigPacket = new Buffer([ 

0xff,0xff,0xff,0xff,0xff,0xff, 
0x68,0x5b,0x35,0xd0,0xbb,0X55, 
0X22,0xf0, 
0xfb, 
0X00, 
0X00,0X50,
0X00,0X22,0X97,0xff,0xfe,0X00,0X41,0XC1, 
0X68,0X5 b,0x3 5,0xff,0xfe,0xd0,0xbb,0x55, 
0X00,0X00, 
0x00,0xle, 
0x00,0x1c,
0X00,0X31,
/ /  Concatenate re s t o f  con fig u ra tion  [no_faces, fa c e l, in v M tx l,  face  2 , invMtx2,

/ /  d es tin a tio n  MAC
/ /  source MAC NB! change fo r  o the r servers
/ /  e thertype 1722
/ /  controL in d ic a to r tru e , AECP subtype
/ /  AEM command
/ /  controL data Length o f  80 (16 + variabLe depending on no o f  bytes in  con fig )
/ /  ta rg e t GUID
/ /  controLLer GUID
/ /  sequence number
/ /  commmand type (SET MIXER) (controL is  18)
/ /  d esc rip to r type (MIXER) (controL is  la )
/ /  d esc rip to r index 50 f o r  vbap config

Listing Bll: The VBAP configuration template packet.

T h i s  t e m p l a t e  i s  f i l l e d  w i t h i n  t h e  sendVBAPConfigToAmp f u n c t i o n .  I t  m a k e s  a  c o p y  o f  t h e  t e m p l a t e  a n d  s e t s  

t h e  p a c k e t s  s o u r c e  a n d  d e s t i n a t i o n  a d d r e s s e s  c o r r e c t l y  a n d  t h e n  b e g i n s  t h e  p a c k e t i z a t i o n  o f  t h e  V B A P  

c o n f i g u r a t i o n .  S i n c e  t h e  V B A P  c o n f i g u r a t i o n  i s  l a r g e r  t h a n  4 6 8  b y t e s ,  t h e  s e n d i n g  n e e d s  t o  b e  s p l i t  i n t o  

m u l t i p l e  p a c k e t s .  A  s e q u e n c e  I D  i s  u s e d  t o  k e e p  t r a c k  o f  w h e r e  i n  t h e  s e n d i n g  s t r e a m  t o  e n s u r e  t h e  p a c k e t s  

a r e  u n p a c k e d  c o r r e c t l y  o n  t h e  X M O S  s i d e .  F i r s t ,  t h e  n u m b e r  o f  f a c e s  i n  t h e  c o n v e x  h u l l  i s  s e n t  t o  t h e  

X M O S  u s i n g  t h e  sendNoFacesToXMOS f u n c t i o n .  T h e  r e s t  o f  t h e  V B A P  c o n f i g u r a t i o n  i s  t h e n  p a c k e t i z e d  

w i t h  e a c h  t r i a n g l e  f a c e  f o l l o w e d  b y  i t s  c o r r e s p o n d i n g  i n v e r s e  l o u d s p e a k e r  m a t r i x .  F r o m  h e r e ,  t h e  p a c k e t s  

a r e  s p l i t  i n t o  c h u n k s  o f  4 6 8  b y t e s  w i t h  t h e i r  c o r r e s p o n d i n g  I D s  a n d  t h e n  s e n t  t o  t h e  X M O S  e n d p o i n t s .  T h e  

i n v e r s e  m a t r i c e s  a r e  s c a l e d  u p  a n d  s e n t  t o  t h e  X M O S  s o  a s  n o t  t o  l o s e  a c c u r a c y  o f  t h e  f l o a t i n g  p o i n t  

n u m b e r .
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1 1 9 9

1 2 0 0

1 2 0 1

1 2 0 2

1 2 0 3

1 2 0 4

1 2 0 5

1 2 0 6

1 2 0 7

1 2 0 8

1 2 0 9

1 2 1 0

1 2 1 1

1 2 1 2

1213

1 2 1 4

1215

1 2 1 6

1217

1 2 1 8

1 2 1 9

1 2 2 0

1221

1222

1223

1224

1225

1226

1227

1228

1229

1 2 3 0

1231

1232

1 2 3 3

1 2 3 7

1238

1239

1 2 4 0

1 2 4 1

1 2 4 2

1243

1 2 4 4

1245

1 2 4 6

1247

1 2 4 8

1 2 4 9

1 2 5 0

1251

1252

1 2 5 3

1 2 5 4

1 2 5 5

1 2 5 6

1 2 5 7

1 2 5 8

1 2 5 9

1 2 6 0

1261

1 2 6 2

1 2 6 3

1 2 6 4

1 2 6 5

1 2 6 6

1 2 6 7

1 2 6 8

1 2 6 9

1 2 7 0

1271

1 2 7 2

1273

1 2 7 4

1275

1 2 7 6

l e t  s e n d V B A P c o n f i g T o A m p  -  f u n c t i o n ( a m p i n d e x ) {

l e t  i  =  a m p i n d e x ;

l e t  n e w a e c p V B A P c o n f i g P a c k e t  =  a e c p V B A P c o n f i g P a c k e t ;

/ /S e t  ta rg e t mac address
n e w _ a e c p V B A P c o n f i g P a c k e t [ 0 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 0 ] ;

n e w a e c p V B A P c o n f i g P a c k e t [ 1 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ l ] ;

n e w a e c p V B A P c o n f i g P a c k e t [ 2 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 2 ] ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 3 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 3 ] ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 4 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 4 ] ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 5 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 5 ] ;

/ /  Set source MAC address
m a c . t o B u f f e r ( A V B N e t w o r k M a c ,  n e w a e c p V B A P c o n f i g P a c k e t ,  6 ) ;  / /  copy mac address o f  se rver in to  connection request packet

/ /S e t  ta rg e t GUID
n e w a e c p V B A P c o n f i g P a c k e t [ 1 8 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 0 ] ;

n e w  a e c p V B A P c o n f i g P a c k e t [ 1 9 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 1 ] ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 2 0 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 2 ] ;

n e w a e c p V B A P c o n f i g P a c k e t [ 2 1 ]  =  0 x f f ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 2 2 ]  =  0 x f e ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 2 3 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 3 ] ;

n e w a e c p V B A P c o n f i g P a c k e t [ 2 4 ]  =  s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . m a c a d r [ 4 ] ;

n e w a e c p V B A P c o n f i g P a c  k e t [ 2 5 ]  =  s p e a  k e r C o n f i g . a m p l i f i e r s [ i ] . m a c  a d r [ 5 ] ;

s e r v e r E n t i t y I D . c o p y ( n e w _ a e c p V B A P c o n f i g P a c k e t ,  2 6 ) ;  / /  se rver e n t it y  ID -->  aecp packet controLLer f ie L d

l e t  f a c e s  =  v b a p . g e t _ t r i F a c e s ( ) ;  / /  g e t convex huLL faces from  VBAP moduLe
l e t  i n v _ l s M t x  =  v b a p . g e t _ i n v L s M t x ( ) ;  / /  ge t inverse  Loudspeaker m atrices from  VBAP moduLe

l e t  n o F a c e s  =  f a c e s . l e n g t h ;  / /  g e t number o f  faces in  convex huLL

