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ABSTRACT

A COMPARATIVE ANALYSIS OF EMERGING VIDEO CODECS

Onacak, Olgu Kivang
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Gozde Bozdagi Akar

April 2020, 189 pages

As screen technology and the internet evolve, video codecs should be improved to
meet the requirements of video transfer. The use of AV1 codec, developed by AOM
(Alliance for Open Media), which has recently come to the fore, is becoming
widespread. Alternatively, ITU-T and ISO standard bodies are about to complete the
development stages of the VVC (Versatile Video Coding) codec by making
improvements to the HEVC (H.265) codec, which is already accepted by the codec
community and widely used. Within the scope of this thesis, the configuration
parameters of AV1, HEVC and VVC codecs are changed and comparisons are made
both within themselves and against each other. Comparisons are made based on
changing configuration parameters which are coding tree units (CTU), I-frame
interval, and constant bit per second. For comparisons, 5 different characteristics CIF
quality videos and a single 4K quality video are used. CIF quality videos are processed
according to their temporal and spatial information, and the codecs are compared using
these informations. PSNR, SSIM and BD-Rate measurement metrics are used while

making comparisons.

Keywords: Video Codec, Video Processing, AV1, HEVC, VVC, Analysis
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YENI GELISTIiRILEN VIDEO KODEKLERIN KARSILASTIRMALI
ANALIZI

Onacak, Olgu Kivang
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Danigsmant: Prof. Dr. Gozde Bozdagi Akar

Nisan 2020, 189 sayfa

Ekran teknolojisi ve internet diinyasi gelistikce videolarin etkin bir sekilde transfer
edilmesi, ¢evrim i¢i olarak izlenmesi ve paylasilmasi i¢in kullanilan video kodeklerin
performanslarinin arttirilmasi gerekmektedir. AOM (Alliance for Open Media)
tarafindan gelistirilen ve son zamanlarda 6n plana ¢ikan agik kaynak kullanimina sahip
AV1 kodeginin kullanimi1 yayginlagsmaktadir. Buna alternatif olarak ITU-T ve ISO
firmalar1 hali hazirda kullanimi1 oldukg¢a yaygin kabul géren HEVC (H.265) kodegine
tyilestirmeler yaparak VVC (Versatile Video Coding) kodeginin gelistirme
asamalarmi tamamlamak iizeridir. Bu tezin kapsaminda AV1, HEVC ve VVC
kodeklerinin konfigiirasyon paramereleri degistirilerek, hem kendi iglerinde hemde
birbirlerine kars1 karsilagtirmalari yapildi. Karsilagtirmalar kodlama agaci birimleri, |
cergeve aralig1 ve sabit saniyedeki bit sayis1 degisimine gore yapildi. Karsilagtirmalar
i¢in 5 adet farkli karakterdeki CIF ¢oziiniirliikte videolar ve 1 adet 4K video kullanildi.
CIF videolar zamansal ve uzaysal degisimlerine gore 5 farkli kategoriye ayrildi ve
kodekler karsilastirilirken bu deg@isimler iizerinden yorumlamalar yapildi.

Karsilagtirmalar yapilirken PSNR, SSIM ve BD-Rate 6l¢tim birimleri kullanildi.

Anahtar Kelimeler: Video Kodek, Video Isleme, AV1, VVC, HEVC, Analiz

vii






To my family



ACKNOWLEDGEMENTS

First, I would like to express my appreciation to my advisor, Prof. Gozde Bozdagi
Akar, for the extreme support and guidance through my master’s degree. Moreover, |
would like to thank the remaining thesis examining committee Prof. Ilkay Ulusoy,
Prof. Alptekin Temizel, Assoc. Prof. Fatih Kamisli and Assoc. Prof. Hakki Alparslan

Ilgimn for their intelligent comments and encouragements.

I wish to thank my company Aselsan A.S. This work would never have been

completed without my company’s support and its graduate research policy.

I am deeply thankful to my parents, Sultan and Tiirkay Onacak, for their unconditional
support and love through my entire education process from kindergarten to my
master’s degree. They are the kindest and most supportive parents that | would have

ever hoped for.

Finally, I would like to thank to person who encourages me and had to put up with me
through my thesis process, who continuously pushes me forward to be better in every
aspect of my life; my beloved wife and my best friend, Ay¢a Onacak. There is no way

that I could become who | am today without you.



TABLE OF CONTENTS

ABSTRACT ettt Y
[0 )7/ vii
ACKNOWLEDGEMENTS ...ttt X
TABLE OF CONTENTS ...ttt Xl
LIST OF TABLES. ...t raee e XVii
LIST OF FIGURES ...ttt et XXiii
LIST OF ABBREVIATIONS ...t XXIX
1. INTRODUCTION ..ooiiiiiiie ittt e e e e enees 1
1.0 MOTIVAEION ... 1
1.1.1. Challenges for Future Video COUECS .......ccevvvvveiiiireeiiiieeiieeesieeesiieeeieeens 2

1.2, CONEIIDULIONS ... 2
1.3. THESIS OULIINE ...t 2

2. BACKGROUND AND RELATED WORK.......coiiiiieiiiiiiee e 5
2.1 VIABO COUBCS ...ttt 5
2.2. Tools and Operations in Video COUECS .........ccccveivireiiiieeiiie e 6
2.2.1. BIOCK Partitioning .........cccuvieiiie i 8
2.2.1.1. HEVC BIOCK Partitioning ..........cccoviureeiiireeiiee e cieeesiee e sine e s 8
2.2.1.2. AV1 Block Partitioning ..........ccooveiiiie i 9
2.2.1.3. VVC Block Partitioning..........cccoeeiiireiiiie s 10

2.2.2. Quantization and Transformation ...........ccocceeeiviiiie i 11
2.2.2.1. HEVC Quantization and Transformation ...............cccceeeveeviiveneennne, 12
2.2.2.2. AV1 Quantization and Transformation ...............ccccccevvviviieneeeeennnnns 12

Xi



2.2.2.3. VVC Quantization and Transformation..............ccccceevvveeineeiinnnnnne 13

2.2.3. INtra PrediCtioN. ........oiiiiiiiieci e 13
2.2.3.1. HEVC INtra PrediCtion..........cooieeiiieniieiie e 13
2.2.3.2. AV1 INtra PrediCtion..........cooviiiieiiieie e 14
2.2.3.3. VVC INtra PrediCtion .........coooviiiieiiienie e 15

2.2.4. Inter Prediction (Motion COmpensation) .........ccccceeviveireeiiieenneeneenneenns 15
2.2.4.1. HEVC Inter PrediCtion..........cvoieeiiieiiieiie e 16
2.2.4.2. AV1 INtEr PrediCtioN........ccoeiiiiiieiiiece e 16
2.2.4.3. VVC INter PrediCtion .......ccooviiiiiiiieiieciee e 18

2.2.5. FITBIS ..o e 19
2.2.5. 1. HEVC FIltEriNg ....ccuviiiiiiiiiice et 19
2.2.5.2. VVC FIltErING....vvee ettt 20
2.2.5.3. AVL FITEIING .oooveee et e et 20

2.2.6. ENtropy COOING.....cccivreeiiieeiiie et ie e e e et e e snnee e 21
2.2.6.1. HEVC ENtropy Coding.......cccoeeiiireiiiiieiiire e siee e siee e siee e 21
2.2.6.2. AV1 ENtropy COdiNg .....cveeeiiieeiiiee et 21
2.2.6.3. VVC ENropy CodiNG ....c.vveeiiieeiiieeiiie et e s e s e sn e see e svae e 22

EVALUATION AND TEST METHODS ........oooiiiieeeeeeeceee e 23

3.1, EXPEriment STrUCLUIE ......c.vveeiiee ettt 23
3.2. TeSthed DESION .....veiieiee et 23

3.2.1. PIatform SeleCtion.........ccceeiiiiiiiiiieieeee e 23

3.2.2. System SPeCIfiCAtiONS .........cccveiiiiie e 24

3.2.3. VA0 SEIECHION ...t 24
3.2.3.1. Temporal and Spatial Information..............ccccoovivieiiiini e, 25

Xii



3.3, EXperimental IMELIICS. .......coouiiiieiei it 27

3.3.1. Peak Signal to Noise Ratio (PSNR) .........cccceiiiiiiiiiiiiiie e 27
3.3.2. Structural Similarity Index (SSIM).......ccoiiiiiiiiiie e 28
303.3L BIIALE ..o 29
3.3.4. Bjontegaard Delta Rate (BD Rate)..........ccceiiviiiiiiiiiiiie e 30
3.3.5. ENCOAING THME....iiiiiiiiiie ittt 31
3.4. Experimental Parameters in Video COUECS..........ccccvvrvireeiiieeiiiee e 32
3.4.1. CodiNg UNIt SIZE....cuviiiiiiiieiee e 32
3.4.2. Maximum Partition Depth .........cccoiiiiiiiiiii e 32
3.4.3. GOP size and I-Frame interval ...........ccccooiiiiiiiiiinie e 33
3.4.4. Quantization Parameter (QP)........ooiieiiiiiieiiie e 34
EXPERIMENTAL RESULTS ..o 37
4.1. Encoder ConfiguratioNS ..........cueieiiieeiiieesiiresie e s siee e siee e snnn e s e e e sneeesanee s 37
4.1.1. HEVC Random Access Configuration............ccccveevvvesiieeasieeesiineesiinnenn 37
4.1.2. VVC Random Access Configuration .............ccccveivvreeiieeeviieesiine e s 37
4.1.3. AV1 ENCOAING OPLIONS .....vvveiiiiecciiie e ciee et 38
4.2. Vide0 CIasSITICAtION ........cccviiiiiiiiiiieiee e 38
4.3. CTU Size and Depth DIfference ........cccovveiiieiiiiie e 39
4.3.1. HEVC CTU and Depth SIZES .......ccveeiiiiieiiiie e 39
4.3.1.1. HEVC AKIYO ..ottt 40
4312 HEVC BUS.....eiiiiiiiiii ettt 42
4.3.1.3. HEVC CONLAINET ..ottt 44
4.3.1.4. HEVC FOreMaN .......cooiiiiiiiiiiiic it 46
4.3.1.5. HEVC MODIIE......oiiiiiiiiie e 48

Xiii



4.3.1.6. HEVC BaSKethall .........coooeeeeeee e 50

4.3.1.7. HEVC BD Rate reSUILS .......ooiiieiiiiiie i 52
4.3.2. VVC CTU and Depth SIZES........cccviriiiiiiiiieiieeiie e 58
£.3.2.0. VVC AKIYO ..o 59
A.3.2.2. VVC BUS ...ttt 61
4.3.2.3. VVC CONLAINET ...ttt 63
4.3.2.4. VNV C FOTBMAN ...ttt 65
4.3.2.5. VVC MODIIE ....oeeiiiieiiiee et 67
4.3.2.6. VVC Basketball............cccoiiiiiiiiiiiii e 69
4.3.2.7. VVC BD Rate reSUITS.......ccueiiiieiiiiiiie st 71
4.3.3. AVL CTU SIZES c.uiiieiiiieeciiie ettt stea e tea e s aa e taa et e enaaeesntaeesnneeeas 77
4.3.3.1. AVL AKIYO ..ottt 78
4.3.3.2. AVI BUS.....iiiiiieeece et 80
4.3.3.3. AV1 CONLAINET ...t 82
4.3.3.4. AVI FOrEMAaN ....ccviiiiiiii i 84
4.3.3.5. AVL MODIIE......ooiiiiiiice e 86
4.3.3.6. AV1 Baskethall ............ccoooiiiiiiiii 88
4.3.3.7. AV1 BD Rt IESUILS ....c.eveiieiiiiiiiesiieeee e 90
4.4, 1 Frame DIfferencCe ........cooiiiiiiiii e 96
4.4.1. HEVC | Frame Difference........ccccooiiiiiiiiiiiiicesieseeeee e 96
4401 HEVC AKIYO ..ottt 97
4412 HEVC BUS.....oiiiiiiiiiie et 99
4.4.1.3. HEVC CONEAINET.......iiiiiiiiiieiiieie ettt 101
4.4.1.4. HEVC FOIeMAN ......coiiiiiiiiiieiiiie et 103

