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ABSTRACT

EFFICIENT HEVC AND VVC MOTION ESTIMATION HARDWARE

WAQAR AHMAD

Electronics Engineering PhD Thesis, 2021

Thesis Supervisor: Assoc. Prof. Illker Hamzaoglu

Keywords: HEVC, VVC, Inter Prediction, Motion Estimation, Approximate

Computing, Hardware Implementation, FPGA, Low Energy

The significant increase in digital video usage and spatial and temporal video resolutions,
has led to the development of new video coding standards, which can compress more
without causing quality loss. HEVC and VVC are the two latest video coding standards.
VVC is the most recent standard and it is more computationally complex than HEVC.
Motion estimation (ME) is used in these standards to remove temporal redundancies
between successive video frames. ME accounts for at least 50% and as much as 70% of
the total encoding time in both these standards. Approximate computing is an emerging
technique to design efficient hardware for error-tolerant applications such as video
coding.

In this thesis, an efficient HEVC ME hardware is proposed. An approximate adder,
suitable for absolute difference operation, is proposed and integrated to this HEVC ME
hardware. Detailed comparison of several approximate circuits including the proposed
approximate adder and traditional bit truncation technique for HEVC ME is presented.
The proposed approximate adder achieved up to 10% power reduction in ME hardware
while providing better quality than the other approximate circuits.

An efficient hardware for translational VVC ME is also proposed. It is the first VVC ME
hardware in the literature. The proposed hardware reduces the memory accesses
significantly by using an efficient data access and reuse method. It uses a novel adder tree



to minimize hardware area while meeting real-time video encoding requirements. It is
capable of processing up to 30 4K video frames per second.

An efficient approximate sum of absolute differences (SAD) hardware is proposed for
FPGAs. It utilizes the unused LUT inputs of an FPGA to reduce area and power
consumption while providing an almost accurate result. The proposed approximate SAD
hardware uses up to 20% less LUTs and consumes up to 38% less power than the smallest
and lowest power-consuming approximate SAD hardware in the literature, respectively.
The proposed SAD hardware can be used in HEVC and VVVC ME hardware.

Finally, a methodology is proposed for designing low error efficient approximate adders
for FPGAs. Two approximate adders for FPGAs are designed using the proposed
methodology: low error and area efficient approximate adder (LEADX), and area and
power efficient approximate adder (APEX). LEADX has lower mean square error than the
approximate adders in the literature. APEX is the smallest and lowest power consuming
FPGA-based adder in the literature. These approximate adders are integrated to ME in
HEVC software encoder. LEADXx provided better quality than the other approximate
adders for HEVC video coding.



OZET

VERIMLI HEVC VE VVC HAREKET TAHMINI DONANIMLARI

WAQAR AHMAD

Elektronik Miihendisligi, Doktora Tezi, 2021

Tez Danismani: Dog. Dr. ilker Hamzaoglu

Anahtar Kelimeler: HEVC, VVC, Cerceveler Aras1 Ongérii, Hareket Tahmini,
Yaklasik Hesaplama, Donanim Gergekleme, FPGA, Diisiik Enerji

Sayisal video kullanimindaki, uzamsal ve zamansal video ¢oziiniirliiklerindeki 6nemli
artislar nedeniyle, kalite kaybina neden olmadan daha fazla sikistirma yapan video
kodlama standartlar1 gelistirilmektedir. HEVC ve VVC en son gelistirilen video kodlama
standartlaridir. En yeni standart olan VVC HEVC’den daha fazla hesaplama
karmasikligina sahiptir. Hareket Tahmini (HT) ardisik video cergevelerindeki zamansal
artikliklar1 azaltmak i¢in kullanilir. HEVC ve VVC standartlarindaki toplam kodlama
stiresinin en az %50’si ile en fazla %70’in1 HT almaktadir. Yaklasik hesaplama, video
kodlama gibi hatalara dayanikli uygulamalar i¢in verimli donanim tasarlamak i¢in
kullanilan yeni bir tekniktir.