/ /  Send to taL  number o f  tr ia ng L e  faces
s e n d N o F a c e s t o X M O S ( n e w _ a e c p V B A P c o n f i g P a c k e t , n o F a c e s ) ;

/ /  Add data Length
l e t  d a t a l e n g t h  =  1 6  +  V B A P c o n f i g P a c k e t L e n g t h ;

l e t  u p p e r b y t e  =  ( d a t a l e n g t h  > >  8 )  &  0 x f f

l e t  l o w e r _ b y t e  =  d a t a l e n g t h  &  0 x f f

/ /  Enter Length o f  vaLues in to  packet
n e w _ a e c p V B A P c o n f i g P a c k e t [ 1 6 ]  =  u p p e r b y t e ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 1 7 ]  =  l o w e r b y t e ;

/ /  buiLd vaLues f ie L d  f o r  f o r  source packet
l e t  V B A P c o n f i g P a c k e t d a t a  =  n e w  B u f f e r ( V B A P c o n f i g P a c k e t L e n g t h )

/ /  For each fa ce , f iL L  packet w ith  the  tr ia ng L e  fa ce  v e r tic e s  and i t s  inve rse  Loudspeaker m a tr ix
l e t  p c k t l n d x  =  0 ;

f o r  ( l e t  i  =  0 ;  i < n o F a c e s ; i + + ) {

/ /  Parse v e r t ic e s  f o r  c u rre n t fa ce
l e t  v _ 0  =  p a r s e l n t ( f a c e s [ i ] [ 0 ] )

l e t  v _ l  =  p a r s e l n t ( f a c e s [ i ] [ l ] )

l e t  v _ 2  =  p a r s e l n t ( f a c e s [ i ] [ 2 ] )

V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  v _ 0 ;

V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  v _ l ;

V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  v _ 2 ;

/ /  Now do Loudspeaker inve rse  m atrices
f o r ( l e t  j = 0 ;  j < 9 ; j + + ) {

/ /  For each eLement scaLe up and then s p L it  in to  2 8 b i t  words
l e t  e l e m e n t  =  p a r s e I n t ( M a t h . r o u n d ( i n v _ l s M t x [ i ] [ j ] * 1 0 0 0 0 ) . t o F i x e d ( 0 ) ) ;

l e t  u u e  =  ( e l e m e n t  > > >  2 4 )  &  0 x f f ;

l e t  u e  =  ( e l e m e n t  » >  1 6 )  &  0 x f f ;

l e t  l e  =  ( e l e m e n t  » >  8 )  &  0 x f f ;

l e t  l i e  =  e l e m e n t  &  0 x f f ;

/ /  add to  packet data
V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  u u e ;

V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  u e ;

V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  l e ;

V B A P c o n f i g P a c k e t d a t a [ p c k t l n d x + + ]  =  l i e ;
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1 2 7 7

1 2 7 8

1 2 7 9

1 2 8 0

1 2 8 1

1 2 8 2

1 2 8 3

1 2 8 4

1 2 8 5

1 2 8 6

1 2 8 7

1 2 8 8

1 2 8 9

1 2 9 0

1 2 9 1

1 2 9 2

1 2 9 3

1 2 9 4

1 2 9 5

1 2 9 6

/ /  Now s p L i t  packe t in to  sepera te  chunks 

l e t  b u f m a x s i z e  =  4 6 8 ;

/ /  s p L it  VBAPconfigPacketdata b u f fe r  in to  m uLtipLe b u f fe rs  in d ic a te d  by sequence id s 

l e t  n o P c k e t s  =  M a t h . c e i l ( d a t a _ l e n g t h / b u f _ m a x _ s i z e ) ;

l e t  V B A P c o n f P a c k e t s  =  n e w  A r r a y ( n o P c k e t s ) ;

l e t  I s t P c k t L e n g t h  =  V B A P c o n f i g P a c k e t d a t a . l e n g t h  -  ( n o P c k e t s - l ) * b u f  m a x s i z e

/ /  S p L it in to  sepera te  packets
f o r  ( l e t  s e q _ i d = 0 ;  s e q _ i d < n o P c k e t s ;  s e q _ i d + + ) {

/ /  C reate new b u f fe r  fro m  packe t data
l e t  s e q i d b u f  =  n e w  B u f f e r ( 1 ) ;

s e q i d b u f [ 0 ]  =  s e q _ i d + l ;

l e t  c u r r e n t p a c k e t  =  V B A P c o n f i g P a c k e t d a t a . s l i c e ( b u f m a x s i z e * s e q i d b u f m a x s i z e * ( s e q _ i d + l ) )  

c u r r e n t p a c k e t  =  B u f f e r . c o n c a t ( [ s e q _ i d _ b u f , c u r r e n t _ p a c k e t ] )  

V B A P c o n f P a c k e t s [ s e q _ i d ]  =  c u r r e n t p a c k e t ;

/ /  The max s iz e

/ /  Determ ine amo 

/ /  C reate a rra y

/ /  determ ine Len

/ /  Increm ent seq 

/ /  Get c o r re c t  b 

/ /  Add seq ID  to 

/ /  Add packe t to

1 2 9 7

1 2 9 8

1 2 9 9

1 3 0 0

1 3 0 1

1 3 0 2

1 3 0 3

1 3 0 4

1 3 0 5

/ /  Now send packets
f o r  ( l e t  j = 0 ;  j <  n o P c k e t s ; j + + ) {

l e t  c u r l e n g t h  =  1 6  +  V B A P c o n f P a c k e t s [ j ] . l e n g t h ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 1 6 ]  =  ( c u r l e n g t h  »  8 )  &  0 x f f ;

n e w _ a e c p V B A P c o n f i g P a c k e t [ 1 7 ]  =  c u r l e n g t h  &  0 x f f ;

l e t  s e q a e c p V B A P c o n f i g P a c k e t  =  B u f f e r . c o n c a t ( [ n e w _ a e c p V B A P c o n f i g P a c k e t , V B A P c o n f P a c k e t s [ j ] ] ) ;

/ /  Determine Length o 

/ /  Add to  Length cont

1 3 0 6

1 3 0 7

1 3 0 8

s e n d P a c k e t ( s e q _ a e c p V B A P c o n f i g P a c k e t , j ) ;

/ /  Add packet data to

/ /  Send packet

Listing Bl2: Sending the VBAP configuration template packet.

