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Abstract

Random linear network coding is widely proposed as the solution for practical network coding
applications due to the robustness to random packet loss, packet delays as well as network topology
and capacity changes. In order to implement random linear network coding in practical scenarios
where the encoding and decoding methods perform efficiently, the computational complex coding
algorithms associated with random linear network coding must be overcome.

This research contributes to the field of practical random linear network coding by presenting
new, low complexity coding algorithms with low decoding delay. In this thesis we contribute to this
research field by building on the current solutions available in the literature through the utilisation
of familiar coding schemes combined with methods from other research areas, as well as developing
innovative coding methods.

We show that by transmitting source symbols in predetermined and constrained patterns from
the source node, the causality of the random linear network coding network can be used to create
structure at the receiver nodes. This structure enables us to introduce an innovative decoding
scheme of low decoding delay. This decoding method also proves to be resilient to the effects of
packet loss on the structure of the received packets. This decoding method shows a low decoding
delay and resilience to packet erasures, that makes it an attractive option for use in multimedia
multicasting.

We show that fountain codes can be implemented in RLNC networks without changing the
complete coding structure of RLNC networks. By implementing an adapted encoding algorithm at
strategic intermediate nodes in the network, the receiver nodes can obtain encoded packets that
approximate the degree distribution of encoded packets required for successful belief propagation
decoding.

Previous work done showed that the redundant packets generated by RLNC networks can be
used for error detection at the receiver nodes. This error detection method can be implemented
without implementing an outer code; thus, it does not require any additional network resources. We
analyse this method and show that this method is only effective for single error detection, not
correction.

In this thesis the current body of knowledge and technology in practical random linear network
coding is extended through the contribution of effective decoding techniques in practical network
coding networks. We present both analytical and simulation results to show that the developed
techniques can render low complexity coding algorithms with low decoding delay in RLNC networks.

Keywords: Error detection, Earliest decoding, Fountain codes, Luby Transform codes, Practical
network coding, Random linear network coding.






Opsomming

Willekeurige lineére netwerk kodering word in die literatuur voorgestel as die praktiese
oplossing vir netwerk kodering in praktiese netwerke. Willekeurige lineére netwerk kodering bied
robuustheid teen data verlies, transmissie vertragings asook verandering in netwerk topologie. Om
willekeurige lineére netwerk kodering effektief in praktiese netwerke te kan implementeer, moet die
komplekse berekeninge geassosieer met willekeurige lineére netwerk kodering oorkom word.

Ons wys dat wanneer brondata in sekere patrone versend word, die netwerk gebruik kan word
om struktuur in die data by die ontvanger nodes voort te bring. Hierdie sturktuur laat ons toe om ‘n
dekoderingsmetode met lae kompleksiteit, lae vertraging en robuustheid teen data verlies te
gebruik. Hierdie dekoderingsmetode kan gebruik work in multimedia kommunikasie omgewings
aangesien dit lei tot lae dekoderingsvertraging en robuustheid teen data verlies.

Ons wys dat Fonteinkodes saam met willekeurige lineére netwerk kodering geimplimenteer kan
word sonder om die totale koderingstruktuur van die netwerk te verander. Deur die
enkoderingsalgoritmes by die netwerknodes aan te pas, kan die ontvangernodes data ontvang in ‘n
spesifieke struktuur sodat kodering met lae kompleksiteit en lae vertraging kan plaasvind.

Laastens wys ons dat addisionele data wat in die willekeurige lineére netwerk kodering netwerk
gegenereer word, gebruik kan word om foute in die data op te spoor. Hierdie
foutopsporingsalgoritme kan in die netwerk geimplimenteer word sonder die implementering van ‘n
addisionele foutkorreksiekode.

In hierdie tesis word die huidige kennis en tegnologie van praktiese willekeurige lineére network
kodering uitgebrei deur ‘n bydrae te lewer op grond van praktiese koderingsmetodes. Simulasie- en
analitiese resultate wys dat die ontwikkelde koderingsmetodes geimplimenteer kan word in
willekeurige lineére netwerk koderingsnetwerke en sodoende lae kompleksiteit en lae
dekoderingsvertraging lewer.