Bu tezde, verimli bir HEVC HT donanimi 6nerilmistir. Mutlak fark iglemi i¢in uygun bir
yaklagik toplayici 6nerilmis ve HEVC HT donanimina entegre edilmistir. Geleneksel bit
kesme yontemi ve Onerilen yaklasik toplayici da dahil olmak tizere, yaklasik devrelerin
HEVC HT donaniminda kullanimlari detayli karsilastirmustir. Onerilen yaklasik toplayici
%10’a kadar gii¢ azalmas1 saglamis ve diger yaklasik devrelerden daha kaliteli sonuglar
vermistir.

Bir verimli VVC o6teleme HT donanimi Onerilmistir. Bu literatiirdeki ilk VVC HT
donanimidir. Onerilen donanim verimli veri erisimi ve yeniden kullanma yontemi
kullanarak bellek erisimini 6nemli miktarda azaltmaktadir. Onerilen donanim &zgiin
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toplayici agaci kullanarak donanim alanini azaltmasina ragmen ger¢ek zamanl video
kodlamaktadir. Onerilen donanim saniyede 30 tane 4K video gergevesi isleyebilmektedir.

FPGA’lar i¢in verimli yaklasik mutlak farklar toplami (MFT) donanimi Onerilmistir.
Onerilen MFT donanimi, FPGA’daki LUT larin kullanilmayan girdilerini kullanarak alan
ve gic tuketimini azaltmakta ve neredeyse tam dogru sonuc¢ vermektedir. Onerilen
yaklagik MFT donanimu, literatiirdeki en kiiciik yaklasik MFT donanimindan %20 daha
az LUT kullanmakta ve literatiirdeki en az gii¢ tiikketen yaklasik MFT donanimindan %38
daha az gu tiiketmektedir. Onerilen MFT donanimi1 HEVC ve VVC HT donanimlarinda
kullanilabilir.

Son olarak, FPGA’lar i¢in diisiik hatali verimli yaklasik toplayici tasarlama yontemi
onerilmistir. Onerilen ydntem kullamlarak FPGA’lar icin iki yaklasik toplayict
tasarlanmigtir: diisiik hatali ve alan verimliligi yiiksek yaklasik toplayict (LEADx), ve
alan ve gii¢ verimliligi yliksek yaklasik toplayici (APEx). LEADx literatiirdeki yaklasik
toplayicilardan daha diisiik ortalama kare hatasina sahiptir. APEx literatiirdeki en kiiciik
ve en az gli¢ tiiketen FPGA tabanli toplayicidir. Bu yaklasik toplayicilar HEVC kodlayici
yazilimindaki HT ne entegre edilmistir. LEADx HEVC video kodlamada diger yaklagik
toplayicilardan daha kaliteli sonuglar vermistir.

vii



ACKNOWLEDGEMENTS

During my PhD, | had the opportunity to meet and work with some amazing people. Each
one of them brought forward a unique perspective that helped me grow personally and
professionally. While I truly cherish my relationship with all of them, I would like to take
this opportunity to name the people without whose contribution | could not have
completed this thesis.

First and foremost, I would like to extend my gratitude to my advisor, Dr. Ilker
Hamzaoglu, for his invaluable guidance, help, and supervision. His technical expertise
and knowledge have been instrumental in my professional development. He believed in
me all along and motivated me to do more when | had lost hope. He taught me how to
approach a challenging research problem and always provided constructive comments
about my work.

| want to present my utmost gratitude to my thesis progress committee members, Dr.
Ahmet Onat and Dr. Ozguir Girbiiz. They not only provided insightful remarks to improve
the quality of this thesis but also supported me in difficult times. | am also thankful to Dr.
Mustafa Altun and Dr. Tuba Ayhan for accepting to be part of my thesis jury and for their
valuable feedback.

| want to thank Higher Education Commission, Pakistan for supporting this thesis in part.
| also want to thank Scientific and Technological Research Council of Turkey
(TUBITAK) for supporting this thesis in part, under contract number 118E134.