1 1 6 0

1 1 6 1

1 1 6 2

1 1 6 3

1 1 6 4

1 1 6 5

1 1 6 6

1 1 6 7

1 1 6 8

1 1 6 9

1 1 7 0

1 1 7 1

1 1 7 2

1 1 7 3

1 1 7 4

1 1 7 5

1 1 7 6

1 1 7 7

1 1 7 8

1 1 7 9

1 1 8 0

f u n c t i o n  s e n d N o F a c e s t o X M O S ( a m p P c k t , n o F a c e s ) {

l e t  n o F a c e s D a t a  =  n e w  B u f f e r ( 2 ) ;

n o F a c e s D a t a [ 0 ]  =  0 ;  / /  s e q id  0
n o F a c e s D a t a [ 1 ]  =  n o F a c e s ;  / /  Number o f  fa c e s  in  convex huLL

l e t  p a c k e t l e n g t h  =  1 6 + 2  / /  header + 1 f o r  s e q _ id  + 1 f o r  noFaces

/ /  S e t p a c k e t Length
a m p P c k t [ 1 6 ]  =  0 x 0 0 ;

a m p P c k t [ 1 7 ]  =  p a c k e t l e n g t h ;

/ /  co nca t b u f fe r s
l e t  s p c k t  =  B u f f e r . c o n c a t ( [ a m p P c k t , n o F a c e s D a t a ] ) ;

t r y  {

I  / /  send pcap p a c k e t
|  c . s e n d ( s _ p c k t , s p c k t . l e n g t h ) ;

}  c a t c h ( e )  {

|  c o n s o l e . l o g ( " E r r o r  s e n d i n g  p a c k e t " ) ;

}

Listing Bl3: sendNoFacestoXMOS function.

A s  s h o w n  i n  Listing B l4, t h e  X M O S  p r o c e s s o r  a p p l i c a t i o n  t a s k  r e c e i v e s  t h e  V B A P  c o n f i g u r a t i o n  f r o m  t h e  

1 7 2 2 . 1  c o n t r o l  t a s k .  T h e  0 x 0 0 3 1  d e s c r i p t o r  r o u t e s  t h e  d a t a  t o  t h e  set_VBAPConfig f u n c t i o n  t o  t h e  S A R .

609
610
611
612
613
614
615
616

case 0x31: 
unsigned 
unsigned 
seqid = 
for (int

{  / /  M I X E R  d e s c r i p t o r :  S e t  V B A P  c o n f i g u r a t i o n

c h a r  r a w d a t a [ 3 0 0 * 3 + 3 0 0 * 3 * 3 * 2 ]  =  { 0 } ;  / /  m a x f a c e s  =  3 0 0 * 3 ,  m a x _ i n v _ l s m t x  =  3 0 0 * 3 * 3 * 2  8  b i t

c h a r  s e q _ i d  =  0 ;

values [0];
i  =  0 ;  i  <  v a l u e s _ l e n g t h - l ;  i + + )  r a w _ d a t a [ i ]  =  v a l u e s [ i + 1 ] ;

i _ 1 7 2 2 _ l _ c o n t r o l . s e t _ V B A P c o n f i g ( s e q _ i d ,  r a w d a t a ) ;  

break;

Listing Bl4: Routing the VBAP configuration to the SAR within the XMOS.
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F r o m  h e r e  t h e  V B A P  c o n f i g u r a t i o n  i s  u n p a c k e d  i n t o  t h e  S A R  d a t a  s t r u c t u r e .  T h e  f i r s t  s e q u e n c e  I D  f i l l s  t h e

t o t a l  n u m b e r  o f  c o n v e x  h u l l  f a c e s  t h a t  w i l l  b e  u s e d  f o r  t h e  i t e r a t i o n  t h r o u g h  t h e  c o n v e x  h u l l  i n  t h e  V B A P

c a l c u l a t i o n .  A f t e r  t h e  f i r s t  s e q u e n c e  I D  i s  p a r s e d  t h e  r e m a i n d e r  i s  u s e d  t o  f i l l  t h e  V B A P  c o n f i g u r a t i o n

a r r a y s .  F i r s t ,  t h e  I D s  o f  t h e  s p e a k e r s  i n  t h e  c o n f i g u r a t i o n  t r i a n g l e  f a c e s  f o l l o w e d  b y  i t s  c o r r e s p o n d i n g

i n v e r s e  l o u d s p e a k e r  m a t r i x .  T h e  l o u d s p e a k e r  m a t r i x  n e e d s  t o  b e  c o n v e r t e d  b a c k  i n t o  a  f l o a t i n g  p o i n t  u s i n g

t h e  d i v i s i o n  b y  1 0 0 0 0 .

490 
491
4 92 
4 93 
494 
495 
496
4 97 
49S 
499 
500 
501 
502
503
504 
505
506 
507 
508
509 
510
511 
512 
513 
514
515 
516
517 
518 
519
52 0 
521 
522

case i_1722_l_mixer.set_vbap_config(unsigned char seq_id,unsigned char raw_config[]) 
/* Parse in raw packet data */ 
indx = 0;

seq_id = seq_id;
if (seq_id =- 0){ 

no_Faces = raw_config[indx];
} else- { “

seq_id—  ;

If first packet received fill number of faces variable.

for

break;

(int i=0; i<12;i++){ //
// Parse face 
for (int v=0;v<3;v++){

triangle_faces[seq_id*12+i][v]

// Parse inv_lsmtx
for (int 1=O;1<3;1++){

for (int k=0;k<3;k++){
// Unpack the
unsigned 
unsigned 
unsigned 
unsigned

char 
char 
char 
char

chars
u_upper_byte 
upper_byte = 
lower_byte = 
l_lower_byte

Otherwise start filling the VBAP configuration struct
So it fills array correctly
Only able to receive 12 bits of the configuration at a time.

= raw_config[indx++];

Fill 3x3 matrices

= config[indx++]; 
config[indx++]; 
config[indx++];
= config[indx++];

// combine the bytes and convert to double
double sixteenBitVal = (double)

((int) ((u_upper_byte «  24) | (upper_byte «  16) | (lower_byte «  8) | (l_lower_byte)));

inv_LsMtx[seq_id*12+i][1][k] = (sixteenBitVal/10000); // Convert back to floating point

Listing B l 5 :  P a r s i n g  t h e  V B A P  c o n f i g u r a t i o n  i n t o  t h e  X M O S .