Sleutelwoorde: Fonteinkodes, Foutopsporing, Luby Transform kodes, Praktiese netwerk
kodering, Willekeurige lineére netwerk kodering.






Trust in the Lord with all your heart
and lean not on your own understanding;
in all your ways acknowledge Him
and He will make your paths straight.

Proverbs 3:5-6



Declaration

|, Suné von Solms, declare herewith that this dissertation entitled “Design of effective decoding
techniques in network coding networks”, which | herewith submit to the North-West University in
partial fulfilment of the requirements for the Doctor of Philosophy degree, is my own work and has

not already been submitted to any other university.

| understand and accept that the copies submitted for examination are the property of the

North-West University.

University number: 12987611

Signed at: Potchefstroom on this 11" day of March 2013.

Vi



Table of contents

FAN o A - [ T PP U SV PP PP PPTOUROPSOPR i
(0] 0 1] 121010114 = U PP P PP OPPTPPUPPTN i
FA¥ol [V 1= Fod= o Y=Y o TSR iv
[D]=Tol T 1 4o o OO OO OO PP PTUPPTOPPTOPRRRPRIN vi
TablE Of CONETENTES ...ttt ettt sttt et b e bt e sbe e st e et e e beesbeesaeesaneeane vii
[ o) T = (UL =TSRRI Xii
LIST OF TaBIES ...ttt et ettt e s bt e e s ab e e s b e e snbeesabeeebbeesabeesabeeenanes xiv
LiST Of ADDIEVIATIONS ...eiiiiieiieeeiee ettt ettt sab e s bt e e st e sbeeesabeesabeeenare s XV
[y e B3V 01 o T ] L3PPSR Xvi

Chapter 1: Introduction

1.1  Network coding and its ChallENZES ......ccccuiiiiieiiiiiiccee e e 1-2
0 N 1= Ao T ol Yo | o = SRS 1-3
1.3 Forward error correction codes in Network COdiNg........cccuveeeciieeeeciiieeeciee e, 1-6
1.4 Challenges regarding the implementation of RLNC.........cccceeeiiiieeciiee e, 1-7
R (YT T ol o I T o] o] =] o o ST 1-8
1.5.1  ReSEArCh QUESTION . ..ciieiiii ettt e e e e e e e bae e e e srre e e e e 1-9
1.5.2  Related Terature ......cocuiiieiieeieeeeeeee ettt e 1-9
1.5.3  ReSearch approach.......ucco it et arae e 1-12
1.6 Research CoNtribULIONS .......ccuiiiiiiiiiie et s e 1-13
1.6.1  Exploiting redundancy in RLNC for error detection..........cccoceeeeeciieeeeciieecccieeeeens 1-13
1.6.2 Implementation of fountain codes in RLNC NetWorks.........c.ccceecuveeeeecieeeeecieeeens 1-14
1.6.3 Development of a practical decoding method for RLNC ............ccceeiviiieeiiiineennns 1-14
1.7 TheSiS OUTIING c..eeeiieieeee ettt e 1-15
1.8 Overview of journal and conference contributions.........cccceveciiie e, 1-15

Chapter 2: Network Coding in the Practical Environment
2.0 NETWOIK FIOW ittt sttt ettt st e e sbe e e s abe e sbeesateesabaessaseenas 2-2
2,01 NETWOIKS cuveeeiiieiiieeeiee ettt ettt et e e ste e st e e sabe e ssbteesateesabteesabeesabaeenataesnbneesaseesnses 2-2

Vii



2.1.2  Maximum FIOWS [B] ceeeeieiiiiiieie ettt et r e e e e e e e e b e e e e e e e e e naraaeees 2-3

2.1.3  Linear NetWOrk COAING ....uoiiiiiiiiiiiiee ettt s e s sree e e eans 2-5
2.1.3  Random linear NetwWork COING.....c..ueiieiiiiiiieciiee et e e e e e e 2-6
2.2 Practical Network COdiNg [8] ...cccuuiriieiiiieeeiiiie ettt e e rrae e e e eara e e e e ares 2-7
2.2.1  Practical conSiderations ........c.ceuieiieriieiiereesee e 2-7
2.2.2  RLNC Network frameWOrK..........eorieiiiiiinieeniee ettt sttt e s 2-10
2.3 CONCIUSION ..ttt ettt et ettt et e st e e st e e st e e sbee e s be e e beeesabeesneeesabeeaneeas 2-12