I would like to thank Berke Ayrancioglu for the technical discussions and informal
conversations we had during my time at Sabanci University. | am also thankful to all the
members of Pakistani graduate students’ community at Sabanci University for creating a
brotherly environment. We celebrated many events together, played friendly yet
competitive sports, shared our food, and had thoughtful discussions. Their presence never
let me feel alone in a foreign land without family.

| am grateful to my family for their unconditional love and never-ending support. My
parents, Mian Abdul Basit and Naheed Farhat, always made sure that | get the best of
everything in my life. No words can be enough to thank them for the contributions and
sacrifices they made for my success. | am also thankful to my siblings for always
pampering me with love and care. My brother, Suhail Basit, deserves a special mention
as he always provided me the best guidance whenever needed and ensured that | have the
freedom to follow my dreams. My special thanks go to my wife, Aleena, for her never-
ending love and for taking care of our little bundle of joy, Maheen Basit. Last but not the
least, | am grateful to my parents-in-law for being supportive and caring all the time.

viii



TABLE OF CONTENTS

AADSIIACT. ... \Y%
OZBL...vvecieiee et vi
ACKNOWIEAGEMENTS ...t re e viii
LISt OF TADIES ... Xi
LSE OF FIQUIES. ...ttt Xii
List Of ADDIEVIALIONS .........oiiiiiiiiiie e Xiv
1 INEFOTUCTION ...ttt 1
1.1 Video Coding FUNDamentals ...........cccooereiiiiiiniiieeee s 3
1.2 Video Coding StANAAIdS .........cccoerieieieieieriesieseee e 4
1.2.1  High Efficiency Video Coding (HEVC) Standard .............ccccoevrnennen. 5
1.2.2  Versatile Video Coding (VVC) Standard.............c.cccoevvevveveivicseenenn, 6

1.3 MOtION EStIMALION ......oviiiiiiiiieiiieee e 6
1.4 Thesis CONIIDULIONS ........ooiiiiiiiieiecce e 7
1.5 TheSIS OULHNE .....oviiiiiiiieie et 9

2  Approximate Circuits for HEVC Motion Estimation ..............cccccccevvveiiiienen, 10

2.1  Assessment of Approximate Circuits in Absolute Difference Hardware. 12
2.2 Motion Estimation HardWare............cccoerieieniniie e 17

2.3 Assessment of Approximate Circuits in Motion Estimation Hardware ... 18

3 An Efficient Versatile Video Coding Motion Estimation Hardware................ 22
3.1 VVC MOtioN EStIMALION .....c.coiiiiiiiieiiiiiesiesiise e 23
3.2 Proposed VVC Motion Estimation Hardware ............ccccocvevveveiieernennenne 25

3.21  Memory and SystoliC PE ArTay........ccocoiviiiiiiiene e 27
322 SAD AJUEI IR ... 30



3.2.3  COMPAIALOL .. .eiieiiiieeiiie ettt 33

3.3 Implementation RESUILS .......c.cceiieiieiiiie e 33
3.3.1  Comparison With HEVC ME Hardware.............ccccooevveveiiernennenne 35

4 An Efficient Approximate SAD Hardware for FPGAS.........c.cccocvevvivievvernene 37
4.1 BAaCKGrOUNG.......coiiiiiii s 38
411  SAD HAIAWAIE ....c.ooiiiiiiiiiieieeeee e 38
412  XilinNX VIIEX FPGA ..o 39

4.2  Proposed Approximate SAD Hardware............ccooeveveninenininisieees 41
4.3  Implementation RESUILS ........cccoviiiiiiiiiicsee s 43

5 Low Error Efficient Approximate Adders for FPGAS.........cccocviviiiiniiciienen, 47
5.1 BaCKGIOUNG......oiiiiiitiiiiiiiiieiee et 49
5.1.1  Related WOIKS ....c.ooiiiiiiieiieree e 49
5.1.2  Length of Carry ....cov oo 50
513  XilinX VIMEX FPGA ....ooiiiiieeeee e 51

5.2 Proposed Design Methodology.........cccccoeviiiiiiciie i 52
5.2.1 Proposed low error and area efficient approximate adder-................. 55

5.2.2  Proposed area and power efficient approximate adder for FPGAs ... 58

5.3  Experimental Results and DiSCUSSION...........ccoverieieieneniseseseeieeee 60
5.3.1  EITOr MELIICS ..ot 61
5.3.2  Implementation RESUIS.........cccooiiiiiiiiiice e 64

5.3.3  Comparison with Segmented and Speculative Approximate Adders 66

5.3.4  Case Study: Motion Estimation in Video Encoding............c.ccccueunee. 68
B CONCIUSIONS ...ttt 69
BIDHOGIapNY ... e 70