B5 Performing VBAP within the SAR

T h e  X M O S  p r o c e s s o r  p e r f o r m s  t h e  V B A P  c a l c u l a t i o n  u s i n g  s o u r c e  c o o r d i n a t e s  s e n t  a l o n g  w i t h  t h e

d e s c r i p t o r  i n d e x  0 x 0 0 3 0 .  A s  d i s c u s s e d  p r e v i o u s l y  i n  c h a p t e r  2 ,  t h e  t r a c k  s o u r c e s  a r e  s e n t  a c c o r d i n g  t o  t h e

M T C  r e c e i v e d  f r o m  t h e  R e a p e r  D A W .  T h e  c o o r d i n a t e s  a r e  u n p a c k e d  w i t h i n  t h e  X M O S  a s  d i s c u s s e d  i n

c h a p t e r  3 .  O n c e  t h e  c o o r d i n a t e s  a r e  c o r r e c t l y  u n p a c k e d ,  t h e  V B A P  a l g o r i t h m  i s  p e r f o r m e d  a s  s h o w n  i n

Listing B16 b e l o w ,
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5 4 0  / /  U n p a c k  C o o r d i n a t e s . . .
5 4 1  '

5 4 2  / /  C a l c u l a t e  V B A P

5 4 3  fo r  ( in t  i = 0 ;  i < n o _ F a c e s ; i + + ) {

5 4 4  double g _ t e m p [ 3 ]  =  { 0 } ;

5 4 5  d o u b l e  n o r m  =  0 ;

5 4 6  / /  D o  V B A P  c a l c u l a t i o n  f o r  c u r r e n t  t r i a n g l e  f a c e  g = p *  ( L s _ i n v )

5 4 7  g _ t e m p [ 0 ]  =  ( i n v L s M t x [ i ] [ 0 ] [ 0 ]  *  s r c s [ i d _ s r c ] [ 0 ] )

5 4 8  +  ( i n v _ L s M t x [ i ] [ 0 ] [ 1 ]  *  s r c s [ i d _ s r c ] [ 1 ] )

5 4 9  +  ( i n v _ L s M t x [ i ] [ 0 ] [ 2 ]  *  s r c s [ i d _ s r c ] [ 2 ] ) ;

5 5 0  g _ t e m p [ l ]  =  ( i n v _ L s M t x [ i ] [ 1 ] [ 0 ]  *  s r c s [ i d _ s r c ] [ 0 ] )

5 5 1  +  ( i n v _ L s M t x [ i ] [ 1 ] [ 1 ]  *  s r c s [ i d _ s r c ] [ 1 ] )

+  ( i n v _ L s M t x [ i ] [ 1 ] [ 2 ]  *  s r c s [ i d _ s r c ] [ 2 ] ) ;

g _ t e m p [ 2 ]  =  ( i n v _ L s M t x [ i ] [ 2 ] [ 0 ]  *  s r c s [ i d s r c ] [ 0 ] )

5 5 4  +  ( i n v _ L s M t x [ i ] [ 2 ] [ 1 ]  *  s r c s [ i d _ s r c ] [ 1 ] )

+  ( i n v _ L s M t x [ i ] [ 2 ] [ 2 ]  *  s r c s [ i d _ s r c ] [ 2 ] ) ;

5 5 6

5 5 7  / /  C h e c k  i f  t h e  s m a l l e s t  g a i n  i s  p o s i t i v e  ( i . e  s r c  i n  a c t i v e  t r i a n g l e )

i f  (m in ( g t e m p ) > -0 . 001)]
5 5 9  / /  C a l c u l a t e  n o r m a l i z a t i o n  c o e f f i c i e n t

5 6 0  n o r m  =  0 ;

5 6 1  # p r a g m a  l o o p  u n r o l l

5 6 2  fo r (c h a r  k = 0 ; k < 3 ; k + + ) {

5 6 3  n o r m  + =  ( g _ t e m p [ k ] * g _ t e m p [ k ] ) ;

5 6 4  }

5 6 5  n o r m  = s q r t ( n o r m ) ;

5 6 6  / /  A s s i g n  g a i n  f o r  t r a c k  c o n n e c t e d  t o  e a c h  s p k

5 6 7  #pragma l o o p  u n r o l l

5 6 8  fo r  (char k = 0 ; k < 2 ; k + + H
i f  ( i d s _ n a n o S P K s [ k ]  = =  t r i a n g l e _ f a c e s [ i ] [ 0 ] ) {  / /  L o u d s p e a k e r  s e l e c t i o n

5 7 0  *  ( g a i n s + i d _ s r c * M A X _ S P E A K E R S + k )  =  g _ t e m p [ 0 ] / n o r m ;

5 7 1  } e l s e  i f  ( i d s _ n a n o S P K s [ k ]  = =  t r i a n g l e _ f a c e s [ i ] [ 1 ] ) {

5 7 2  *  ( g a i n s + i d _ s r c * M A X _ S P E A K E R S + k )  =  g _ t e m p [ 1 ] / n o r m ;

} e l s e  i f  ( i d s _ n a n o S P K s [ k ]  = =  t r i a n g l e _ f a c e s [ i ] [ 2 ] ) {

5 7 4  *  ( g a i n s + i d _ s r c * M A X _ S P E A K E R S + k )  =  g _ t e m p  [ 2 ] / n o r m ;
575 } e l s e  { ~ ~ ”
5 7 6  *  < g a i n s + i d _ s r c * M A X _ S P E A K E R S + k )  =  0 ;

5 7 7  }

5 7  8  }

5 7 9  break;
5 8 0  }

5 8 1  }

Listing B l6: Perform VBAP calculation in SAR.

Every endpoint performs the matrix calculation for each face until the correct face is found. From here, the 

gain value is normalized. The loudspeaker selection is determined from the triangle face. If the ID of the 

speaker attached to the endpoint processor lies within the triangle face it is assigned the normalized gain, if 

not, then it is given zero. From here the mixer matrix gain is updated.
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Appendix C
Cl Sending the Gains and Delays Values to the Endpoint

O n c e  t h e  g a i n  a n d  d e l a y  v a l u e s  h a v e  b e e n  s o l v e d .  T h e y  a r e  s e n t  t o  e a c h  e n d p o i n t  a t  e v e r y  M T C  q u a r t e r  

f r a m e .  I n  o r d e r  t o  b e  s e n t ,  a  p a c k e t  t e m p l a t e  p a c k e t  h a s  b e e n  c r e a t e d  t h a t  h o l d s  t h e  c o r r e c t  h e a d e r s ,  a l o n g  

w i t h  t h e  d e s c r i p t o r  i n d e x  0 x 0 0 0 3  t o  u p d a t e  t h e  X M O S  m i x e r  d e l a y  a n d  g a i n s  w i t h i n  t h e  X M O S  m i x e r .  T h i s  

i s  s h o w n  i n  Listing Cl.

Listing Cl: Calculating the WFS panning values for all speakers within the WFS.js library.