Xiv



4.4.1.5. HEVC MODIIE......ooiiiiiiiiiii e 105

4.4.1.6. HEVC Baskethall ...........ccccooiiiiiiie 107
4.4.1.7. HEVC BD Rate reSUILS .......ooovieiiiiiiiiiiieee e 108
4.4.2. VVVC | Frame DIfference........ccooooviiiieiiiiiie e 114
O N VAV O A (| Y/ o TSRS 114
4422 VVC BUS ...t s 116
4.4.2.3. VVC CONLAINET .....ooiiiiiiie ittt 118
A.4.2.4. VNV C FOTBIMAN ...ttt 120
4.4.2.5. VVC MODIE ....oiiiiiee ettt 122
4.4.2.6. VVC Basketball............cccooviiiiiiiiiii e 124
4.4.2.7. VVC BD Rate reSUITS......cocveiiieiiiiiieiie e 125
4.4.3. AV1 Golden Frame (GF) Interval..........cccccoveiviieiiiee e 131
A.4.3.1 AVL AKIYO ..ottt et 131
B4.4.3.2. AVI BUS......ooeeiiieeeee s 133
4.4.3.3. AV1 CONLAINE ......oeiiiiiiiiiie ettt 135
4.4.3.4. AVI FOrEmMaN .....ccviiiiiiiiiiic s 137
4.4.3.5. AVL MODIIE......oooiiiiiiiie s 139
4.4.3.6. AV1 Baskethall ..........ccccoviiiiiiiieie e 141
4.4.3.7. AV1 BD Rate reSUILS .......eoiviiiiiieiieiicie e 142
4.5. Bit Per Second (BPS) Configuration ...........c.cccccvveivireiiiee v 148
4.5.1. BPS AKIYO ..ottt 148
4.5.2. BPS BUS.......iiiiiieiee s 150
4.5.3. BPS CONTAINET .....cuiiiiiiiiiieieeeiee et 152
4.5.4. BPS FOrBMAN ....cciiiiiiiiiiiic e 154

XV



4.5.5. BPS MODIIE......ooiiiiiii i 156

4.5.6. BPS Baskethall............ccoiiiiiiii 158

4.5.7. BPS BD Rate reSUILS .......oeieiiiiiiii e 160
5. CONCLUSION AND FUTURE WORK .......ooooiiiiiiiiiiiiiiee e 165
REFERENGES ...ttt ettt 167
A. HEVC CodeC CoNfIQUIatioNS.........cceeiiieiiiiiieiii e 173
B. VVC CodeC CONFIQUIALIONS .......cocuveiiieiiieiieiie et 179
C. AV1 CodeC ConfIgUIrAtIONS.........coiiuieiiiiiiieiiiesiieesiee st 185

XVi



LIST OF TABLES

TABLES

Table 4.1. HEVC Akiyo PSNR values (dB) with different quantization values....... 40
Table 4.2. HEVC Akiyo SSIM values (dB) with different quantization values ....... 40
Table 4.3. HEVC Akiyo bit rate values (kBps) with different quantization values.. 40
Table 4.4. HEVC Bus PSNR values (dB) with different quantization values .......... 42
Table 4.5. HEVC Bus SSIM values (dB) with different quantization values........... 42
Table 4.6. HEVC Bus bit rate values (kBps) with different quantization values...... 42
Table 4.7. HEVC Container PSNR values (dB) with different quantization values. 44
Table 4.8. HEVC Container SSIM values (dB) with different quantization values.. 44
Table 4.9. HEVC Container bit rate values (kBps) with different quantization values

Table 4.10. HEVC Foreman PSNR values (dB) with different quantization values. 46
Table 4.11. HEVC Foreman SSIM values (dB) with different quantization values . 46
Table 4.12. HEVC Foreman bit rate values (kBps) with different quantization values

Table 4.13. HEVC Mobile PSNR values (dB) with different quantization values ... 48

Table 4.14. HEVC Mobile SSIM values (dB) with different quantization values.... 48
Table 4.15. HEVC Mobile bit rate values (kBps) with different quantization values

Xvii



Table 4.20

Table 4.21.
Table 4.22.
Table 4.23.
Table 4.24.
Table 4.25.
Table 4.26.
Table 4.27.

Table 4.28.
Table 4.29.
Table 4.30.

Table 4.31.
Table 4.32.
Table 4.33.

Table 4.34

Table 4.35.
Table 4.36.

Table 4.37.
Table 4.38.
Table 4.39.
Table 4.40.
Table 4.41.
Table 4.42.
Table 4.43.

Table 4.44
Table 4.45

59

VVC Akiyo SSIM values (dB) with different quantization values

VVC Akiyo bit rate values (kBps) with different quantization values ..59
VVC Bus PSNR values (dB) with different quantization values........... 61
VVC Bus SSIM values (dB) with different quantization values ........... 61
VVC Bus bit rate values (kBps) with different quantization values...... 61

VVC Container PSNR values (dB) with different quantization values.. 63
VVC Container SSIM values (dB) with different quantization values.. 63
VVC Container bit rate values (kBps) with different quantization values
VVC Foreman PSNR values (dB) with different quantization values... 65
VVC Foreman SSIM values (dB) with different quantization values.... 65
VVC Foreman bit rate values (kBps) with different quantization values
VVC Mobile PSNR values (dB) with different quantization values...... 67
VVC Mobile SSIM values (dB) with different quantization values 67
VVC Mobile bit rate values (kBps) with different quantization values. 67
. VVC Basketball PSNR values (dB) with different quantization values 69
VVC Basketball SSIM values (dB) with different quantization values. 69
VVC Basketball bit rate values (kBps) with different quantization values

AV1 Akiyo PSNR values (dB) with different quantization values
AV1 Akiyo SSIM values (dB) with different quantization values

AV1 Akiyo bit rate values (kBps) with different quantization values ... 78
AV1 Bus PSNR values (dB) with different quantization values ........... 80
AV1 Bus SSIM values (dB) with different quantization values............ 80
AV1 Bus bit rate values (kBps) with different quantization values....... 80

AV1 Container PSNR values (dB) with different quantization values .. 82
. AV1 Container SSIM values (dB) with different quantization values... 82

. AV1 Container bit rate values (kBps) with different quantization values

XViil



Table 4.46

AV1 Foreman PSNR values (dB) with different quantization values.... 84

Table 4.47. AV1 Foreman SSIM values (dB) with different quantization values .... 84
Table 4.48. AV1 Foreman bit rate values (kBps) with different quantization values84
Table 4.49. AV1 Mobile PSNR values (dB) with different quantization values....... 86
Table 4.50. AV1 Mobile SSIM values (dB) with different quantization values....... 86
Table 4.51. AV1 Mobile bit rate values (kBps) with different quantization values.. 86
Table 4.52. AV1 Basketball PSNR values (dB) with different quantization values . 88
Table 4.53. AV1 Basketball SSIM values (dB) with different quantization values.. 88
Table 4.54. AV1 Basketball bit rate values (kBps) with different quantization values
.............................................................................................................................. 88
Table 4.55. HEVC Akiyo PSNR values (dB) with different quantization values..... 97
Table 4.56. HEVC Akiyo SSIM values with different quantization values ............. 97
Table 4.57. HEVC Akiyo bit rate values (kBps) with different quantization values 97
Table 4.58. HEVC Bus PSNR values (dB) with different quantization values ........ 99
Table 4.59. HEVC Bus SSIM values with different quantization values................. 99
Table 4.60. HEVC Bus bit rate values (kBps) with different quantization values.... 99
Table 4.61. HEVC Container PSNR values (dB) with different quantization values
............................................................................................................................ 101
Table 4.62. HEVC Container SSIM values with different quantization values...... 101
Table 4.63. HEVC Container bit rate values (kBps) with different quantization values
............................................................................................................................ 101
Table 4.64. HEVC Foreman PSNR values (dB) with different quantization values
............................................................................................................................ 103
Table 4.65. HEVC Foreman SSIM values with different quantization values........ 103
Table 4.66. HEVC Foreman bit rate values (kBps) with different quantization values
............................................................................................................................ 103
Table 4.67. HEVC Mobile PSNR values (dB) with different quantization values . 105
Table 4.68. HEVC Mobile SSIM values with different quantization values.......... 105
Table 4.69. HEVC Mobile bit rate values (kBps) with different quantization values
............................................................................................................................ 105

XiX



Table 4.70. HEVC Basketball PSNR values (dB) with different quantization values

Table 4.71. HEVC Basketball SSIM values with different quantization values..... 107
Table 4.72. HEVC Basketball bit rate values (kBps) with different quantization values

............................................................................................................................ 107
Table 4.73. VVC Akiyo PSNR values (dB) with different quantization values..... 114
Table 4.74. VVC Akiyo SSIM values with different quantization values.............. 114

Table 4.75 VVC Akiyo bit rate values (kBps) with different quantization values . 114
Table 4.76. VVC Bus PSNR values (dB) with different quantization values......... 116
Table 4.77. VVC Bus SSIM values with different quantization values ................. 116
Table 4.78 VVC Bus bit rate values (kBps) with different quantization values ..... 116
Table 4.79. VVC Container PSNR values (dB) with different quantization values 118
Table 4.80. VVVC Container SSIM values with different quantization values......... 118
Table 4.81 VVC Container bit rate values (kBps) with different quantization values

............................................................................................................................ 118
Table 4.82. VVC Foreman PSNR values (dB) with different quantization values. 120
Table 4.83. VVC Foreman SSIM values with different quantization values.......... 120
Table 4.84 VVC Foreman bit rate values (kBps) with different quantization values
............................................................................................................................ 120
Table 4.85. VVC Mobile PSNR values (dB) with different quantization values.... 122
Table 4.86. VVC Mobile SSIM values with different quantization values............. 122

Table 4.87 VVC Mobile bit rate values (kBps) with different quantization values 122
Table 4.88. VVC Basketball PSNR values (dB) with different quantization values

Table 4.89. VVC Basketball SSIM values with different quantization values....... 124
Table 4.90 VVC Basketball bit rate values (kBps) with different quantization values

............................................................................................................................ 124
Table 4.91. AV1 Akiyo PSNR values (dB) with different quantization values...... 131
Table 4.92. AV1 Akiyo SSIM values with different quantization values .............. 131

Table 4.93. AV1 Akiyo bit rate values (kBps) with different quantization values. 131

XX



Table 4.94. AV1 Bus PSNR values (dB) with different quantization values ......... 133
Table 4.95. AV1 Bus SSIM values with different quantization values.................. 133
Table 4.96. AV1 Bus bit rate values (kBps) with different quantization values..... 133
Table 4.97. AV1 Container PSNR values (dB) with different quantization values 135
Table 4.98. AV1 Container SSIM values with different quantization values......... 135
Table 4.99. AV1 Container bit rate values (kBps) with different quantization values

Table 4.100. AV1 Foreman PSNR values (dB) with different quantization values 137
Table 4.101. AV1 Foreman SSIM values with different quantization values ....... 137
Table 4.102. AV1 Foreman bit rate values (kBps) with different quantization values

............................................................................................................................ 137
Table 4.103. AV1 Mobile PSNR values (dB) with different quantization values .. 139
Table 4.104. AV1 Mobile SSIM values with different quantization values........... 139
Table 4.105. AV1 Mobile bit rate values (kBps) with different quantization values
............................................................................................................................ 139
Table 4.106. AV1 Basketball PSNR values (dB) with different quantization values
............................................................................................................................ 141

Table 4.107. AV1 Basketball SSIM values with different quantization values...... 141
Table 4.108. AV1 Basketball bit rate values (kBps) with different quantization values

............................................................................................................................ 141
Table 4.109. Akiyo PSNR values (dB) for different BPS configurations .............. 148
Table 4.110. Akiyo SSIM values for different BPS configurations....................... 148
Table 4.111. Akiyo bit rate values (kBps) for different BPS configurations.......... 148
Table 4.112. Bus PSNR values (dB) for different BPS configurations.................. 150
Table 4.113. Bus SSIM values for different BPS configurations........................... 150
Table 4.114. Bus bit rate values (kBps) for different BPS configurations ............. 150
Table 4.115. Container PSNR values (dB) for different BPS configurations......... 152
Table 4.116. Container SSIM values for different BPS configurations ................. 152
Table 4.117. Container bit rate values (kBps) for different BPS configurations.... 152
Table 4.118. Foreman PSNR values (dB) for different BPS configurations .......... 154