Chapter 3: Error and Erasure Coding in RLNC

3.1 NetWOrk @NVIFONMENT.....eiiiiitiiiieeie ettt sttt e sbe e saeesaeesare e 3-2
3.2 Network error Correction COUES ........uiiriiimiiiiiiieiieeete ettt ettt esbeeesaree s 3-2
N R O 11T oV = PP UP PSPPI 3-2
3.2.2  Network frameWork........coii i e 3-3
3.3 Network erasure CorreCtion COUES ........cceumiiriiriiriiieiieieereenee sttt s 3-6
3.3.1  OVEIVIEW .ottt e s et e e nra e e st e e 3-6
3.3.2  NetWOrk frameEWOrK......cuieriieeiiierieeeiee ettt ettt e st e b e b e e 3-6
3.4 CONCIUSION ettt ettt ettt et b e s be e s e e e e et e sbeesneesanesanesane 3-8

Chapter 4: Implicit Error Detection

R [} o o [¥ ot o o FO PO T PP OTSR PR 4-2
4.2 NetWOrk €rror COMTECHION .....uiiiiitiettecteeteestee ettt ettt ene e 4-2
V70 T 1 o o] [ ol = g o] e [=1 =T ot o] o U UPPRN 4-3
e A 1 o Vol o [ o = PP 4-3
4.3.2  MatriX CONSEIUCTION....ceiiiiiiiie e e s 4-4
4.3.3  ErrOr deteClioN ..ccceei it 4-5
4.3.4  Error detection capability .....ooccceiiiieeee e 4-5
4.4 Mathematical MOEl........cooiiiiiiiieee e s 4-6

4.4.1 Probability of obtaining k linearly independent packets within the first N > k
o= [0 =1 £ O SRSR 4-7

4.4.2 Expected number of additional packets required to obtain k linearly independent
[T 1ol = £ OO TTR 4-10

4.4.3  Probability of (n — k) additional packets being linearly independent and containing
Al SOUICE SYMBIOIS ... .t e e e e et e e e e e e e e et e e e e e e e e eeesnnstsaeeeaaesennnes 4-12

4.4.4 Expected number of additional packets required to obtain a valid generator matrix

viii



4.45 Discussion Of 0btained reSUILS ......uuueiiiiiiiiiiieee et e e 4-14

4.5  Simulation SetUP and rESUIES.....ccivciiiiiiiiie e e e s sareee s 4-15
T Y 141U - 1 oY Y= U o PP 4-15
4.5.2  Simulation MethOdOIOgY .......ccocuiiiiiciee e 4-16
4.5.3  Network topologY SELUP ...uvveiiciiie ettt ettt et e e e e e e eree e e e 4-17
.54 RESUILS c.eeieitii ettt ettt ettt st s e et e et e e s b et e st e e s b e e e anbeesbeeenareas 4-18