1 0 5 0 // The gains delays packet layout
1 0 5 1 v a r  a e c p G a i n s D e l a y s P a c k e t  =  n e w  B u f f e r ( [

1 0 5 2 0 X  f f , 0 x f f , 0 x f f , 0 x f f , 0 x f f , 0 x f f , // destination MAC
1 0 5 3 0 x 6 8 , 0 x 5 b , 0 x 3 5 , 0 x d 0 , 0 x b b , 0 x 5 5 , // source MAC NB! change for other servers
1 0 5 4 0 x 2 2 , 0 x f 0 , // ethertype 1722
1 0 5 5 0 x f b , // control indicator truef AECP subtype
1 0 5 6 0 X 0 0  j // AEM command
1 0 5 7 0 X 0 0 , 0 X 1 8 , // control data length of 24 (16 + 2*4) so 0x0020
1 0 5 8 0 x 0 0  j 0 x 2 2  j  0 x 9 7  j 0 x f f j 0 x f e , 0 x 0 0 , 0 x 4 1 , 0 x c l j // target GUID
1 0 5 9 0 x 6 8 , 0 x 5 b , 0 x 3 5 , 0 x f f , 0 x f e , 0 x d 0 , 0 x b b , 0 x 5 5 , // controller GUID
1 0 6 0 0 X 0 0 , 0 X 0 0 , // sequence number
1 0 6 1 0 x 0 0 , 0 x l e , // commmand type (SET MIXER) (control is 18)
1 0 6 2 0 X 0 0 J 0 X 1 C , // descriptor type (MIXER) (control is 1c)
1 0 6 3 0 x 0 0 , 0 x 0 3 , // descriptor index 0006 for gains and delays update
1 0 6 4 ] ) ;

T h i s  t e m p l a t e  i s  t h e n  c h a n g e d  w i t h  t h e  a p p r o p r i a t e  h e a d e r s  f o r  t h e  s e r v e r  M A C  a d d r e s s  a n d  e n d p o i n t  

M A C  a d d r e s s  a n d  d a t a  l e n g t h .  T h e  m i x e r  v a l u e s  f o r  t h e  c u r r e n t  s p e a k e r  i s  t h e n  p a c k e t i z e d  a s  s h o w n  i n  

Listing C3. T h i s  i s  t h e n  c o n c a t e n a t e d  w i t h  t h e  p a c k e t  t e m p l a t e  n o w  c o n t a i n i n g  t h e  h e a d e r s  a n d  s e n t  t o  t h e  

e n d p o i n t  u s i n g  p c a p .
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1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094

// function to send gains and deLays to each endpoint
function sendGainsDelaysToAmp(ampindex) {

var i = ampindex;
var newaecpGainsDelaysPacket = aecpGainsDelaysPacket;
//Set target mac address
new_aecpGainsDelaysPacket[0] = speakerConfig.amplifiers[i].macadr[0]; 
new_aecpGainsDelaysPacket[l] = speakerConfig.amplifiers[i],macadr[l]; 
new_aecpGainsDelaysPacket[2] = speakerConfig.amplifiers[i].macadr[2]; 
new_aecpGainsDelaysPacket[3] = speakerConfig.amplifiers[i].macadr[3]; 
new_aecpGainsDelaysPacket[4] = speakerConfig.amplifiers[i].macadr[4]; 
new_aecpGainsDelaysPacket[5] = speakerConfig.amplifiers[i],macadr[5];

// Set source MAC address
mac.toBuffer(AVBNetworkMac, newaecpGainsDelaysPacket, 6);

1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113

//Set target GUID
new_aecpGainsDelaysPacket[18] = speakerConfig.amplifiers[i].macadr[0];
new_aecpGainsDelaysPacket[19] = speakerConfig.amplifiers[i].macadr[l];
new_aecpGainsDelaysPacket[20] = speakerConfig.amplifiers[i].macadr[2];
new_aecpGainsDelaysPacket[21] = 0xff;
newaecpGainsDelaysPacket[22] = 0xfe;
new_aecpGainsDelaysPacket[23] = speakerConfig.amplifiers[i].macadr[3];
new_aecpGainsDelaysPacket[24] = speakerConfig.amplifiers[i].macadr[4];
new_aecpGainsDelaysPacket[25] = speakerConfig.amplifiers[i].macadr[5]j

serverEntityID.copy(new_aecpGainsDelaysPacket, 26); // server entity ID --> aecp packet controLLer fieLd

let dataLength = 3*noTracks*2; // 1 byte noTracks*2_spks for gains 2 bytes for deLays

// Enter Length of vaLues into packet
new_aecpGainsDelaysPacket[17] = 16 + dataLength;

// buiLd vaLues
var gainsDelaysPacketdata = packetizeGainsDelays(i); // 1 byte for each mix LeveL, 2 bytes for each deLay

1114
1115
1116
1117
1118
1119
1120
1121
1122

new_aecpGainsDelaysPacket = Buffer.concat([new_aecpGainsDelaysPacket,gainsDelaysPacketdata]); 
try {
I // send pcap packet
| c.send(new_aecpGainsDelaysPacket, new_aecpGainsDelaysPacket.length);

} catch(e) {
I console.log("Error sending packet");
b  '

Listing C2: Sending the gains and delay values to the endpoints.

1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078

function packetizeGainsDelays(ampindex){
// Turn speaker mix LeveLs and deLays into packet

let indx = 0;
let gainsDelaysPacketdata = new Buffer(noTracks*2*3);
for (var j=0; j<speakerConfig.amplifiers[ampindex].speakers.length; j++) {

for (var k=0; k<nolracks; k++) { // Each speaker has mix LeveLs for each track
gainsDelaysPacketdata[indx++] = speakerConfig.amplifiers[ampindex].speakers[j].mixLevels[k]*255;
gainsDelaysPacketdata[indx++] = (speakerConfig.amplifiers[ampIndex].speakers[j].delayLevels[k] » >  8) & 0xff;
gainsDelaysPacketdata[indx++] = speakerConfig.amplifiers[ampindex].speakers[j].delayLevels[k] & 0xff;

} ' ‘ .................

}
return gainsDelaysPacketdata;

Listing C3: Calculating the WFS panning values for all speakers within the WFS.js library.

C2 Calculating Delay and Attenuation Values with the WFS.js 

Library

ImmerGo calculates the gain values used to attenuate the signal at each speaker using the calculateGain 

function within the WFS.js library. As shown in Listing C4, if the source is closer than 50cm to the array, it 

is mixed to the closest 2 speakers. If it is not, then the calculation for the generalized driving signal is 

performed. The gain values are then returned.
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1 3 0

1 3 1

1 3 2

1 3 3

1 3 4

1 3 5

1 3 6

1 3 7

1 3 8

1 3 9

1 4 0

1 4 1

1 4 2

1 4 3

1 4 4

1 4 5

1 4 6

1 4 7

1 4 8

1 4 9

1 5 0

1 5 1

1 5 2

1 5 3

1 5 4

1 5 5

1 5 6

1 5 7

1 5 8

■F u n c t i o n  c a l c u l a t e G a i n ( s r c J s r c _ l s _ d i s t J s p k _ i d x ) {

l e t  i n c i d e n c e g a i n  =  1 ;

l e t  c o m p e n s a t i o n  =  1 ;

l e t  d i s t a n c e g a i n  =  1 ;

l e t  g a i n ;

i f  ( M a t h . a b s ( s r c [ l ] )  <  5 0 ) {

d e l a y  =  D E L A Y O F F S E T ;

l e t  l i m i t  =  M a t h . a b s ( s r c [ 0 ] - s p e a k e r C o n f i g [ s p k _ i d x ] [ 0 ] ) ;

i f  ( l i m i t  <  S P E A K E R _ S P A C I N G ) {

g a i n  =  1 . 0 ;

}  e l s e  {  

g a i n  =  0 ;