XXi



Table 4.119. Foreman SSIM values for different BPS configurations................... 154
Table 4.120. Foreman bit rate values (kBps) for different BPS configurations...... 154
Table 4.121. Mobile PSNR values (dB) for different BPS configurations............. 156
Table 4.122. Mobile SSIM values for different BPS configurations ..................... 156
Table 4.123. Mobile bit rate values (kBps) for different BPS configurations ........ 156
Table 4.124. Basketball PSNR values (dB) for different BPS configurations........ 158
Table 4.125. Basketball SSIM values for different BPS configurations ................ 158
Table 4.126. Basketball bit rate values (kBps) for different BPS configurations ... 158
Table 0.1. HEVC Random Access Configurations ............cccceevverveenieninenineeninns 173
Table 0.2. VVC Random Access Configurations............ccoveereeineeninesnieesinieninnn 179
Table 0.3. AV1 Configuration Parameters..........cccocveivvreiiieeaiine e e sieeesieee s 185

XXii



LIST OF FIGURES

FIGURES

Figure 2.1. Timeline of Video COUECS [3].....ciiurrriieriiiiieiiierie e 6
Figure 2.2. Block-based Hybrid Coding Scheme [4].......cccoeiiiiiiiiiinicee e, 7
Figure 2.3. Coding tree units, prediction units and transform units of HEVC [6]....... 8
Figure 2.4. Partition tree in AVL [9]...ccviiiiiiee s 10
Figure 2.5. Difference between binary and ternary split [10] ..........cocooveiiiiiiiennn, 11
Figure 2.6. VVC partitioning example [10] ......cccooiiiiiieiiiiiieiieieeee e 11
Figure 2.7. Angular directions of HEVC intra prediction [8] ..........ccccoovvviiiiiinnn, 14
Figure 2.8. Block boundary for deblocking filter [22].........cccccooiiiiiiiiiiiiie, 20
Figure 3.1. 10 frame difference between video sequences of “Bus” and “Container”
.............................................................................................................................. 26
Figure 3.2. Example 0f BD RaALE ........ccvvieiiieeiiiee st 31
Figure 3.3. Optimal CU representation of Sequence RaceHorses (WVGA) ............ 33
Figure 3.4. GOP frames [37] ...c.vve ittt 34
Figure 3.5. Bit rate — QP relation [39] ......ccoovviiiiie i 35
Figure 4.1. Video specifications with SI and T1 information............c..ccccceevvvieennnn. 39
Figure 4.2. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] 4L S PRSPPSO 41
Figure 4.3. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
.............................................................................................................................. 43
Figure 4.4. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] 4L OO PP PR 45
Figure 4.5. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
A= TSP PP PP PP PPPPPT 47
Figure 4.6. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
A= TSP PP PP PP PPPPPT 49

XXiil



Figure 4.7. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and depth

R 4 S PRSP PP PPPPPPPPPP o1
Figure 4.8. HEVC BD Rates of all videos for different CTU and depth sizes.......... 54
Figure 4.9. Akiyo BD Rates for HEVC ..o 55
Figure 4.10. Bus BD Rates for HEVC. ..o 55
Figure 4.11. Container BD Rates for HEVC..........cccoiiiiiiiiiiiieeee e 56
Figure 4.12. Foreman BD Rates for HEVC ..........oooiiiiiiiiiiieiee e 56
Figure 4.13. Mobile BD Rates for HEVC...........cccoiiiiiiiceee e 57
Figure 4.14. Basketball BD Rates for HEVC..........ccccooiiiiiiiiiiieeee e 57
Figure 4.15. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
SIZES..... M ... ... R Y 60
Figure 4.16. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
.............................................................................................................................. 62
Figure 4.17. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and
AEPEN SIZES ... e rae e 64
Figure 4.18. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] 74 PP PPN 66
Figure 4.19. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
4= TP PP PP PPPRPR 68
Figure 4.20. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and
AEPEN SIZES ...t 70
Figure 4.21. VVC BD Rates of all videos for different CTU and depth sizes.......... 73
Figure 4.22. AKiyo BD Rates for VVC......ccoooiiiiiii e 74
Figure 4.23. Bus BD RateS fOr VVC .......coiiiiiiie e 74
Figure 4.24. Container BD Rates for VVC .........ccoovviiiiii e 75
Figure 4.25. Foreman BD Rates for VVC.........cccooiiiiiiee e 75
Figure 4.26. Mobile BD Rates for VVC ........coooiii i 76
Figure 4.27. Basketball BD Rates for VVC .........coovvveiiiieiec e 76
Figure 4.28. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] A= TP PO PP PP PPPPPT 79

XXIV



Figure 4.29. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes

.............................................................................................................................. 81
Figure 4.30. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and
AEPEN SIZES ... e 83
Figure 4.31. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] 71 OSSR 85
Figure 4.32. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
K 4L T TP TP P PP PP PPPUPPRTPP 87
Figure 4.33. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and
AEPEN SIZES ... 89
Figure 4.34. AV1 BD Rates of all videos for different CTU and depth sizes........... 92
Figure 4.35. AKiyo BD Rates fOr AV ........oouiiiiiiiiiiiieiie et 93
Figure 4.36. Bus BD Rates fOr AV .......cocoiiiiiiiiiiieiiie et 93
Figure 4.37. Container BD Rates for AV1........ccccoiieiiie i siee e 94
Figure 4.38. Foreman BD Rates for AV .......ccoooviiiiiiiiiie e 94
Figure 4.39. Mobile BD Rates fOr AV 1......c.oooiiiieiiiie e 95
Figure 4.40. Basketball BD Rates for AV1........cccooiiieiiiieiiiee e 95
Figure 4.41. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] =L PO PRTP 98
Figure 4.42. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
............................................................................................................................ 100
Figure 4.43. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and
AEPIN SIZES ...t 102
Figure 4.44. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] 4= TP PP PP PRPPRP 104
Figure 4.45. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
K A= TP PP P PP PRTP TP PPPPRPRPPPPPI 106
Figure 4.46. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and
AEPEN SIZES ... 108
Figure 4.47. HEVC BD Rates of all videos for different CTU and depth sizes...... 110

XXV



Figure 4.48. Akiyo BD Rates for HEVC ... 111

Figure 4.49. Bus BD Rates for HEVC ... 111
Figure 4.50. Container BD Rates for HEVC...........ccoviiiiiiiiicne e 112
Figure 4.51. Foreman BD Rates for HEVC ... 112
Figure 4.52. Mobile BD Rates for HEVC...........ccooiiiiiiiiicec e 113
Figure 4.53. Basketball BD Rates for HEVC..........cccoooiiiiiiiiniccece e 113
Figure 4.54. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
R 4 S PP PP PP PPPPPPPPPPP 115
Figure 4.55. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
............................................................................................................................ 117
Figure 4.56. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and
AEPEN SIZES ...t e 119
Figure 4.57. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
SIZES..oo e N AR AR A W ... 121
Figure 4.58. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
SIZES....cccvvee. G AN A A 123
Figure 4.59. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and
AEPEIN SIZES ... 125
Figure 4.60. VVC BD Rates of all videos for different CTU and depth sizes........ 127
Figure 4.61. AKiyo BD Rates for VVC......ccccoiiiiiiii e 128
Figure 4.62. Bus BD Rates fOr VVC .......cooiiiiie et 128
Figure 4.63. Container BD Rates for VVC .........coovveiiiii e 129
Figure 4.64. Foreman BD Rates for VVC.........ccccooive i 129
Figure 4.65. Mobile BD Rates for VVC ........cooiiiiiiic e 130
Figure 4.66. Basketball BD Rates for VVC .........ccovveiiiei i 130
Figure 4.67. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
] 71RO P P URTOPRPPRPRPTN 132
Figure 4.68. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
............................................................................................................................ 134

XXVi



Figure 4.69. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and

AEPEN SIZES ... 136
Figure 4.70. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
4L T O PO PP TP PP PP PPRTTP O 138
Figure 4.71. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth
K 4L TP TP PP PP PP PPPTP T 140
Figure 4.72. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and
AEPEN SIZES ... 142
Figure 4.73. AV1 BD Rates of all videos for different CTU and depth sizes......... 144
Figure 4.74. AKiyo BD Rates fOr AV .......coooiiiiiiiiiiiieie e 145
Figure 4.75. Bus BD Rates fOr AVL.......coiiiiiiiiieiiieiiee e 145
Figure 4.76. Container BD Rates for AV1.......cccoooiiiiiiiiiiiieiiieee e 146
Figure 4.77. Foreman BD Rates for AVL ......cccoooiiiiiiiiiiie e 146
Figure 4.78. Mobile BD Rates fOr AV1......cccoooiiieiiiie e 147
Figure 4.79. Basketball BD Rates for AV1........cccccoiiviiiiie i 147
Figure 4.80. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different BPS values.. 149
Figure 4.81. Bus SSIM vs Log(Bitrate(Kbps)) graph for different BPS values ..... 151
Figure 4.82. Container SSIM vs Log(Bitrate(Kbps)) graph for different BPS values
............................................................................................................................ 153
Figure 4.83. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different BPS values
............................................................................................................................ 155

Figure 4.84. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different BPS values 157
Figure 4.85. Basketball PSNR vs Log(Bitrate(Kbps) graph for different BPS values

............................................................................................................................ 159
Figure 4.86. Comparison of codecs at 1Mbps for basketball, a: HEVC, b: AV1, c:
AV, d: OFIGINAL.....cooiiicie e 159
Figure 4.87. BD Rates of all videos for different bps configurations..................... 161
Figure 4.88. AKiY0 BD RAtES .......ccvviiiiiieiiie et 162
Figure 4.89. BUS BD RALES.........ccoiiiieiiee ittt 162
Figure 4.90. Container BD RatES..........cccuviieiiiiiiii e 163

XXVil



Figure 4.91. Foreman BD Rates..
Figure 4.92. Mobile BD Rates.....
Figure 4.93. Basketball BD Rates

XXVill



ABBREVIATIONS

VVC

AOM

HEVC

PSNR

GOP

CuU

CTU

PU

TU

SB

SSIM

LIST OF ABBREVIATIONS

Versatile Video Coding
Alliance for Open Media
High Efficiency Video Coding
Peak Signal to Noise Ratio
Group of Pictures

Coding Units

Coding Tree Unit

Prediction Unit

Transform Unit

Super Block

Structural Similarity Index

XXIX






CHAPTER 1

INTRODUCTION

1.1. Motivation

The internet has become one of the most important aspect of the society, providing
numerous different services that simplify the life of people. Two of the key features
that internet provides are easy access and sharing of rich contents such as videos.
Video transmission is currently taking %80 of the internet traffic and is growing day
by day. Recently people have started to watch television not from the cable broadcasts
but also from the internet broadcast providers such as NetFlix, Amazon etc. Besides,

almost every application on our phones or tablets contain video transmission.

This growth in video transmission has caused increased data transmission rates and
time in video transmission increased as a result. Download times also increased since
the video resolutions are higher than before. For this reason, video transmission
bitrates should be increased significantly in order to cope with that data increase [1].
The bandwidth of the internet providers cannot match with the proportion of the video
size increase. Even if they can provide huge bandwidths such as 1000 Mbps, it is
expensive that most individuals cannot afford it. Therefore, designing more efficient
video codecs has become more valuable for engineers. Transferring the same video
with less bandwidth and more efficiently is the key aspect of the video codec

designers.

This research is motivated by a desire to investigate most recent developed and
currently being improved video codecs AV1 and VVC and compare them with the
cornerstone video codec HEVC (H.265) which everyone in the industry is familiar

with.



1.1.1. Challenges for Future Video Codecs

The biggest challenge of the video codec systems is increasing the compression
efficiency while sustaining the video quality and not losing any valuable information
or not extending compression time. Most of the newly developed codecs tend to be
more efficient in terms of compression efficiency. However, their encoding and
decoding complexity gets higher. Therefore, the time to process encoding and
decoding operations on the video increases drastically. If the video compression time
is tried to be stabilized around some decent values, quality of video decreases when

compression ratio increases.

Finding optimum values for compression ratio, bit rate compression time and video
quality for on demand videos as well as real time videos is the main challenge that the
codecs will face in the future.

1.2. Contributions

Principal contribution of this thesis is the design and implementation of a controlled
test environment which is tailored specifically for the comparative analysis of video
codecs HEVC, AV1 and VVC. The test bed contains various raw videos with quality
and behavioral differences. These videos are given into codecs encoder and then
decoded. The decoded videos are compared in terms of their PSNR and SSIM values.
The overall results of encoding efficiency, bit rates, PSNR and SSIM values are

evaluated and reported.
1.3. Thesis Outline

This chapter provides an overall understanding to the purpose of this thesis and the
motivation behind it, states the codecs current status and future challenges as well as

the contributions that the thesis explains.