4.6 CONCIUSION ..ottt ettt st sab e st e s bt e e sab e e e beeesareesaneeesareeeanes 4-21

Chapter 5: Fountain Coding in RLNC

5.1 INTrOTUCTION ettt et b e sae e s sane e 5-2
5.2  Belief propagation in RLNC NETWOIKS ......ccccuviiiiiiiieei e 5-4
L0t R I B ol Yo [T - . [ SRS UPUROt 5-4
5.2.2  Belief propagation.........ceeei ittt e nraee s 5-5
5.2.3 LT network coding [85] ....uoii ittt e e et e e e bae e e e aa e e e e eaaaeee s 5-7
5.3 Hybrid-LT NetWOrK COUES .....uviiiiiie et et 5-8
5.3.1  ENCOMING OVEIVIEW ...uviiiiiiiiieieiiieeeeiie e e sttt ee e ettt e e setaeeessbaeesssnsseeessnsaeeesnnsseeesnnsseeens 5-9
LT 70 A s Toto o [ Yo o] o Yol T3S PP 5-10
5.4 Experimental setup and results for H-LTNC........cccceiiiiieiiniiiee e sieee e 5-12
5.4.1  EXPErimental SETUP ..uueiieiiiieeeiee ettt ettt ree e et e e e e e e e e arae e e e ares 5-12
5.4.2  Experimental methodolOgY........cccoecuiiiieciiiee et e 5-14
5.4.3  EXPErimental reSUILS ......ccuviieeiiiiee ettt et 5-15
5.5 ENhanced H-LTNC ...ttt et et 5-18
5.5.1  SPArs@ RLNC ... s 5-18
5.5.2  Buffer fluShing POLICY ..cccccuuviieeieeecee et 5-19
5.5.3  EXPerimental FESUILS ...ccciii ittt e e e e e e e e e e rre e e e e e 5-19
5.6 H-LTNC With PreCoTing ....cceeeeiecciiiiiiie ettt e e eebrere e e e e e e e reee e e e e e s eeannns 5-22
5.7 CONCIUSION ...ttt et b et et e s b e e sar e e sreeeameeesareeeneeas 5-23

Chapter 6: Modified Earliest Decoding for RLNC

6.1 INTrOTUCTION ..ottt s e s b e e s e s be e e smreesneeesnneenas 6-2
6.2 NETWOIK MOAEI ..ottt st s e e 6-3
6.2.1  Gaussian eliMINatioN.......coiiiiiiiii e e e e 6-3
6.2.2  Earliest deCOING ... ..uuuiiieei ettt e e e e et rre e e e e e e e e ennraae e e e e e eeeannes 6-5
6.3 Practical network configuration for improved decoding..........ccccceeeeeeeicciiieeeee e, 6-6



6.3.1  NetWOrk CAUSAIITY «oocuvveiieiiiie it sae e e e e e s sereee s 6-7

6.3.2  Network CONfiSUIratioN ........ccivciiiiiiiiie e e e s sareee s 6-8
6.4 Evaluation of GeNerator MAtriCES ....ciiciiii ittt e e e rea e e 6-10
6.4.1  Strict lower triangular G MatriX .......ccceeeeeiiiiiiciee e e 6-11
6.4.2  Non-strict lower triangular G MatriX........cccceeeeiiiiiiiiiieeeecee e e 6-13
6.4.3  Matrix characterisation.........ceeecueeiiiieiiee e 6-15
o S Y oF T e To [T o 1= g T =Y o TV PSP 6-16
6.5 Establishing probabilities of non-zero matrix elements ........cccoecvveiivivieiiiciiee e 6-17
6.5.1  SIMUIGLION SETUP woeiiiiiie et e b e e e e abe e e e e aree e e e ares 6-18
6.5.2  Experimental methodolOgY........cccoecuiiiieciiiee et e 6-19
6.5.3  SIMUIGLION FESUIELS ...eineiiiiieiiee e et 6-19
6.6 Modified earliest dECOING ......covcuviiiiiciiie e e e srae e 6-21
6.6.1 Modified earliest deCOdiNG .....c..uvviviiiiiiiiie e 6-22
6.6.2  Algorithm and @XamPle........oociiii e e e 6-23
6.7 CONCIUSION .ttt b e sttt et e bt e s bt e sae e sabesabe e beenbeenneas 6-26