}  e l s e  {  

l e t  s i g n f a c t  =  l i s t e n e r _ p o s [ l ] / s r c [ l ] ;

c o m p e n s a t i o n  =  s i g n _ f a c t / ( s i g n _ f a c t - 1 ) ;

c o m p e n s a t i o n  =  M a t h . s q r t ( c o m p e n s a t i o n ) ;  / /  Compensatioi

i n c i d e n c e  g a i n  =  M a t h . a b s ( s r c [ l ] / s r c _ l s _ d i s t ) ;  / /  cos(the ta )
d i s t a n c e g a i n  =  1 0 / M a t h . s q r t ( s r c l s d i s t )  / /  l / s q r t ( r ) ;

g a i n  =  c o m p e n s a t i o n * i n c i d e n c e _ g a i n * d i s t a n c e _ g a i n ;  / /  d r iv in g  fu n

}

r e t u r n  g a i n ^

}

L i s t i n g  C 4 :  C a l c u l a t i n g  a  s p e a k e r  g a i n  v a l u e  a c c o r d i n g  t o  a  s o u r c e .
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The calculateDelay function calculates the delay required for virtual source synthesis. First, the delay 

amount required is solved in metres per second. This is then multiplied by the sampling rate to give the 

delay in samples.

9 0  f u n c t i o n  c a l c u l a t e D e l a y ( d i s t , f o c u s e d ) {

9 1

9 2

9 3

9 4

9 5

9 6

9 7

9 8

9 9  }

v a r  d e l a y ;

v a r  w a v e p r o p  =  ( d i s t / S P E E D _ O F _ S O U N D ) ;  / /  in  m /s

w a v e p r o p  * =  S A M P L E R A T E ;  / /  c o n v e r t  to  sampLes

d e l a y  =  ( ( f o c u s e d  = = =  1 )  ?  D E L A Y O F F S E T  +  w a v e p r o p  :  D E L A Y O F F S E T  -  w a v e p r o p ) ;

r e t u r n  d e l a y ;  / /  C o n v e rt in t o  sampLes

Listing C5: Calculating the delay value according to a source.

Both of these functions are called using the calculateWFSMixerVals function as shown in Listing C6. When 

this function is called with a source position, it uses the Javascript map functions to calculate the distance of 

the source to each speaker. This distance value is then used to determine the delay and gain amounts for 

each speaker. These are then returned as a JSON object with both the gains and delays. These are then used 

to update each speaker definition model with the appropriate gain and delay.

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

f u n c t i o n  c a l c u l a t e W F S M i x e r V a l s ( s r c ) {

/ /  Function to caLcuLate NFS mixer vaLues. Returns gains and deLay s tru c t as JSON object 
i f  ( s r c  = = =  n u l l )  {

c o n s o l e . l o g ( " i n c o r r e c t  a r g u m e n t " ) ;

r e t u r n

)
v a r  i s F o c u s e d ;

v a r  d e l a y s  =  [ ] ;  / /  Array fo r  deLays
v a r  g a i n s  =  [ ] ;  / /  Array fo r  gains
v a r  d i s t a n c e s r c s p k  =  [ ] ;  / /  distance o f source to  speaker

/ /  Determine i f  source is  focused or not focused:
v a r  i s F o c u s e d  =  ( ( s r c [ l ]  < =  0 )  ?  - 1  :  1 ) ;

d i s t a n c e s r c s p k  =  s p e a k e r C o n f i g . m a p ( s p k  = >  {

r e t u r n  c a l c _ d i s t a n c e ( s r c , s p k ) ;

} )

/ /  F irs t  caLcuLate deLay o f  src to each speaker
d e l a y s  =  d i s t a n c e _ s r c _ s p k . m a p ( s r c _ s p k _ d i s t  = >  {

r e t u r n  M a t h . r o u n d ( c a l c u l a t e D e l a y ( s r c _ s p k _ d i s t , i s F o c u s e d ) ) ;

J ) ;

/ /  Then caLcuLate gains fo r  each speaker
g a i n s  =  d i s t a n c e _ s r c _ s p k . m a p ( ( s r c _ s p k _ d i s t , i )  = >  {

r e t u  r n  c a l c u l a t e G a i n ( s r c , s  r c s p k d i s t , i ) ;

J ) ;

r e t u r n  { ' g a i n s '  :  g a i n s ,

' d e l a y s '  :  d e l a y s } ;

}

Listing C6: Calculating the WFS panning values for all speakers within the WFS.js library.
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The WFS.js library exports functions that can be used to solve for the tapering window at different tapering 

width. Once the speaker configuration has been loaded into the WFS.js namespace, it is able to solve the 

tapering window for that array according to these different widths. There is a slider in the ImmerGo server 

that allows users to set the width they would like. When the slider is moved, the value is then used to solve 

for the tapering window as shown in Listing C7.

540 taperWidthSlider.oninput = function(){
541
542
543
544
545
546
547
548
549

taperWidth = taperwidthslider.value/100; 
widthoutput.value = taperWidth;
try{
I solveTaperingWindow(taperWidth);
| sendTaperingWindow();

} catch (e){
| console.log(e)

}

Listing C7: Calculating new tapering windows.

As shown in Listing C8, within the solveTap eringWindow function, each speaker in the configuration is 

iterated through and the tapering function is applied according to which number it is in the array.

5 5 1

5 5 2

5 5 3

5 5 4

5 5 5

5 5 6

5 5 7

5 5 8

5 5 9

5 6 0

/ /  Tapering function
f u n c t i o n  s o l v e T a p e r i n g W i n d o w ( t a p e r W i d t h ) {

l e t  x  =  1 ; / /  Speaker number
f o r  ( l e t  i = 0 ; i < s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ; i + + ) {

f o r ( l e t  j = 0 ; j < s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s . l e n g t h ; j + + ) {

I  s p e a k e r c o n f i g . a m p l i f i e r s [ i ] . s p e a k e r s [ j ] . t a p e r i n g w e i g h t  =  w f s . t a p e r ( x , s p e a k e r C o n f i g . t o t a l S p k s , t a p e r W i d t h , 1 ) ;

|  x + + ;

}

Listing C8: Solving for tapering weights.

As shown in Listing C9, the taper function outputs the values of a Hann window for the speaker number 

within the array. The power of the Hann window may be changed with wpower parameter to make steeper 

the Hann window steeper on both sides.

5 9  f u n c t i o n  t a p e r ( s p k _ i n d x , N , t a p e r w i d t h , w p o w e r ) {

60
61
62
63
64
65
66
67
68
69 }

l e t  y ;

s p k _ i n d x  =  0 . 5  -  M a t h . a b s ( s p k _ i n d x / ( N + 1 )  -  0 . 5 )  / /  Input f o r  cos fu n c tio n 

i f  ( s p k _ i n d x > = t a p e r w i d t h ) {

y = l ;  / /  No taper weight
}  e l s e  {

s p k _ i n d x = ( s p k _ i n d x * M a t h . P I ) / ( t a p e r W i d t h )

y = M a t h . p o w ( 0 . 5 * ( l - M a t h . c o s ( s p k _ i n d x ) ) , w p o w e r )  / /  Hann window
}
r e t u r n  y ;

Listing C9: Tapering according to speaker index.