Chapter 2 contains the background of the codecs and related works on the topic. It
starts with describing how videos can be streamed in a more efficient way by

designing better codecs and how these codecs can work together to be more applicable



around the world. Afterwards, Chapter 2 goes into a general codec structure. It
discusses every major element inside a codec. Prediction types are discussed first, then
the types of filters that are used and the time when they are used are discussed. Entropy
coding, quantization and transformation are explained finally. Overall, Chapter 2

provides a good understanding on a general codec and its features.

Chapter 3 is all about the methodology. Mainly, it explains the testbed design and the
metrics used to carry on different tests on different videos. It also explains the video
types and sizes as well as the platform specification that this thesis used for carrying

the tests.

Chapter 4 discusses the results obtained from the tests. It starts with how these results
are understood and interprets these results in detail. Moreover, it contains discussions

about the results in detail.

Chapter 5 contains the overall conclusion and the future work that can be conducted

as a continuation of this thesis.






CHAPTER 2

BACKGROUND AND RELATED WORK

2.1. Video Codecs

Videos are the largest internet consumption components. CISCO’s global research
data shows that video transfer occupies 59% of the total mobile internet traffic in 2017,
and predicts that it will be around 79% by the end of 2022 [2].

In addition to real time streams, television platforms tend to lean on towards internet
platforms such as NetFlix and Amazon, which supply on demand videos to the end
user. Analog transmissions in televisions are decreasing every day, while the 21%

century is becoming more internet dependent.

In the light of these information, researchers try to improve the efficiency of
transferring, downloading and uploading videos. Video codecs are designed and used
to fulfill this purpose, they transfer videos with high efficiency and low deprivation in

the user experience.

There are multiple milestones in the history of video codecs. First ever codec like
implementation was performed back in 1984 by Consultative Committee for
International Telephony and Telegraphy (CCITT) which was H.120. H.120 and was
never considered as a complete codec since it did not contain any motion estimation
or compensation process. Moreover, it was never used commercially by companies.
However, it was considered as a first step for evaluation of video codecs. Then
International Communication Union (ITU) reorganized and merged CCITT into ITU-
T which is the standardization section of ITU. After the merge, first big step was taken
by ITU-T which is the evaluation of hybrid video compression standard H.261 which
dates back to 1989 [3]. Features and operations were simple in H.261 but worked

efficiently back in 1990s. After H.261 the video codec business started to ramp up and



was taken seriously into consideration by engineers around the world. A couple of
years later, another big company ISO emerged and released MPEG-1 standard. I1SO
and ITU-T standards became popular around the world as they are known as H.260
series and MPEG series standards. MPEG-2 was another milestone which was
released more than 20 years ago. MPEG-2 provided good compression efficiency and
was used so many years. After MPEG-2, MPEG-4 was released around 2000 and was
accepted by the world and used as a good codec. H.264 was released around 2005. It
was highly accepted and has been used immensely over 10 years. In 2015 ITU-T
released another coding standard that is called H.265 (HEVC or HM) and still being
used in today’s world. Beside HEVC and H.265, Versatile Video Coding (VVC) was
started to be developed in 2018 in order to be the future replacement for HEVC. VVC
is currently still under development progress. Around 2000, Google also started to
create video compression which is called VP codec. Since then Google developed
codecs under the name of VP series and last one was VP9. Afterwards, a huge
association which is called Alliance for Open Media (AOM) was formed with
Google's initiative. This association gathered up big-name companies such as Google,
NetFlix, Facebook and YouTube. In 2018, AOM started to develop AOM Video 1
(AV1) codec which is the successor for VP9. The overall timeline can be seen in

Figure 2.1.

ITU-T

1SO

On2/Google/AOM

1990 1993 1996 1999 2002 2005 2008 2011 2014 2018
Figure 2.1. Timeline of video codecs [3]
2.2. Tools and Operations in Video Codecs

HEVC, AV1and VVC codecs are all based on the generic Block-based Hybrid Coding

Scheme [4]. Overall scheme can be seen in Figure 2.2. The input video is feed into



group of pictures (GOPs), which consists of several picture frames. Each frame in
GOP is then partitioned into smaller blocks, usually called as a Super Block (SB) or
Coding Tree Block (CTB). Then the first picture in the GOP frame, called intra coded
frame (I frame), is processed into transformation and quantization and then these
frames are processed into entropy coding and fed into bit stream. Full information
about I frame is processed into the bit stream in order to estimate the incoming frames
from a based frame. This first frame is also stored in the memory of the encoder for
further information and motion estimation. After | frame there are inter frames which
are coded using inter predictions based on other inter frames or | frame. Then these
inter coded frames are also processed through transformation, quantization and finally
entropy coding stages. Further information about all the stages in a video codec are

explained in the following sections.

Input Picture Transform
- o +O— .
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Block Transform Block
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Figure 2.2. Block-based Hybrid Coding Scheme [4]



2.2.1. Block Partitioning

Video codecs perform block partitioning before any other steps. Block partitioning is
a very essential process in order to divide the whole size of the frame into smaller
parts. As expected, this portioning is performed following some rules for every single
codec [5]. However, all perform the same tree structure in order to partition a frame.
A tree structure means partitioning a frame into partitioned frames, then partitioning
again and again until some logic is satisfied. All three codecs are different in terms of
block partitioning.

2.2.1.1. HEVC Block Partitioning

HEVC introduced the flexible quad-tree partitioning of the coding tree units (CTUSs)
into coding units (CUs), prediction units (PUs) and transform units (TUs) of different

sizes at different depths [4]. Figure 2.3 shows the partitioning form of the HEVC [6].
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CU 32532 @
s S~ 2N NxN Nx2N
s {CU s — = = =
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Figure 2.3. Coding tree units, prediction units and transform units of HEVC [6]
In HEVC standard coding tree units (CTUSs) can be partitioned from 8x8 to 64x64.
Before HEVC standard was introduced, the maximum CTU size was 16x16 [7].

Therefore, HEVC standard brings along way better coding efficiency when it was



introduced. Once the CTU is formed, coding units (CUs) and coding blocks (CBs) are
constructed from the CTU. These CU and CB can be further divided into smaller

partitions.

Prediction units (PUs) are formed from CU. PU has its roots at CU level. The decision
whether a block is PU or not is made by its root CU. These prediction units are

combined to perform intra and inter predictions in the encoder [8].

Transform units (TUs) are constructed in a very similar way like a PU, TU has its
roots at CU level. TU consists of the transformation and quantization coefficients.
These coefficients are transformed by these TUs [7]. PU and TU size can be 4x4

minimum and 32x32 maximum depending on the partitioning and the root CTU size.
2.2.1.2. AV1 Block Partitioning

AV1 adopts a more sophisticated way to partition block than HEVC. In addition to
quad-tree partitioning, AV1 uses extra binary-tree partitioning. The implementation is
called quad-tree plus binary-tree (QTBT). In QTBT the root CTU is divided
recursively using quaternary split into 4 equal parts, after this recursive partitioning
binary partitioning is implemented to a square CTU and the leaf nodes are acquired
[9]. The important point in AV1 block partitioning is that after binary partitioning is

performed the partitioning process is stopped and leaf nodes are created.

The maximum size of the CTU is increased to 128x128 when it is compared with
HEVC maximum size which is 64x64. Also, AV1 introduced 10 ways of expansion
of the superblocks into smaller blocks which are shown in Figure 2.4. Prediction and

transform units are not used in AV1 block partitioning.



R: Recursive

128x128

—

Figure 2.4. Partition tree in AV1 [9]

2.2.1.3. VVC Block Partitioning

VVC adopts a very similar block partitioning method to the HEVC's. Maximum CTU
size is 128x128. In addition to quad tree partitioning in HEVC, VVC uses binary tree
and ternary tree approaches as well, which is shown at Figure 2.5 [10]. Moreover,
CTU partitioning in VVC is performed separately for luma and chroma samples in the
same CTU, meaning that chroma samples will likely be partitioned less than luma
samples. This increases the efficiency of the encoder. Minimum CU size for luma
samples in VVC is 4x4 [10]. The splitting process is performed with two main steps,
the first step is splitting the root CTU into smaller CTUs by using quaternary tree, as
known as splitting into four equal parts. Each part can be recursively split into more
equal 4 parts. When a CTU finishes quaternary partition, it either starts using binary
and ternary partition or does not split at all. This further multi-type tree partitioning
can be done recursively as well. Figure 2.6 shows an illustration of VVC block

partitioning.
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Split Ternary Vertical Split Binary Vertical

Figure 2.5. Difference between binary and ternary split [10]

Figure 2.6. VVC partitioning example [10]

2.2.2. Quantization and Transformation

Quantization and transformations are performed in order to transfer the pictures into
coding environment and the inverse quantization and transformations are used to
display the resulting frames from the coding environment. Quantization and
transformation processes are first processes to perform in the encoder in order to
transfer the input signal to the discrete values in order to perform motion estimation

and entropy coding.
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2.2.2.1. HEVC Quantization and Transformation

HEVC uses very simple and few methods in transformation. Almost all blocks are
transformed using Discrete Cosine Transform (DCT) beside 4x4 transform units
(TUs) which is transformed by Discrete Sine Transform (DST) [11].

Both DCT and DST come from sinusoidal unitary transform family. They are
considerably used to compress data in video processing field [12]. Moreover, DCT
and DST have similar mathematical expressions; however, one important difference
is that DCT starts with the first element cos(0) is equal to one, while DST needs a
coefficient for its first element since sin(0) is equal to zero. Both DCT and DST are
well known to discard small amplitude high frequency components which can cause
artifacts in the decoded video. There are 8 versions of both DST and DCT. The
difference between these versions are including coefficients or different cosine or sine
inputs. Best known version of the DCT is the DCT-II which is the original version
developed by Nasir Ahmed in 1972 [13]:

(2n+1)*n*k>

N-1
foer (k) = a(k) ;f(n)cos < e N

fork = 0,1,2,3,..., N — 1. f(n) is the input signal and fpr (k) is the resulting DCT
output of the input signal. a(k) is defined as:

(1 )
NforkzO
a(k) = |
2f k #0
— for
WM J

2.2.2.2. AV1 Quantization and Transformation

In AV1 more sophisticated ways of transformations are used. AV1 uses 16 different
vertical and horizontal combinations of DCT, Asymmetric DST (ADST), flipped
ADST and Identity Transform (IDTX) [14].
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Identity transform is the transformation type that copies entire data without changing
any information, in AV1 identity transform is essential for sharp edges since not
quantizing the data better visual experience can be acquired. Asymmetric ADST
vanishes to zero at the prediction boundary, while becoming maximum at the end of
boundary and this behavior is called asymmetric. Flipped ADST is the process that
implements the reverse order of ADST, which is therefore maximum at the prediction

boundary and minimum at the far end.
2.2.2.3. VVC Quantization and Transformation

VVC uses a different approach than both HEVC and AV1. It uses multiple different
types of DCT and DST. Moreover, VVC performs Adaptive Multiple Transform
(AMT).

AMT is implemented first in VVC as a primary algorithm for transformation on top
of DCT-1I or DST-II transformations. It is basically implementation of not only one
or two DCT and DST transformation but all scale of transformations from DCT and
DST family including DCT-II, DST-VII, DCT-VIII, DST-1 and DCT-V [15]. The
transformation selection is based on intra prediction mode selection for different type

of coding units.
2.2.3. Intra Prediction

Intra prediction is the method to reduce spatial redundancy and to transform
information within each block separately in order to increase coding efficiency. It is
applied on the neighboring pixels inside the same partitioned block to reduce the
energy before transform coding [16]. | frames are the intra coded frames, which

consist of intra predictions only without using any other frames.
2.2.3.1. HEVC Intra Prediction

HEVC standard uses 33 different directional modes for intra prediction. In addition to
directional modes HEVC uses both planar and flat (DC) modes [8].