Chapter 7: Evaluation of MED in RLNC Networks

7.1 INTPOTUCTION et s s s et s e 7-2
7.2 Decoding performance in an ideal network SCenario.........cccceeeecveeeeecciieeceeciee e 7-2
7.2.1  Gaussian eliMiNation ..ot s 7-3
A A - Y4 111 e [=Tolo Lo [1 V- R ST 7-4
7.2.3  Modified earliest deCOING .......uveviiiiiiiiiiie e 7-5
7.3 Decoding performance in a non-ideal network scenario ......ccccccevevvcieeiccciee e, 7-6
7.3.1  Gaussian eliMinatioNn.......ccoeiiiiiiiiiieee et e e e 7-7
2 T N =Y o 1= o [T oo Yo [T = USRSt 7-8
7.3.3  Modified earliest deCodiNg .........ooeecuiiiieciiiieecee e e 7-11
7.3.4  Performance comparison of decoding methods .........cccccoeeeieiiiieeeciiee e, 7-13
7.4 Decoding performance in an erasure network SCENArio ........cccecvveeeecieeeeecieeeeecieeeeeans 7-15
7.4.1 Influence of erasure on lower triangular G MatriX......cccccccceeeevveeeeecieeeecciee e 7-16
7.4.2  Matrix CharaCterisation........cccceeveereerienieeteeeesee et 7-17
7.4.2  Gaussian elimination........ccociieiriiiiiiee e e 7-21
7.4.3  Earliest deCOAING ... ...uuiiiiiiieeeeeee ettt e e e e e e e e e e ar e e e e e e an 7-21
7.4.4  Modified earliest deCOdiNg ........ueeiviiiiiieiiie e 7-27
7.5 Comparison of decoding probabilities........cccceeeciiiiicciiiiicee e 7-33



7.6 Decoding performance in a practical NEtWOrK ........coocovveiiriiiiiiniiiie e 7-34

2 A 00 a ol [V [o] o FS TR 7-35

Chapter 8: Conclusion

8.1 Review of thesis and CONtrIDULIONS........uuueiiiiiiiiiieee et e e e e eees 8-1
T A S V1 (0 | =Y oY o TR 8-3
8.3 SUMIIMIAIY e s 8-4

Xi



List of Figures

Figure 1.1: Multicast routing in a butterfly network [2] .....coooiiiiiiiii e 1-4
Figure 1.2: Network coding in butterfly NEtWOrK.........ccoocviiiiiiieiiee e e 1-4
Figure 1.3: Example of the structure of an encoded packet.......cccocvviiivieiiiciiii e, 1-5
Figure 2.1: A butterfly network illustrating min-Cut..............cccooveeieciiiceciee e 2-3
Figure 2.2: Network coding in butterfly NetWOork.........cooccveiiiiiiiii e 2-4
Figure 2.3: Example of the structure of an encoded packet .........cccvviieciieiicciiii e, 2-9
Figure 3.1: (a) Error-free transmission (b) Erroneous transmission..........ccceeeveevveeeiuveenneenns 34
Figure 3.2: (a) Erasure-free transmission (b) Transmission with erasure probability............. 3-8
Figure 4.1: Probability of obtaining k innovative packets........c.ccceecvieiiieecee e 4-8
Figure 4.2: Probability of obtaining k innovative packets from N collected packets................. 4-10
Figure 4.3: Expected number of packets to obtain k innovative packets........c.ccccceevveercreeennnn. 4-11
Figure 4.4: Probability of constructing a valid generator matrix after n packets received ........ 4-13
Figure 4.5: Expected number of additional packets required..........ccceeeeciieeicciieeecciee e 4-14
Figure 4.6: Example of an Erdos-Rényi graph for [V] = 20 ....c.ceeeeeieiceeeeeeeeeeeeeeese s 4-17
Figure 4.7: Example of a Random Geometric Graph for [V| = 30 ...cccceveieirveiieceeceecee e, 4-18
Figure 4.8: Number of additional packets required for error detection..........ccccceeecvveeeecieneenns 4-19
Figure 4.9: Number of extra packets required for d,,;;, = 3 generator matrixX........ccocceeevernnnn. 4-20
Figure 5.1: Illustration of degree degeneration of RS distribution ..........ccccceeeviiiiiiien e, 5-3
Figure 5.2: The Robust Soliton distribution for n. = 500. ......ccceeiiiieiiieciie e 5-5
Figure 5.3: Example of Belief Propagation decoding .......ccccceeecuiiiiiiiieiicciiee e 5-6
Figure 5.4: Relative decoding time per receiver node for n = 35.....cccceciieiiiiieiccciiee e, 5-15
Figure 5.5: Percentage additional packets required at a receiver node .......cccoveeevcieeeiiiineenns 5-17
Figure 5.6: Received degree distribUtions........c..coiiiciiiiiicciii i 5-18
Figure 5.7: Decoding delay for BP decoding for 1 = 35 .....cooooiiiiieiiee e 5-20
Figure 5.8: Received degree distribUtions........c..cooiiiiiiiicciii i 5-21
Figure 6.1: Generator matrix received from randomly encoded packets........ccccceeecvvreeccrienennnee. 6-4
Figure 6.2: (a) Example of earliest decoding ........ccovvieiiieiiiieciee et e 6-6
Figure 6.2: (b) Decoded SUD MatriX ......cccuiiiieiiie ettt e e e e 6-6
Figure 6.3: (a) Random non-strict lower triangular generator matrixX ........ccccecevveeeeciiieeeecieeeens 6-10
Figure 6.3: (b) Enlargement of 1* 11 collected packets of generator matrix .........ccccovevvveveunee. 6-10
Figure 6.4: Lower triangular matrix with diagonal probabilities..........ccccoveviiiiiiiiciiie s 6-11
Figure 6.5: (a) Strict lower triangular MatriX StrUCTUIe .........ccocvieeieciiee e 6-12
Figure 6.5: (b) Strict lower triangular matrix eXample ........cccoocvviiieiiiie e 6-12