Once the tapering weights for each speaker have been solved, they are saved to the loudspeaker definition 

model. From there they are sent within the sendTaperingWindow function.

The sendTaperingWindow function uses a packet template with the descriptor index 0x0041. The tapering 

weights for each endpoints loudspeaker are then packetized and sent.
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The Ambisonic decoder is calculated within the Ambi.js library using the getAmbisonicsDecoder function. 

As shown in Listing DI below, this is called from the ImmerGo server after the speaker configuration XML 

has been read.

446
447
448
449
456
451
452
453
454
455
456
457
458

v a r  a m b i D e c o d e r  =  a m b i s o n i c s . g e t A m b i D e c o d e r ( s p e a k e r C o n f i g . f l a t ( ) ) ;  

v a r  d e c i n d x  =  0 ;

/ /  Assuming nanoSHARC setup is  being used.
f o r  ( v a r  i  =  0 ;  i  <  s p e a k e r C o n f i g . a m p l i f i e r s . l e n g t h ;  i + + ) {

/ /  decoder f o r  Loudspeaker 1
s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . a m b i _ d e c _ m t x [ 0 ]  =  a m b i D e c o d e r [ d e c i n d x ] ;

/ /  decoder f o r  Loudspeaker 2
s p e a k e r C o n f i g . a m p l i f i e r s [ i ] . a m b i _ d e c _ m t x [ l ]  =  a m b i D e c o d e r [ d e c _ i n d x + l ] ;

d e c i n d x  + =  2 ;

c o n s o l e . l o g ( " A m b i s o n i c  d e c o d e r s  d e t e r m i n e d " ) ;

Listing DI: Calling the getAmbisonicsDecoder function.

Within this function, the Ambisonic order to calculated, and the speaker positions are converted from 

cartesian coordinates to spherical coordinates to be used within the spherical harmonics. This process can 

be seen in Listing D2 below. Here, the default format is AmbiX, however, if the function is called with a 

“FuMa” argument it will calculate the FuMa decoders. First, the order of the decoder is solved according to 

the number of loudspeakers. From here, the speaker cartesian coordinates are converted into spherical 

using the convertCartToSpherical function.

2 5 3  f u n c t i o n  g e t A m b i D e c o d e r ( s p e a k e r C o n f i g , f o r m a t = " A m b i X " ) {

2 5 4  / *  CalL to  g e t Ambisonics decoder m a tr ix  f o r  th e  speaker Layout V

2 5 5

2 5 6

2 5 7

2 5 8

2 5 9

2 6 0

l e t  m a t r i x d e c o d e r ;

l e t  I s d i r s  =  s p e a k e r C o n f i g ;

/ /  Get o rd e r f o r  Loudspeaker
N  =  M a t h . f l o o r ( M a t h . s q r t ( l s _ d i r s . l e n g t h )  - 1 ) ;

2 6 1

2 6 2

2 6 3

2 6 4

2 6 5

2 6 6

2 6 7

/ /  C onvert to  sphericaL 

I s d i r s  =  c o n v e r t C a r t T o S p h e r i c a l ( s p e a k e r C o n f i g ) ;

/ /  C reate the  decoder 
m a t r i x d e c o d e r  =  a m b i D e c o d e r ( I s d i r s ,  N ,  f o r m a t ) ;

r e t u r n  m a t r i x d e c o d e r

2 6 8  }

Listing D2: The getAmbisonicsDecoder function.

The convertCartestionToSpherical function is shown below. Here the radius of coordinates are determined 

and then the angle of elevation and azimuth are determined.
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243
244
245
246
247
248
249
250
251

function convertCartToSpherical(coords){ 
let spherical = coords.map((coord)=>{

let r = Math.sqrt(coord[0]*coord[0]+coord[l]*coord[l]+coord[2]*coord[2]);
let theta = Math.atan(coord[l]/coord[0]);
let phi = Math.acos(coord[2]/r)j 
return [theta,phi];

})
return spherical;

Listing D3: C o n v e r t i n g  c a r t e s i a n  c o o r d i n a t e s  i n t o  s p h e r i c a l .

Once the spherical coordinates have been solved, they have used arguments for the ambiDecoder function, 

along with the order of the Ambisonic decoder to be solved and the format. As shown in Listing D4 below, 

the ambiDecoder function is able to calculate up to fourth order Ambisonics using switch statements 

holding the spherical harmonics for each order and Ambisonic format. First, the number of speakers that 

are in the array is determined. Each direction is then converted into radians for input to the spherical 

harmonics. An array holding the FuMa weights is also created that will be applied to the spherical 

harmonics to convert to FuMa. If the user selects “FuMa”, then the FuMa component ordering format is 

used when calculating the spherical harmonics and the FuMa weights are applied as shown in line 123 

down. If the “AmbiX” format is chosen, then the spherical harmonic components are solved for the AmbiX 

component ordering. The spherical harmonics components are computed for each loudspeaker direction 

and once completed, a matrix similar to the one given in equation (7.5) on page 117 will be formed. From 

here, the pseudo-inverse matrix is calculated using the spherical transform library. Once this the pseudo 

inverse is calculated, the decoder matrix is returned to ImmerGo which then assigns the matrices to the 

loudspeaker definition model.

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

1 0 9

1 1 0

1 1 1

1 1 2

1 1 3

1 1 4

1 1 5

1 1 6

1 1 7

1 1 8

1 1 7

1 1 8

1 1 9

1 2 0

1 2 1

1 2 2

1 2 3

1 2 4

1 2 5

1 2 6

1 2 7

1 2 8

1 2 9

1 3 0

1 3 1

1 3 2

1 3 3

/ /  . . .  i r ?  ambiDecoder
/ /  Get amount o f  Loudspeakers
l e t  I s n u m  =  I s d i r s . l e n g t h ;

l e t  l s _ d i r s _ r a d  =  m a t h . m u l t i p l y ( ( M a t h . P I / 1 8 0 ) ,  I s d i r s ) ;  / /  C onvert d ire c t io n s  to  rads

/ /  N orm aL iza tion  c o e f f ic ie n ts  f o r  FuMa
l e t  F u M a c o e f f  =  [ 1 / M a t h . s q r t ( 2 ) ,  1 ,  1 ,  1 ,

1 ,  2 / M a t h . s q r t ( 3 ) ,  2 / M a t h . s q r t ( 3 ) ,  2 / M a t h . s q r t ( 3 ) ,  2 / M a t h . s q r t ( 3 ) ,

1 ,  M a t h . s q r t ( 4 5 / 3 2 ) ,  M a t h . s q r t ( 4 5 / 3 2 ) ,  3 / M a t h . s q r t ( 5 ) ,  3 / M a t h . s q r t ( 5 ) ,  M a t h . s q r t ( 8 / 5 ) ,  M a t h . s q r t ( 8 / 5 ) ] ;