13



Directional mode intra prediction was introduced to the video signaling industry very
long time ago. It was first started as a prediction method between macroblocks in
H.264 and former versions. With the HEVC the directional mode is implemented
between coding units in the image. Moreover, the direction numbers increased with
every new codec. In Figure 2.7 the angular modes can be seen for HEVC. First the
coding unit check all the angular modes and try to find the best candidate for predicate
itself on that unit. Best candidate is selected by calculating minimum Hadamard
Transform Absolute Difference (HAD) cost [17]. It also means that the coding unit
tries to find the best similar unit to reduce the information carried on itself. AV1 and
VVC also adapts the directional mode intra prediction with more directions for better

efficiency.
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Figure 2.7. Angular directions of HEVC intra prediction [8]

2.2.3.2. AV1 Intra Prediction

AV1 applies the general angular mode prediction which is modified by considering of

gradients and correlations inside the block and uses 56 directional modes. In addition

14



to general angular mode, smooth predictor, Paeth predictor and chroma predicted from
luma methods are used for intra prediction in AV1.

Paeth prediction is a simple prediction method that calculate a linear combination of
three neighboring cells, which are left, top left and top to select the best cell as a
predictor for upcoming operations.

Smooth predictor on the other hand calculates the weighted average of top and left
blocks and calculates the interpolated pixels from bottom and right. Finally, it decides
its successor for next operations [18].

Chroma predicted from luma method is a chroma only intra predictor, which predicts

the chroma samples from reconstructed luma samples.
2.2.3.3. VVC Intra Prediction

VVC increase the directional modes even more than the AV1 by 67 directional modes
including planar and DC modes. Furthermore, VVC uses Cross-Component Linear
Model (CCLM).

CCLM is a new concept developed for VVC which calculates luma and chroma
components within the block using a linear model [10]. Equation below shows how
CCLM works.

P.(i,j) = aRy(i,j)+ b

P. (i, ) is the predicted chroma pixel at the point (i, ), R;(i,j) is the reconstructed
luma samples of the same location. Finally, a, b are the CCLM constants that derived
by minimizing the regression error between the neighboring reconstructed luma and

chroma samples around the current block.
2.2.4. Inter Prediction (Motion Compensation)

Inter prediction is the method to estimate the relation between frames especially using
motion estimation and compensation methods to reduce spatial redundancy between

frames [19]. Inter prediction is one of the most complicated and time-consuming
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operation of the video encoding. There are numerous different operations for inter

prediction which codecs adapt.
2.2.4.1. HEVC Inter Prediction

HEVC uses hierarchical-weighted prediction using P and B frames, merge mode,

block motion compensation and translation methods [20].

Hierarchical-weighted prediction is the method that assigns weights to the frames that
will be used in the motion estimation for the current B or P frame, as well as assigning
the order of the frames that are used in the process. Different hierarchical methods can
be applied according to the | frame interval and GOP size.

Block motion compensation is the process that predicts a block from a block of equal
size in the reference frame. After the block is predicted using prediction methods,
motion prediction vector is created, and this prediction information is transferred to

the decoder side rather than the blocks actual information.

HEVC encoder also enables PUs to share the motion information of neighboring PUs
with flag to indicate whether using merge mode or not and index of merge. Up to 5
neighboring PUs can be used in the merge mode and they share the information of the

motion prediction.
2.2.4.2. AV1 Inter Prediction

AV1 uses different approaches than HEVC and VVC. It uses advanced compound
prediction model, warped motion compensation, dynamic spatial and temporal motion

vector referencing and overlapped block motion compensation (OBMC) [21].

AV1 introduces new collection of compound prediction models to make the encoder

more efficient and useful.

The equation above illustrates how weighted prediction model works. p(i,j) is the

final joint prediction, p;(i,j) and p,(i,j) are two predictors, finally k(i,j) is the
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weight associated for p,(i,j). Combination of these predictors are form the final
predictor. This compound method is well known and used for all predictors; however,
AV 1 introduces four new concepts which are compound wedge prediction, difference-
modulated masked prediction, frame distance-based compound prediction and

compound inter-intra prediction.

e Compound wedge prediction method is predefining a codebook of 16 possible
wedge partitions and to signal the wedge index in the bitstream when a coding
unit chooses to be further partitioned.

e Difference modulated masked prediction method modulates the pixel
difference between p1 and p2 with an absolute difference.

p(i,)) = b +alp:(i,j) — p2(i, )l
In the equation above, b controls how strongly one predictor is weighted over
the other within the differing regions and a scaling factor, while a ensures a
smooth modulation.

e Except non uniform weighting for predictors AV1 also utilizes uniform weight
prediction with the method frame distance-based compound prediction. The
weights are calculated as a function which takes distance as the main input.
When the distance is further than the predicted frame, weight of that predictor
decreases.

e Compound inter-intra prediction modes, which combine intra prediction pl
and single reference inter prediction p2, are developed to handle areas with

emerging new content and old objects mixed.

Warped motion compensation is the method that combines local and global warped
motion compensation. Global warped motion consists of camera motion estimation,

while local warped motion aims to describe varying local motion.

In dynamic spatial and temporal motion vector referencing AV1 incorporates a
sophisticated MV reference selection scheme to obtain good MV references for a

given block by searching both spatial and temporal candidates. The motion field
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estimation process works in three stages: motion vector buffering, motion trajectory
creation, and motion vector projection. Once all spatial and temporal candidates have
been aggregated in the pool, they are sorted, merged and ranked to obtain up to four
final candidates. To code a motion vector, AV1 uses a reference motion vector from

the list, followed by the additional information to acquire the desired motion vector.

OBMC can largely decrease prediction errors near block edges by smoothly
combining predictions created from adjacent motion vectors. In AV1, a 2-sided causal
overlapping algorithm is designed to make OBMC easily fit in the advanced
partitioning framework [9].

2.2.4.3. VVC Inter Prediction

VVC is very similar to HEVC in terms of inter prediction methods. VVC also uses
hierarchical-weighted prediction using P and B frames, sub-coding unit (CU) based
motion vector prediction (like HEVC PU-based motion vector prediction). In addition
to those VVC uses affine motion prediction and decoder side motion vector refinement

methods.

Conventional motion compensation using one motion vector that can only represent
two-dimensional planar motion. This means that any block can be moved on the image
plane in x and y directions only. However, in a natural video, strictly planar motion is
quite rare, and things tend to move more freely (e.g. rotate and scale). VVC
implements an affine motion model that uses two or three motion vectors to enable

motion with four or six degrees of freedom for a block.

Another method that allows for the motion vectors to automatically be refined at the
decoder without the transmission of additional motion data is to perform an actual
motion search at the decoder side. While this basic idea has been around for a while,
the complexity of a search at the decoder side was always considered too high until
now. The process works in three steps. First, a normal bi-prediction is performed, and
the two prediction signals are weighted into a preliminary prediction block. Using this

preliminary block, a search around the position of the original block in each reference
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frame is performed. However, this is not a full search as an encoder would perform it,
but a very limited search with a fixed number of positions. If a better position is found,
the original motion vector is updated accordingly. Lastly, bi-prediction with the
updated motion vectors is performed again to obtain the final prediction [10].

2.2.5. Filters

Deblocking and in loop filters are used by all three codecs. Deblocking filters are used
to smoothen sharp edges on the frames and decrease the boundary artifacts between
frames. In loop filters are generally used to filter undesired artifacts on the decoded

frames in order to increase the visual quality of the reconstructed frames.
2.2.5.1. HEVC Filtering

HEVC uses simple deblocking filter and Sample Adaptive Offset Filter (SAO)

together to filter undesired artifacts.

The most common type of filter that is being used in video codecs is deblocking filters.
Deblocking filter operates rather basically. There is a boundary between signals for
the filter and the filter checks the activity of both sides of the boundary; if the signal
differences are very low at both sides of the boundary the filtering occurs and artifact
is found in the system [22]. As we can see from the Figure 2.8, the g signals and the p
signals are consistent, however the transition between p to g is above threshold and

either p or q signals have boundary artifacts.
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Figure 2.8. Block boundary for deblocking filter [22]

SAO filter, which is usually located after deblocking filters, operates for reducing the
mean sample distortion of a block by classifying regions and calculating offsets for

each region.
2.2.5.2. VVC Filtering

VVC is again very similar to HEVC; however, in addition to deblocking filter and
SAO, VVC implements a more sophisticated adaptive loop filter (ALF). ALF consists
of derivations of Wiener filters in order to minimize the artifacts after deblocking

filters and SAO process the information.
2.2.5.3. AV1 Filtering

In addition to similar operations in VVC, AV1 performs more detailed and

sophisticated methods which are film grain synthesis and frame super resolution [9].

Film grain synthesis is a method that acquires grains before the encoding process of
the video is concluded, transfers the grains as a separate information. Decoder side
obtains these grains and adds them into the original video at the decoding side. Film

grain synthesis is a process that separates AV1 from its competitors.
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Super resolution is a technique that helps to improve the quality of an image by
applying upscaling techniques. Super resolution helps reducing aliasing and improves

resolution as well as revive colors.
2.2.6. Entropy Coding

Entropy coding is used to compress the data without losing any information in order
to transfer the code to the transfer environment. It is the last step before transferring
out of the encoder and first step before decoding the incoming video in the decoder
side. Entropy coders main purpose is to assign digitalized signals with common
patterns to more efficient representors. Every entropy coder has its own rules and
regulations to perform. However, the important thing is not losing a single information

on the data.
2.2.6.1. HEVC Entropy Coding

HEVC uses context-adaptive binary arithmetic coding (CABAC) which is globally
accepted and largely used. CABAC focuses on efficiently assigning unique and low-
cost bit maps to the digitalized encoded video to save even more compression rate. It
has mainly three components, which are binarization, context modeling and arithmetic
coding [23]. Binarization is the process that assign binary representations to syntax
elements. Context modeling is the estimation of these binaries to achieve even better
compression with assigning most used binary clusters into simpler binary
representation. Finally, arithmetic coding transforms these binaries into bits to be

transferred.
2.2.6.2. AV1 Entropy Coding

AV1 has a different approach than CABAC. It uses multiplier-based context adaptive

entropy coding and level map coefficient coding.

Multiplier-based context adaptive entropy coding uses a symbol-to-symbol adaptive
multi-symbol arithmetic coder. Each syntax element in AV1 is a member of a specific

alphabet of N elements, and a context that consists of a set of N possibilities together

21



with a count to simplify fast early adaptation. AV1 changes to a level map design for
sizeable transform coefficient modelling and compression [9].

2.2.6.3. VVC Entropy Coding

VVC adapts the CABAC and improves it with using context modelling for transform
coefficient levels. The decoding decision in VVC uses a new two state model for each
context instead of a look-up table (LUT) as in HEVC.
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CHAPTER 3

EVALUATION AND TEST METHODS

3.1. Experiment Structure

The primary purpose of the experiments is to setup an environment that can be created
by everyone. Therefore, experiments are controlled and reproductible in any time.
Experiments give a better understanding of the video codecs by providing outcomes
of different variable changes under standard codec settings for three codecs. To that
end, | have compiled the reference codecs and perform codec operations on different
type and resolution videos and the results of the videos have been compared in terms

of the comparison metrics that were used in this thesis.
3.2. Testbed Design

In this part the decisions of the testbed design are explained. This includes the type of
platform that is used, the types and characteristics of videos that are selected for the

testing and the system that is used to perform encoding and decoding operations.
3.2.1. Platform Selection

Initially I have selected to perform operations on Ubuntu VV18.04 LTS in a virtual box
virtual machine. After several attempts and working on codecs there were problems
occurred. The setup itself took so long to configure for a stranger into Linux
environments, the steps were complicated, configuring the codecs were complicated,
and there were plenty of dependencies to different software products. Moreover, the
biggest disadvantage was to perform the encoding and decoding operations on a
virtual machine. Even with utilizing full CPU power the operations took long time,

with the virtualization the time for encoding and decoding unbearable.
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After some search and looking into codecs websites, | realized that all three codecs
support Windows Environment. All three codecs require Visual Studio 2015 or later
versions. | compiled all three codecs with Visual Studio 2019.

| used latest stabilized versions of all three codecs in early 2020. All three codecs have
been downloaded using their reference software pages. The version for VVC reference
software is “VTM_VERSION 7.3”. HEVC version is “HM 16.21”. Finally, for AV1
reference software version is “AV1 1.0.0-erratal-avif-259-gfc038664e”.

3.2.2. System Specifications

I have used my personal hardware within the context of this thesis. System consist of
four cores Intel i7 4710HQ with 2,50 GHz of single core speed, as well as 16 GB
RAM. The important thing in the thesis content was to utilize CPU power for all three
codecs equally in order to be able to measure and compare encoding times of the
encoders. When comparing single encoder with different encoding parameter settings
the system specification became subordinate since same encoder runs in the same

system.
3.2.3. Video Selection

Video selection is the crucial part of the experiments since videos are very
characteristic and unique in their own. One important aspect is to choose YUV video
sequence. YUV is a color spectrum similar like RGB, however YUV has more human
perception in it because it carries luminance (glow) component in it as well, therefore
it eliminates compression artifacts and transmission errors better than RGB.
Therefore, it reduces bandwidth of the transmission [24]. With all these benefits of

YUV, usually codecs are performed with YUV video sequences.