Figure 6.6: (a) Lower Hessenberg matrix with limited 1s in second diagonal.........cc.ccc.ccveee. 6-13

Figure 6.6: (b) Non-strict lower triangular matrix eXample ........cccoecvieeieciiiee e 6-13
Figure 6.7: Characterisation of G MatriX .....cccoccviiiiiiiiii e srree e 6-16
Figure 6.8: (a) First possible structure of 5 blOCK.........cccveciieiiiriiireere e 6-17
Figure 6.8: (a) Second possible structure of S bloCK........cccvevirriiniirierececeeree e 6-17
Figure 6.9: Probabilities of non-zero elements in G.........c..cooovcvieiinciiie e 6-20
Figure 6.10: MED @XamMPIE ..cccicueiiei ettt ettt e et e e e e tte e e e e ate e e e satae e e sntaeeesrraeeeeans 6-25
Figure 7.1: Probability of obtaining a strict lower triangular generator matrix G ........................ 7-3
Figure 7.2: Probability of obtaining a non-strict lower triangular matrix ........ccccceeecvieeeieciee e, 7-7
Figure 7.3: (a) B block with two undecoded symbols in first rOW ........cccoveerieriieriinniieneerceen, 7-9
Figure 7.3: (b) f block with one undecoded symbol in first row .......ccccovceeviieniiniiineenieneeen, 7-9
Figure 7.4: Decoding delay probabilities for ED for 8 blocks of various sizes........ccccceevreveennneen. 7-10
Figure 7.5: [ block presented in FIGUIE 7.3 (@) .ccouerierriiriieieneeneesee et 7-11
Figure 7.6: Decoding delay probabilities for MED for [ blocks of various sizes ........c.cccecueeuenee. 7-12
Figure 7.7: Comparison of decoding delay of ED and MED for f blocK .......cccccvevvveriiiericennnnen. 7-14
Figure 7.8: Decoding delay for ED and MED.........ccoociiiiiiiiiie ittt svree e svrnee e 7-15
Figure 7.9: (a) Non-strict lower triangular MatriX G...........cccccecveeevieeeiieeecie e e 7-16
Figure 7.9: (b) Matrix G with a single packet rasure ........cccocoueeeeeciieececieee e 7-16
Figure 7.10: Characterisation of @ and 8 blocks after erasure ........ccoccoveveveerveininnieeniienceeienn, 7-17
Figure 7.11: Probability of obtaining a 8 block after a packet erasure.........cccccvveereereerceerenenn, 7-19
Figure 7.12: Characterisation of Y BlOCKS .......cueivieiiiiiie e 7-19
Figure 7.13: Probability of obtaining a y block after a packet erasure........cccccoveevvviieeniiineenns 7-21
Figure 7.14: (a) Example of a [ block decodable without delay ........ccoccovvvevviivenniinniinnieenn, 7-23
Figure 7.14: (b) Example of a 8 block decodable with delay ......c...ccoceeriiniiiiiiniinicce 7-23
Figure 7.15: Probability of decoding source symbols in 8 block with ED .........ccoceeveerirriennnnnn 7-24
Figure 7.16: (a) Example of a y block decodable without delay ........cccceeeveevieiiciieccieeceeee, 7-25
Figure 7.16: (b) Example of a ¥ block that is not decodable........c.ccceeviereciieicieicr e, 7-25
Figure 7.17: Probability of decoding in ¥ block With ED .......ccccovviiiiiiiiiiiiiie e 7-26
Figure 7.18: Example of a S block of size ¢ plus additional innovative packet ..........cccccueeuenen. 7-28
Figure 7.19: Probability of decoding source symbols in 8 block with MED ..........ccccceoeiriinnnnne. 7-29
Figure 7.20: (a) Example of a y block where 8 source symbols can be decoded....................... 7-31
Figure 7.20: (b) Example of a y block where (68 — 1) source symbols can be decoded............. 7-31
Figure 7.21: Probability of decoding in y block with MED .........ccccecviiviiieciieceecee e, 7-32
Figure 7.22: Probability of decoding in ¥ block for ED and MED .........cccccouveeiviiieeiiciiee e, 7-34
Figure 7.23: Decoding delay for ED and MED in the presence of packet loss.........cccceeeeuieeennns 7-35