/ /  Number o f  Am bisonic encoder channeLs
l e t  n o C h a n n e l s  =  M a t h . p o w ( ( o r d e r + l ) , 2 )

/ /  Decoder components
l e t  Y _ l s  =  n e w  A r r a y ( n o C h a n n e l s )

/ /  AppLy weights and channeL orderings according to  what's sp e c ifie d 

s w i t c h ( f o r m a t ) {

c a s e  " F u M a "  :

s w i t c h ( o r d e r ) {

/ /  CaLcuLate sphericaL harmonics f o r  each order
c a s e  2 :  / /o rd e r  2

Y _ l s [ 0 ]  =  n e w  A r r a y ( I s n u m ) . f i l l ( 1 )

Y  l s [ l ]  =  I s  d i r s  r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . c o s ( x ) * m a t h . c o s ( y ) } )

Y _ l s [ 2 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( x ) * m a t h . c o s ( y ) } )
Y _ 1 S [ 3 1  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( y ) } ) ;

Y _ 1 S [ 4 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( 3 * M a t h . p o w ( s i n ( y ) , 2 )  -  l ) / 2 } )

Y _ l s [ 5 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . c o s ( x )  *  m a t h . s i n ( 2 * y ) * ( F u M a c o e f f [ 5 ] ) } )

Y _ l s [ 6 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ! [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . s i n ( x )  *  m a t h . s i n ( 2 * y ) * ( F u M a c o e f f [ 6 ] ) } )

Y  l s [ 7 ]  =  I s  d i r s  r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . c o s ( 2 * x )  *  M a t h . p o w ( m a t h . c o s ( y ) , 2 ) } ) ;
Y _ 1 S [ 8 1  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . s i n ( 2 * x )  *  M a t h . p o w ( m a t h . c o s ( y ) , 2 ) } ) ;

b r e a k ;
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1 3 4

1 3 5

1 3 6

1 3 7

1 3 8

1 3 9

1 4 0

1 4 1

1 4 2

1 4 3

1 4 4

1 4 5

1 4 6

1 6 3

1 6 4

1 6 5

1 6 6

1 6 7

1 6 8

1 6 9

1 7 0

1 7 1

1 7 2

1 7 3

1 7 4

1 7 5

1 7 6

1 7 7

1 7 8

1 7 9

1 8 0

1 8 1

1 8 2

1 8 3

1 8 4

1 8 5

1 8 6

1 8 7

1 8 8

1 8 9

1 9 0

1 9 1

1 9 2

2 3 4

2 3 5

2 3 6

2 3 7

2 3 8

2 3 9

2 4 0

2 4 1  }

I  

c a s e  3 :  / /o rd e r  3
Y _ l s [ 0 ]  =  n e w  A r r a y ( l s n u m ) . f i l l ( l )

Y _ l s [ l ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . c o s ( x ) * m a t h . c o s ( y ) } )
Y _ l s [ 2 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( x ) * m a t h . c o s ( y ) } )
Y _ l s [ 3 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( y ) } ) ;

Y _ l s [ 4 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( 3 * M a t h . p o w ( m a t h . s i n ( y ) , 2 )  -  l ) / 2 } )
Y _ l s [ 5 ]  =  I s  d i r s  r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . c o s ( x )  *  m a t h . s i n ( 2 * y ) } )
Y _ l s t 6 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . s i n ( x )  *  m a t h . s i n ( 2 * y ) } )
Y _ l s [ 7 ]  =  I s  d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . c o s ( 2 * x )  *  M a t h . p o w ( m a t h . c o s ( y ) , 2 ) } ) ;
Y _ 1 S [ 8 1  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( M a t h . s q r t ( 3 ) / 2 )  *  m a t h . s i n ( 2 * x )  *  M a t h . p o w ( m a t h . c o s ( y ) , 2 ) } ) ;

/ /  . . .  Continue to  re s t o f  th ir d  and h igher FuMa order

/ /  . __  A f te r  decoder sphericaL harmonics soLved 

/ /  Apply FuMa he ights 

f o r  ( v a r  i = 0 ;  i < n o C h a n n e l s ; i + + ) {

Y _ l s [ i ]  =  Y  l s [ i ] . m a p ( x  = >  { r e t u r n  x * F u M a _ c o e f f [ i ] } )  

}  

b r e a k ;

c a s e  " A m b i X "  :  

s w i t c h ( o r d e r ) {

/ /  CaLcuLate sphericaL harmonics f o r  each order and appLy SN3D w eightings 

c a s e  2 :  / /o rd e r  2
Y _ l s t 0 ]  =  n e w  A r r a y ( I s n u m ) . f i l l ( l )

Y _ l s [ l ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( x ) * m a t h . c o s ( y ) } ) ;

Y _ l s [ 2 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( y ) } ) ;
Y _ l s t 3 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . c o s ( x ) * m a t h . c o s ( y ) } ) ;

Y _ l s [ 4 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  M a t h . s q r t ( 3 / 4 )  *  m a t h . s i n ( 2 * x )  *  M a t h . p o w ( m a t h . c o s ( y ) > 2 ) } ) ;
Y _ 1 S [ 5 1  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  M a t h . s q r t ( 3 / 4 )  *  m a t h . s i n ( x )  *  m a t h . s i n ( 2 * y ) } ) ;

Y _ l s [ 6 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  ( 3 * M a t h . p o w ( m a t h . s i n ( y ) , 2 )  -  l ) / 2 } ) ;
Y _ l s [ 7 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  M a t h . s q r t ( 3 / 4 )  *  m a t h . c o s ( x )  *  m a t h . s i n ( 2 * y ) } ) ;

Y _ l s [ 8 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  M a t h . s q r t ( 3 / 4 )  *  m a t h . c o s ( 2 * x )  *  M a t h . p o w ( m a t h . c o s ( y ) > 2 ) } ) ;

b r e a k

c a s e  3 :  / /o r d e r  3
Y _ l s [ 0 ]  =  n e w  A r r a y ( I s n u m ) . f i l l ( l )

Y _ l s [ l ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( x ) * m a t h . c o s ( y ) } ) ;

Y _ l s [ 2 ]  =  I s d i r s r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . s i n ( y ) } ) ;

Y _ l s [ 3 ]  =  l s _ d i r s _ r a d . m a p ( f u n c t i o n ( [ x , y ] ) {  r e t u r n  m a t h . c o s ( x ) * m a t h . c o s ( y ) } ) ;

/ /  __  Continue to  h igher orders
/ /  . . .  Decoder vaLues soLved
/ /  Compute the decoder using the pseudo-inverse method

/ /  Mode matching decoder - compute pseudo inverse using svd 

v a r  d e c o d e r  =  m a t h . t r a n s p o s e ( s h t . p i n v _ s v d ( m a t h . t r a n s p o s e ( Y  I s ) ) ) ;

r e t u r n  d e c o d e r ;

L i s t i n g  D 4 :  T h e  getAmbisonicsDecoder f u n c t i o n .