In this thesis scope, | use YUV sequences in CIF (352x288) format. Arizona State
University provides very well-known and cornerstone YUV sequences (such as
Foreman) as an open resource in their video trace library [25]. These video sequences

consist of all different movement and stationary behaviors and are very suited for
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codec comparison. For the sake of understanding the effects of parameters on different
type of video sequences, the videos are classified. This classification is performed by
calculating the temporal and spatial information of videos. Five different
characteristics of videos were selected. In addition to these five CIF format videos,
single 4K video has been used and its results have been compared with CIF video
results. This 4K that consists of both local and camera movements was selected as
famous “basketball” sequence. The CIF videos were used to compare the results of
the codecs on different behavior of videos, where 4K video was used to compare
codecs with each other as well as to compare codecs performances for lower and

higher resolution videos.
3.2.3.1. Temporal and Spatial Information

Specification metrics temporal and spatial information are calculated within the video
in order to classify videos into groups that have similar behavior. Temporal behavior
is the difference between frames in the video at the time domain. More specifically
bigger the temporal difference results in more movement behavior and mobility in the

video.
My (i, )) = Fo(i,)) — Fpea (0 ))
TI, = std(M,)
TI = mean(TI,)

In above equations F,is the nth frame in the video while i, j are the pixel locations. M,,
is the difference between two consecutive frames and temporal information of nth
frame is calculated taking standard deviation of the M,, for all pixels. Total TI is
calculated by taking the mean for every frame in the video sequence. Figure 3.1
illustrates the importance of temporal information. First sequence “Bus” has both local
and camera movement and the movement can be easily detected, while with the same

frame movement there is not any significant change in the video “Container”.

25



Therefore, with the increased temporal information the codecs tend to increase their
bitrate in order to maintain good quality for the videos.
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Figure 3.1. 10 frame difference between video sequences of “Bus” and “Container”

Spatial information measures the edge movement in the spatial domain. Specifically,
it measures the edge deficiencies, distortion and blurriness at the edges of the frames.
Spatial information is related with the complexity of the video in the frequency

domain, greater spatial information results in greater complexity [26].
SI, = std(Sobel(Fy))

SI = mean(SI,)
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Sl is calculated by above equations, where SI,, represents Sl value for specific frame
and calculated such that by applying Sobel filter to every pixel in the frame and taking
the standard deviation in the frame. After that total Sl is calculated by taking the mean

for every frames Sl value.
3.3. Experimental Metrics

The experiments drawing results by using several different metrics, which are peak
signal-to-noise ratio (PSNR) value, structural similarity index (SSIM), bit rates and
encoding and decoding times. These metrics are usually incorporated together to
decide whether an algorithm or decoder is better than the other. One metric alone can
be deceptive since all metrics are dependent each other. Providing way better PSNR
values without increasing encoding time is nearly impossible since possibly its
complexity in intra and inter level prediction gets more complicated than another;
therefore, taking into consideration all three metrics together is the crucial part of

determining ramifications.
3.3.1. Peak Signal to Noise Ratio (PSNR)

There are two ways of determining how much the decoded video is like the original
one. First one is objective video quality measurements. Objective video quality
measurements are adhered to mathematical calculations of each frame between the
original video and the decoded video. These mathematical calculations are differing
from one measurement type to another. The most known and used method is PSNR.
PSNR is widely used because of its simplicity. However, PSNR value is considered
to be very disadvantageous, because it undervalues human perceptual visual system
characteristic and the viewing conditions such as viewing angle and distance [27].
Moreover, PSNR can be computed differently for luma and chroma components. On
the other hand, PSNR value is consistent over various types of videos, and it gives a

better understanding to the reader, since it is widely used.

There are plenty other objective quality measurements such as SSIM and video quality

metric (VQM). SSIM gives more accurate results than PSNR when compared with
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human perspective; however, SSIM does not sustain consistency. Sometimes SSIM
gives such great results to the bad video encodings making SSIM not a trustworthy
measurement metric [28]. On the other hand, VQM is the nearest measurement system
to the subjective video quality analysis, since the main aspect of VQM is to track
subjective video quality by using optimized objective to subjective correlation and
relation [29]. PSNR and SSIM are used for video quality measurement technic within
the scope of this thesis experiments.

PSNR calculation is based on the difference between original signal and noised signal.
This difference is mean squared throughout every image and found and mean square
error (MSE) which can be calculated as follows:

Z{\i?)l Zygol(s(llj) - Sd(l'l]))z

MSE =
MN

On the equation S(i, j) refers to original signal and S, (i, j) refers to decoded (noise)
signal, M and N defining the dimensions of the frame meaning width and height [30].
PSNR, = 1010g & — 2"

k= 0T SE
After finding MSE, calculation of PSNR is straight forward. In above equation b refers
to bit depth, and k refers to each frame. For all frames logarithmic base value
calculated and taking average result into overall PSNR of the video sequence. Higher

PSNR values result better reconstructed video sequences since the difference between

each pixel of original and reconstructed gets smaller.

PSNR calculation is accepted and used by majority of the video coding companies,
such that they include automatic calculation of the PSNR between the encoded video

and original video.
3.3.2. Structural Similarity Index (SSIM)

SSIM is more subjective observation between videos than PSNR calculation. SSIM is

designed to improve traditional methods. SSIM calculates the similarity index
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between two images, SSIM considers that one image is perfect and calculates the other
one from a fraction of the perfect image. SSIM calculates three main components

which are luminance, contrast and structure.

l(x y) _ z.ux.uy+C1
, .ux2+.uy2+cl
20,0, + C,
c(x,y) = sz'; 71 C
X y 2
Oxy + C3
s(x,y) = xy—c
050y + (3

SSIM (x,y) = l(x, y)c(x,y)s(x,y)

Above equations ., u, are average values that are average pixel values of 2 equal
size NxN windows which are x,y. gy, o, are standard deviations of x,y. g, Is the

covariance between x, y. Each luminance, contrast and structure components are range

between 0 and 1. Being closest to 1 means that windows x, y are like each other [28].
3.3.3. Bitrate

Bitrate refers to number of bits processed per unit of time. Unit of time is determined
by the analyzer and seconds usually is preferred. Bitrate is affected by several
components of the video; mainly the resolution and the frame per second (fps) are two

biggest components that affect bitrate in video codecs.

Bitrate is the most important measurement tool in our daily life, most interactive media
tools and real time videos use bitrate to adjust the quality of the video. YouTube is the
most apparent example to most of us since most of the people watch YouTube. In
YouTube the video quality is adjusted according to the maximum bitrate that the
internet can be provided for the device. Therefore, changing qualities automatically
(successfully maintaining maximum bitrate efficiency), YouTube provides the user

uninterrupted visual experiment with maximum quality. Not just YouTube but most
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of the biggest video providers are trying to maximize the bitrate for each individual
device, in order to increase the quality of experience while watching videos.

Codecs perform mathematical operations on especially in encoding part. Therefore,
the heavier the calculations get, the more bitrate the codec needs. Generally low
bitrates are associated with bad quality and high bit rates are associated with higher
quality; however, bitrate itself solemnly does not give precise information about the
video codec.

Both PSNR or SSIM and bitrate values alone are not giving full comparison between
video codecs. In the experiment and result interpretation part, video codecs will be
compared in terms of both quality metric and bitrate values. Most of the time under
same bitrates better-quality values give better codec performances. Since it encodes

same amount of video size in a specific time with better quality.
3.3.4. Bjontegaard Delta Rate (BD Rate)

BD Rate is a metric to calculate the relation between rate-distortion (RD) curves. BD
Rate needs at least four points on RD curves to perform the calculation. It is mostly
used in video processing for bitrate-quality comparisons of different RD curves. BD
rate answers the following questions. BD rate outputs two information between two
RD curves. First is the bitrate save between two RD curves in terms of percentage and
second is the PSNR gain in dB. Both outputs help us to make deductions between RD
curves. BD rate for PSNR acquired as follows, first for every point the fitted distortion

polynomial D(R) is calculated.
D(R) = a (logR)* + b (logR)* + ¢ (logR)! +d

Where R is the bitrate and a, b, ¢, d are the parameters of the fitting function calculated
such that the fitted polynomial passes through all points. Next step is averaging

difference between two RD curves PSNR. The equation is:

AD= — f " D, = Dy ()] dr

Tmax — Tmin Tmin
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Where D,(R) and D,(R) are fitted distortion polynomials, 1,,,, is the minimum
bitrate point of both RD curves maximum bitrate points and r;,,;,, is the maximum of

both RD curves minimum bitrate points [31].

BD rates are used for all comparisons in this thesis scope. Figure 3.2 shows the
example of how to interpret the output BD Rates for simple bitrate and PSNR values.

Bitrate PSMR Bitrate PSMR

100 40 50 40
150 42 75 42 BDER -50
200 44 100 a4 BDPSNR 4,93
250 46 125 46
300 48 150 48

Bitrate PSMR Bitrate PSMR

100 40 100 42
150 42 150 44 BOEBER -23,8
200 e 200 46 BOPSMNR 2,00
250 46 250 48
300 48 300 50

Figure 3.2. Example of BD Rate

3.3.5. Encoding Time

Encoding time is an important aspect when real time applications and video streaming
platforms are being considered. On demand platforms do not depend entirely on
encoding time process, they are more obligated to better bitrate savings and quality
values. However, in real time application of video industry saving time and
minimizing delay between end users are important, therefore the codecs are compared
between and inside with different codec parameters. Drastic differences in encoding

time results in bad codec settings for the end user.
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3.4. Experimental Parameters in Video Codecs

Within the scope of this thesis, there are several different encoding parameters
compared with using the three codecs. These parameters are the most crucial
parameters of the encoding process. Moreover, they are set to different values and the
resulting encoding process efficiency changes will be studied in the experimental part
of the thesis.

3.4.1. Coding Unit Size

After the HEVVC was introduced, the macroblock concept became history. The HEVC
introduced coding unit system into video coding industry. It is not distinctive from
macroblock concept; however coding units’ size can be changeable. These coding
units can be partitioned into smaller coding units, followed by some specific rules
specified by codecs. Codecs can be specified by the maximum coding unit size that
will be used in the encoding process. This maximum coding unit size will determine
the number of the blocks that an image will be partitioned. Stationary parts in the
image, meaning that there is not much of a difference in YUV spec of the coding unit,

does not get partitioned into smaller parts.
3.4.2. Maximum Partition Depth

Maximum partition depth described in Part 2.2.1 is the decision of how deep a single
coding unit is going to be partitioned in the encoder. It is one of the most important
features to decide on, because the most time-consuming step is usually block
partitioning part. Encoders have their own decision algorithms in order to decide on
maximum partition depth [32]. These algorithms usually calculate the similarities
between neighboring coding units. If there is enough difference between neighboring
coding units after calculations, the coding unit is partitioned into different coding units
[33]. More coding units eventuate in better coding efficiency and save bitrate.
However, this also brings high encoding complexity and competition burden [34].
Therefore, deciding the maximum partition depth according to the intended purpose

and available setup is crucial for the maximum encoding efficiency. Figure 3.3 shows
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maximum partition depth and coding units work. Grass areas are not partitioned at all
since all pixels in coding unit are almost the same values and variance through the
coding unit is close to zero. However, horseman parts of the image are partitioned into
smaller and smaller parts to not lose any information when intra and inter predictions

start.

Figure 3.3. Optimal CU representation of Sequence RaceHorses (WVGA)

optimized by HEVC [35]

3.4.3. GOP size and I-Frame interval

Group of Pictures (GOP) consists of consecutive frames. GOP contains three different

frame types, namely I-frame, B-frame and P-frame [36].

I-frame is a complete image, it is still compressed under certain steps of the encoder.

However, it contains all the information that needs to be reconstructed at the decoder
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side, only fully by itself. Every GOP starts with an I-frame, this I-frame is being used
by P and B frames. Moreover, I-frame contains more data than other frames.

B and P frames are called representative frames as well. P-frames are referenced from
past frames and B-frames are referenced from past and future frames inside the GOP
[37]. Figure 3.4 shows the relations between I, P and B frames.