Xiii



List of Tables

Table 1.1:

Table 2.1:

Table 6.1:

Table 7.1:
Table 7.2:
Table 7.3:
Table 7.3:
Table 7.4:
Table 7.5:
Table 7.6:
Table 7.7:

Journal and Conference contributions .........cccceviiiieii e 1-16
Differences between theoretical and practical networks ..........cccoccveeeeciieeieciiee e, 2-7
Probabilities of NoNn-zero elements in G ...........cccuevvceeiiieeicee e 6-21
Decoding delay for ED for 8 block of (9 packets........ccvcievieriiirciieieeniinienieeiecieeiene 7-9
Decoding delay for MED for 8 block of @ packets .......ccccevveeeeeiiiiiiiiiicriereceeeciees 7-12
(a) Probabilities of non-zero elements in G before erased packet .........cccceeeuineens 7-17
(b) Probabilities of non-zero elements in G after erased packet ..........cccvveeeeevnennnns 7-17
Probability of decoding packets in a f block With ED ......ccceevveieiniiiiiiiiierceeeciees 7-23
Probability of decoding in ¥ block fOr ED .......ooeviiiecieiiiiiecieecciee e 7-26
Probability of decoding packets in a § block with MED .........cccceveiiriiiiiiniieieneeee, 7-29
Probability of decoding in y block for MED .........cccuviiieiiiee e 7-32

Xiv



List of Abbreviations

BP

ED
EH-LTNC
FEC

GE
H-LTNC
LT
LTNC
MED
NC
RGG

ER
RLNC
RS

XOR

Belief Propagation

Earliest Decoding

Enhanced Hybrid-Luby Transform Network Codes
Forward Error Correction

Gaussian Elimination

Hybrid- Luby Transform Network Codes
Luby Transform

Luby Transform Network Codes
Modified Earliest Decoding

Network Coding

Random Geometric Graph

Erdos-Rényi

Random Linear Network Coding

Robust Soliton

exclusive or
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directed graph

set of nodes

number of nodes in network
set of edges

source node

set of sink nodes

sink node

nodes in the network
incoming edge in the network
outgoing edge in the network
capacity

flow

network min-cut

Finite field

size of Finite field

achievable rate

set of source symbols

source symbol

size of source symbol

set of encoded packets
encoded packets

local encoding vector

global encoding vector

global encoding matrix / generator matrix
number of source symbols
number of undecoded source symbols
number of generations
number of received packets
forward error correction code
set of encoded symbols
encoded symbol

error packet

parity check matrix

syndrome vector

error correction capability
number of additional received packets
minimum distance

degree of packet
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positive constant for RS distribution

decoding failure probability for RS distribution

buffer size

target degree

time step

Hamming distance

Hamming weight

communication radius

alpha block

betha block

number of entries in betha block
decoded symbols before erasure
remaining generation size after erasure
gamma block

number of entries in gamma block
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