Figure 3.4. GOP frames [37]

3.4.4. Quantization Parameter (QP)

Quantization process is changing the continuous time signal into discrete numbers to
represent the original analog signal in digitalized series of number. Throughout this
process this analog data can be processed and used by the encoder. Quantization
process is controlled by a QP. In this process the redundant data is discarded, in other
words QP decides on how much spatial data is going to be saved while compressing
the video [38]. Since these encoders are lossy encoders, meaning that the information
is not always hundred percent saved into the encoder side, the information in the
compressed video is sacrificed in quantization step. In figure 3.2 lower QP means that
more detail is saved and transferred to the decoder side. However, bit rate increases
by increasing quality level of the encoded video as well. Higher bitrate means that
more information must be send through the decoder side. Higher QP results more

relevant data to be discarded and the resulting PSNR will decrease at the decoder side
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[39]. Therefore, finding a QP is challenging for the encoders, since the video
characteristics are important to decide on using high QP or low. Within the scope of
this thesis, QP is used for creating RD curves and making comparisons between

different CTU difference or | frame difference characteristics.

BITRATE

¥

QP

Figure 3.5. Bit rate — QP relation [39]

35






CHAPTER 4

EXPERIMENTAL RESULTS

4.1. Encoder Configurations

Encoders HEVC, AV1 and VVC are all configured to be able to perform random
access encoding process. This process implements inserting intra predicted keyframes
into the encoding process with regular intervals in order to enable play backing from
specific encoding process time [21]. HEVC and VVC supports already prepared
configuration files to the developers in order to use the encoder more conveniently.
AV1 takes all the inputs by hand from command line and encoding is performed

according to those input configurations.
4.1.1. HEVC Random Access Configuration

HEVC random access configuration file consists of the default configuration file.
Parameters in the configuration file are listed in Appendix A. This configuration file
is directly used in the encoding process. Besides configuration file, input file, frame
rate, total frames, height and width of the videos are supplied from command line.

Sample command line is:

"TAppEncoder.exe" -c encoder_randomaccess_main.cfg -f 600 -fr 60 -wdt 1024 -hgt 720 -i “input” -b

“output”
4.1.2. VVC Random Access Configuration

VVC random access configuration file consists of the default configuration file.
Parameters in the configuration file are listed in Appendix B. VVC supply same

parameters as HEVC and sample command line is:

"TAppEncoder.exe" -c encoder_randomaccess_vtm.cfg -f 600 -fr 60 -wdt 1024 -hgt 720 -i “input” -b

“output”
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4.1.3. AV1 Encoding Options

AV1 does not support any pre-prepared configuration file, thus all the inputs should
be provided by the user at the command line. These configurations are stated at
Appendix C. For making the similar random-access process like HEVC and VVC
some parameters are supplied as base from command line for all configurations [21].

Sample command line for constant quality configuration is:

"aomenc.exe" --min-partition-size=8 --max-partition-size=32 --cpu-used=0 --limit=150 --psnr --
tune=psnr -b 8 --input-bit-depth=8 --threads=0 --profile=0 --width=3840 --height=2160 --fps=30/1 --
lag-in-frames=19 --auto-alt-ref=1 --passes=2 --kf-max-dist=48 --kf-min-dist=48 --min-gf-interval=8 -
-max-gf-interval=8 --drop-frame=0 --static-thresh=0 --bias-pct=50 --minsection-pct=0 --maxsection-
pct=2000 --arnr-maxframes=7 --arnr-strength=5 --sharpness=0 --undershoot-pct=100 --overshoot-

pct=100 --frame-parallel=0 --tile-columns=0 --end-usage=q --cq-level=20 “input” -0 “output”
Sample command line for constant bit per second configuration is:

"aomenc.exe" --min-partition-size=8 --max-partition-size=32 --cpu-used=0 --limit=150 --psnr --
tune=psnr -b 8 --input-bit-depth=8 --threads=0 --profile=0 --width=3840 --height=2160 --fps=30/1 --
lag-in-frames=19 --auto-alt-ref=1 --passes=2 --kf-max-dist=48 --kf-min-dist=48 --min-gf-interval=8 -
-max-gf-interval=8 --drop-frame=0 --static-thresh=0 --bias-pct=50 --minsection-pct=0 --maxsection-
pct=2000 --arnr-maxframes=7 --arnr-strength=5 --sharpness=0 --undershoot-pct=100 --overshoot-
pct=100 --frame-parallel=0 --tile-columns=0 --end-usage=vbr --target-bitrate=1500 “input” -0

“output”
4.2. Video Classification

In the scope of this thesis, 5 different videos are used in order to create diversity for
different movement and spatial behaviors. Figure 4.1 shows the classifications of the
videos. “Akiyo” is the simplest video among the others, which have low movement
and low complexity. “Container” differs from class “Akiyo” with the higher
complexity overall, but the temporal data is about the same, therefore same movement
behavior with “Akiyo”. “Foreman” has higher movement behavior than both “Akiyo”
and “Container”’; however, “Foreman” has less complexity than “Container” and more

complexity than class “Akiyo”. “Mobile” is the most complex video over all with
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almost 200 spatial information. Finally, “Bus” has the highest mobility behavior

among all videos with the highest temporal information.
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Figure 4.1. Video specifications with Sl and TI information

4.3. CTU Size and Depth Difference
4.3.1. HEVC CTU and Depth Sizes

For HEVC CTU and depth sizes are adjusted. In the configuration file
“MaxCUWidth” and “MaxCUHeight” parameters are adjusted 64 and 32, moreover
“MaxPartitionDepth” parameter is set both 4 and 3 for 64x64 configuration and it is
set to 3 for 32x32 configuration. First 150 frames are processed for all videos, frame
rate is 30 and internal bit depth is 8. Quantization parameter is set to 20, 26, 32, 38,
44 while performing the tests. | frame interval is fixed to 32. Rate control is off. Other

parameters are all taken as default parameters.
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4.3.1.1. HEVC Akiyo

Table 4.1. HEVC Akiyo PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTU Size 64 4518 4239 39.18 35.76 32.02
Depth 4

CTUSIZe04 | 4512 | 4230 | 3000 | 3564 | 3192
Depth 3

CTUSIZe32 | 4520 | 4236 | 3905 | 3566 | 3196
Depth 3

Table 4.2. HEVC Akiyo SSIM values (dB) with different quantization values

SSIM QP=20 | QP=26 | OP=32 | OP=38 | QP =44
CTU Size 64 0.99 0.98 0.97 0.95 0.90
Depth 4
CTU Size 64
Depth 3 0.99 0.98 0.97 0.94 0.90
CTU Size 22 0.99 0.98 0.97 0.94 0.90
Depth 3

Table 4.3. HEVC Akiyo bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTU Size 64 189 77 8901 45.68 25.54 15.12
Depth 4

CTU Size 64 195.07 91.22 46.64 25.99 15.17
Depth 3

CTU Size 32 190.49 89 43 45.85 25.74 15.24
Depth 3

Figure 4.2 illustrates the RD curves of video Akiyo for different CTU size and depth
configurations, RD curves are very similar to each other because the effect of changing

CTU sizes and depths for video Akiyo is very marginal. However when Table 4.1,
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Table 4.2 and Table 4.3 are analyzed in terms of both saving the maximum amount of
saving bitrate and best PSNR results are acquired by CTU size 64 depth 4
configuration. This is very expected, because the widest possibility of CTU size and
minimum CU size is acquired by this configuration; therefore, it should provide the
best performance. CTU size 32 depth 3 configuration is better than the CTU size 64
depth 3 configuration, this is due to for lower resolution videos 64x64 CTU size is too
big and it merely used by the codec configuration; therefore accessing smallest size
CU (4x4) is more important for efficient coding. On the other hand, CTU size 64 depth
3 configuration can only partition the CTU sizes up to 8x8 CU.
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Figure 4.2. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
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4.3.1.2. HEVC Bus

Table 4.4. HEVC Bus PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP =44
CTUSIZe®4 | 5967 | 3541 | 3133 | 2773 | 2468
Depth 4
CTU Size 64 39 58 35.26 31.14 27.56 24.59
Depth 3
CTU Size 32 39 69 3540 31.32 27.71 24.63
Depth 3

Table 4.5. HEVC Bus SSIM values (dB) with different quantization values

SSIM QP=20 | QP=26 | OP=32 | QP=38 | QP =44
CTU Size 64 0.98 0.97 0.92 0.83 0.71
Depth 4
CTU Size 64
Depth 3 0.98 0.96 0.92 0.83 0.71
CTU Size 22 0.98 0.97 0.92 0.83 0.71
Depth 3

Table 4.6. HEVC Bus bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP =44

CTUSIZE04 | 160387 | 71346 | 30025 | 137.83 | 6266
Depth 4

CTUSIZe64 1 167000 | 74900 | 32313 | 14001 | 62.90
Depth 3

CTUSIZE32 | 160374 | 71194 | 31006 | 13849 | 63.44
Depth 3

Figure 4.3 shows the RD curves of video BUS for different CTU size and depth
configurations, again like video Akiyo the results are close to each other. One main

difference is that from the Figure 4.3 it can be actually seen that CTU size 64 with
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depth 3 configuration performance is worse than other configurations. Moreover,
when Table 4.4, Table 4.5 and Table 4.6 are analyzed the gap between CTU size 64
and depth 3 configuration and other 2 configurations increase. Because the Bus video
has the maximum temporal difference, and by increasing the temporal behavior of the
video, the codec needs to use the minimum size CU more for better encoding
efficiency. Therefore, CTU size 64 depth 3 configuration performs worse than other
2 configurations.
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Figure 4.3. Bus SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
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4.3.1.3. HEVC Container

Table 4.7. HEVC Container PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTU Size 64 4217 38.87 35.60 32.35 28.94
Depth 4

CTUSIZE04 | o011 | 3880 | 3551 | 3226 | 2885
Depth 3

CTU Size 32 42.17 38.88 3558 32.32 28.89
Depth 3

Table 4.8. HEVC Container SSIM values (dB) with different quantization values

SSIM QP=20 | QP=26 | OP=32 | QP=38 | QP =44
CTU Size 64 0.97 0.95 0.91 0.87 0.83
Depth 4
CTU Size 64
Depth 3 0.97 0.95 0.91 0.87 0.83
CTU Size 22 0.97 0.95 0.91 0.87 0.82
Depth 3

Table 4.9. HEVC Container bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTU Size 64 414.89 181.86 84.71 43.08 22.63
Depth 4

CTUSIZe64 | o130 | 18526 | 86.11 43.39 22.79
Depth 3

CTUSIZeS2 | 41647 | 18256 | 8473 43.12 22.73
Depth 3

Similar to video Akiyo, video Container has very close RD curves as it can be seen
from Figure 4.4. When the values in Table 4.7, Table 4.8 and Table 4.9 are compared

again CTU size 64 depth 3 configuration performs worse than other 2 configurations;
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while other 2 configurations performs close to each other. One important thing to
mention is that the efficiency increases for CTU size 64 and depth 4 configuration
when the QP increases. CTU size 64 and depth 4 configuration and CTU size 32 depth
3 configurations results almost same PSNR outputs when QP is 20. However, when
QP is increased to 44, the codec needs to find more efficient ways of transferring the
data; therefore, it uses bigger CTU sizes more often. When QP becomes smaller, the
codec has more bitrate to work with, therefore does not need bigger CTU sizes that
frequently. Therefore, 0.05 PSNR difference occur between these 2 configurations
tested at 44 QP parameter level. This behavior can be seen for all videos.
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Figure 4.4. Container SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
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4.3.1.4. HEVC Foreman

Table 4.10. HEVC Foreman PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTUSIZe64 | 4164 | 3842 | 3500 | 3167 | 2872
Depth 4

CTU Size 64 41,50 38.20 34.81 31.57 28.59
Depth 3

CTU Size 32 41.65 38.39 34.94 31.60 28.46
Depth 3

Table 4.11. HEVC Foreman SSIM values (dB) with different quantization values

SSIM QP=20 | QP=26 | OP=32 | QP=38 | QP =44
CTU Size 64 0.98 0.96 0.92 0.87 0.81
Depth 4
CTU Size 64
Depth 3 0.98 0.96 0.92 0.87 0.81
CTU Size 22 0.98 0.96 0.92 0.87 0.81
Depth 3

Table 4.12. HEVC Foreman bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTUSIZE04 | 63160 | 26498 | 11636 | 5396 | 27.80
Depth 4

CTUSIZe64 | 6eg18 | 27560 | 11934 | 54.78 27.23
Depth 3

CTU Size 32 633.47 | 266.05 | 116.64 55.17 28.05
Depth 3

Figure 4.5 demonstrates RD curves for video Foreman under different CTU size and
depth configurations. Results are similar with other videos, CTU size 64 and depth 3

configuration performs worse in terms of both bitrate and quality; while Table 4.10,
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Table 4.11, and Table 4.12 shows the numbers to support this. CTU size 64 depth 4
configuration and CTU size 32 depth 3 configurations perform very similar at low QP
values; however again when QP value gets higher the performance of CTU size 64
and depth 4 becomes better than CTU size 32 depth 3 configuration.

Foreman
Q20
0,95
>
> 0,90
(Vp]
0,85
0,80
1,2 1,5 1,8 2,1 2,4 2,7 3

Log(Bitrate(Kbps))
64-3 —e—32-3 —e—64-4

Figure 4.5. Foreman SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
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4.3.1.5. HEVC Mobile

Table 4.13. HEVC Mobile PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP =44

CTUSIZe64 | 3954 | 3433 | 3048 | 2736 | 2398
Depth 4

CTU Size 64 3915 34.22 30.33 27.16 23.77
Depth 3

CTU Size 32 39 25 34.34 30.49 27.37 23.94
Depth 3

Table 4.14. HEVC Mobile SSIM values (dB) with different quantization values

SSIM QP=20 | QP=26 | QP=32 | QP=38 | QP=44
CTU Size 64 0.99 0.98 0.96 0.91 0.81
Depth 4
CTU Size 64
Depth 3 099 4 252 - >
CTU Size 32 0.99 0.98 0.96 0.91 0.81
Depth 3

Table 4.15. HEVC Mobile bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP =44

CTUSIZe 04 | 214204 | 84285 | 33901 | 16671 | 84.88
Depth 4

CTUSIZeB4 | 520623 | 87971 | 35690 | 17335 | 86.94
Depth 3

CTUSIZE32 1 514308 | 84385 | 33089 | 167.64 85.97
Depth 3

Like other low-resolution videos Mobile also performs worse when CTU size 64 and

depth 3 configuration is used, it can be seen from Figure 4.6. Mobile video has the

most SI amongst CIF quality videos. Since it has the most complexity, the bitrate
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values are the highest as expected. From Table 4.15 it can be seen that for QP value
20 the bitrate to encode the video passes 2 MBps. Again, CTU size 64 depth 4
configurations performs best in terms of both quality output and bitrate.
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Figure 4.6. Mobile SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
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4.3.1.6. HEVC Basketball

Table 4.16. HEVC Basketball PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | OP=32 | QP=38 | QP =44
CTU Size 64 47.67 45.99 43.36 40.17 37.03
Depth 4
CTU Size 64 47.67 45.99 43.35 40.17 37.03
Depth 3
CTU Size 32 4755 45.76 43.03 39.86 36.63
Depth 3

Table 4.17. HEVC Basketball SSIM values (dB) with different quantization values

SSIM QP=20 | QP=26 | OP=32 | OP=38 | QP =44
CTU Size 64 0.99 0.99 0.98 0.98 0.96
Depth 4
CTU Size 64
Depth 3 0.99 0.99 0.98 0.98 0.96
CTU Size 22 0.99 0.99 0.98 0.97 0.96
Depth 3

Table 4.18. HEVC Basketball bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTUSIZE04 | 0507.68 | 357782 | 171691 | 905.76 | 513.79
Depth 4

CTUSIZe0% | 1014535 | 360054 | 172376 | 90647 | 51407
Depth 3

CTUSIZES2 | 879172 | 319991 | 158398 | 87202 | 532.84
Depth 3

There is a significant performance difference between Basketball video and other CIF
quality videos. Figure 4.7 shows RD curves for video Basketball and for QP value 44,

it is seen that how bad CTU size 32 depth 3 configuration performs than other 2
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configurations. When the QP increases, the gap between all configurations are started
to diminish. This shows the importance of having a bigger size CTU especially when
higher resolution videos are encoded by HEVC. Table 4.16, Table 4.17 and Table 4.18
provides the numbers and for QP 44 case, there is 0.4 PSNR difference between CTU
size 32 depth 3 configuration and other 2 configurations, while also CTU size 32 depth
3 configuration needs almost 20 kBps more than other 2 configurations. Other
important thing for video Basketball is that for all QP levels except 44, CTU size 32
with depth 3 configuration performs lower bitrate as well as lower quality levels. This
indicates how frequently the 64x64 CTU size is used for video Basketball since it has
higher dimensions than CIF videos (3840x2160), and 64x64 CTU size becomes
critical for codec to efficiently code the video.
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Figure 4.7. Basketball SSIM vs Log(Bitrate(Kbps) graph for different CTU and depth sizes
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4.3.1.7. HEVC BD Rate results

HEVC CTU results are very close to each other in most of the cases; however, there
are two main aspects to consider for the results. As expected, the best results are
acquired when the CTU size is bigger as well as the depth is maximum, which is 64x64
CTU size configuration with maximum partition depth of 4. This configuration has
the widest possibilities among other two configurations. As BD rate results at Figure
4.8 show that 64x64 with depth 4 configuration always superior than other two. One
important thing to look at here is that when the complexity of the videos is higher,
64x4 depth 4 configuration become even more superior than other two.

When 64x64 depth 3 configuration is compared against the other two configurations,
the lowest performance acquired for CIF quality videos. As in the case of the
comparison between 64x64 depth 4 and 32x32 depth 3 configurations, when the
complexity of the videos increases, the difference between 64x64 depth 3 and other
two configurations become more surplus. In video Container 64x64 depth 3
configuration needs %3,18 more bitrate when compared to 64x64 depth 4
configuration and %2,56 more bitrate when compared to 32x32 depth 3 configuration
at the same quality level. At the same bitrate level 64x64 depth 3 configuration results
0,14 PSNR less when compared to 64x64 depth 4 configuration and 0,12 less when
compared to 32x32 depth 3 configuration. For a more complex video Bus the results
become steeper. 64x64 depth 3 configuration needs %7,15 more bitrate when
compared to 64x64 depth 4 configuration and %6,55 more bitrate when compared to
32x32 depth 3 configuration at the same quality level. At the same bitrate level 64x64
depth 3 configuration results 0,32 PSNR less when compared to 64x64 depth 4

configuration and 0,29 less when compared to 32x32 depth 3 configuration.

When 4K video Basketball is compared with the remaining CIF videos, the results are
not entirely same when compared to CIF results. For CIF videos 32x32 depth 3
configurations is always better than the 64x64 depth 3. Therefore, for CIF videos

going to the smallest CU is important, while bigger CU sizes are not usually used,
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because the video sizes are small as well, therefore 64x64 CU size is rarely used for
encoding process. On the other hand, in 4K video 64x64 depth 3 configuration is better
than 32x32 depth 3. This is because the complexity of the frame. For 4K video going
to the smallest possible CU size is not feasible, using bigger CU size for smoother
regions is more important. Therefore, as the technology increases and resolution of
the videos become larger and larger for more efficient video encoding, CTU sizes
should also increase. The results are supporting this idea as well. Even though the
number difference is too small for Basketball, 64x64 depth 4 configuration is better
than 64x64 depth 3 configuration by %0.10 bitrate save at the same quality level and
0,02 dB PSNR improvement at the same bitrate level. Moreover, 64x64 depth 3
configuration is better than 32x32 depth 3 configuration by %0.15 bitrate save at the
same quality level and 0,02 dB PSNR improvement at the same bitrate level.

Overall, for HEVC when lower resolution videos are taken into consideration,
selecting the smaller CTU size with same partitioning depth is better, while for higher
resolution videos selecting maximum CTU size is more important than choosing

maximum partitioning depth.
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4.3.2. VVC CTU and Depth Sizes

In the configuration file “CTUSize” parameter is set to 128, 64 and 32. While setting
“CTUSize” is set to 128 “HierarchyDepth” parameters are set at 3, for “CTUSize” 64
“HierarchyDepth” parameters are set at 3 and 4, finally for “CTUSize” 64
“HierarchyDepth” parameters are set at 3. First 150 frames are processed for all
videos, frame rate is 30 and internal bit depth is 8. Quantization parameter is set to 20,
26, 32, 38, 44 while performing the tests. “IntraPeriod” is set to 32. Rate control is off.

Other parameters are all taken as default parameters.
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4.3.2.1. VVC Akiyo

Table 4.19. VVC Akiyo PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP=44
CTUSIZe128 | 405 | 4277 | 3093 | 3682 | 3343
Depth 3
CTU Size 64
Denth 4 4498 | 4279 | 3998 | 3683 | 3345
CTUSIZe64 | 4108 | 4277 | 3996 | 3679 | 3347
Depth 3
CTU Size 32 45.00 4277 39.87 36.68 33.30
Depth 3

Table 4.20. VVC Akiyo SSIM values (dB) with different quantization values

SSIM QP=20 | OP=26 | QP=32 | OP=38 | QP =44
CTU Size 128

Deptll 0.99 0.98 0.97 0.96 0.92
C 1y o4 0.99 0.98 0.97 0.96 0.92

Depth 4
CTU Size 64

Depth 3 0.99 0.98 0.97 0.96 0.92
CTU Size 32

Depth 3 0.99 0.98 0.97 0.95 0.92

Table 4.21. VVC Akiyo bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP =44

CTU Size 128 167.02 83.91 42.71 24.37 15.64
Depth 3

CTU Size 64 167.89 83.67 43.16 24.56 15.74
Depth 4

CTU Size 64 168.79 84.02 43.10 24.59 15.77
Depth 3

CTUSIZES2 | 17027 | 8551 | 4415 25.67 16.56
Depth 3
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In VVC 128x128 CTU size is used as an enhancement over HEVC. The results are
very close to each other when QP is low. However, as it can be seen from Figure 4.15
when QP becomes higher CTU 32 depth 3 configuration’s performance starts to
decrease. Especially for QP 44 its bitrate is high as well as quality less than other
configurations. This clarify that VVVC places emphasis more on bigger sizes CTU than
HEVC. Table 4.19, Table 4.20 and Table 4.21 gives the numerical results for video
Akiyo. Since Akiyo has the lowest temporal behavior using low CU sizes is not
necessary and this impacts the efficiency especially for higher QP values. CTU size
128 and CTU size 64 configurations are close to each other for lower quality videos.
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Figure 4.15. Akiyo SSIM vs Log(Bitrate(Kbps)) graph for different CTU and depth sizes
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4.3.2.2. VVC Bus

Table 4.22. VVC Bus PSNR values (dB) with different quantization values

PSNR QP=20 | QP=26 | QP=32 | QP=38 | QP =44
CTU Size 128 40.16 35.97 31.96 28.37 25.27
Depth 3
CTU Size 64
Depth 4 40.18 36.01 31.97 28.40 25.30
Depth 3
CTU Size 32 40.20 36.01 31.96 28.34 25.17
Depth 3

Table 4.23. VVC Bus SSIM values (dB) with different quantization values

SSIM QP=20 | OP=26 | QP=32 | OP=38 | QP =44
CTU Size 128

Deptll 0.98 0.97 0.93 0.85 0.73
C 1y o4 0.98 0.97 0.93 0.86 0.74

Depth 4
CTU Size 64

Depth 3 0.98 0.97 0.93 0.85 0.74
CTU Size 32

Depth 3 0.98 0.97 0.93 0.85 0.73

Table 4.24. VVC Bus bit rate values (kBps) with different quantization values

Bit Rate QP=20 | QP=26 | QP=32 | QP=38 | QP=44

CTUSIZe128 | 139304 | 60924 | 26259 | 11370 | 49.45
Depth 3

CTUSIZE04 | 138416 | 606.44 | 26056 | 11323 | 4953
Depth 4

CTUSIZe64 | 130646 | 61160 | 26323 | 114.29 49.87
Depth 3

CTUSIZES2 | 140048 | 61598 | 26536 | 11658 | 5174
Depth 3
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Video Bus shows similar results to Akiyo. Figure 4.16 demonstrates RD curves for
different configurations. Again, for lower QP values the significance of having higher
CTU size is important. Table 4.22, Table 4.23 and Table 4.24 gives the numerical
values and it is seen that for QP 20 CTU size 32 depth 3