LIST OF TABLES

Table 2.1 HEVC MSE RESUILS ....c.oociiiie ettt 19
Table 3.1 Number of possible partitions and unique motion vectors in a 64x64 CU..... 26
Table 3.2 Performance of the proposed VVC ME hardware for different configurations

........................................................................................................................................ 34
Table 3.3 Resource usage for 128X128 CTU SIZE ......ccccveveiieiieie e 35
Table 3.4 Resource usage for 64X64 CTU SIZE .....cccveeeiiereeieieeie e 35
Table 3.5 Comparison with HEVC ME Hardware ...........ccccooeieieiincienceseeeees 36
Table 4.1 Quality comparison for 4x4 approximate SAD.........ccccceeveivevecieiecse e, 43
Table 4.2 Reductions achieved by proposed approximate SAD hardware..................... 44
Table 5.1 Probability of the length of a carry being equal to L bitS ..o 51
Table 5.2 Effects of Increasing the Number of Bits (k) for Carry Prediction in a 64-Bit
Approximate Adder With 12-BitS LSP...........cccoiiiiiiie e 53
Table 5.3 Truth Table of Proposed 2-BIT Approximate Adder (AAd2) used for
Approximation in least-significant m—2 Dits 0f LEADX .......ccccovveiinenenininecieees 56
Table 5.4 Error Characterization of Constant Approximate Functions for 1-Bit Addition
........................................................................................................................................ 58
Table 5.5 Error Metrics of 64-Bit Approximate Adders .........ccevvvvvievievecie s 63

Table 5.6 FPGA Implementation Results of 16-Bit Adders with 8-Bit Approximation 64
Table 5.7 Comparison of 16-Bit Proposed Approximate Adders with 16-Bit Segmented
and Speculative ApproXimate AAUErS ........cooviiiieiie e 67
Table 5.8 Impact of Approximate Adders on HEVVC Encoder Bitrate And PSNR ........ 68

Xi



LIST OF FIGURES

Figure 1.1 Global consumer internet traffic - trends and forecasts ...........ccccceeveveieenenn, 2
Figure 1.2 Country-wise estimate of daily video consumption time by device type........ 2
Figure 1.3 WOrkflow of & VIdeo SYSEEM ........cceeiiiiiiiiiieiesieesieee e 3
Figure 1.4 Development history of video coding standards ............ccccccoveveiieiieieieenenn, 4
Figure 1.5 Overview of a typical block-based enCOder ...........ccccveveveeieeie s, 5
Figure 1.6 Partitioning of a CU INto aPU INHEVC ... 6
Figure 1.7 The motion eStiMation PrOCESS........coiieriirerereriesiieiee et 7
Figure 2.1 Approximate Circuits Assessment Framework............ccccccovevivive e vnecnenn, 12
Figure 2.2 (a) Proposed 1-bit Approximate FA (b) n-bit Approximate Subtractor........ 14
Figure 2.3 Approximate Adders (a) IMPACT-1 (b) IMPACT-2 .......ccoiiiiininieiene, 14
FIgure 2.4 M-DIt LOA ...t 14
Figure 2.5 (a) GeAr Adder (N=8, R=2, P=4) (b)) NAAD 0 () NAAD 2 ........ccccveunrne. 15
Figure 2.6 (a) Baseline 1 AD Hardware (b) Baseline 2 AD Hardware ............c.c.c....... 15

Figure 2.7 Assessment Results (a) Percentage Accuracy (b) Average Error (c) Mean
Squared Error (d) Standard Deviation () Maximum Frequency (f) Energy Consumption

........................................................................................................................................ 16
Figure 2.8 HEVC Motion Estimation Hardware .............ccccceeveiieve e s 17
Figure 2.9 HEVC ME Processing UnNit..........cccooiririniniiiiineeieee e 17
Figure 2.10 (a) Power Reduction (%) (b) Slice Reduction (%) (c) LUT Reduction (%) 21
Figure 3.1 Allowed partitions iIN VVC. ... 24
Figure 3.2 An example of QTMT partitioning of 128x128 CTU and its decision tree.. 25
Figure 3.3 Examples of redundant partitions in VVC. .........cccoceveiiiiieniiinenieeeee, 25
Figure 3.4 Proposed VVC ME hardware...........cccooviiiiiiiiiiieeeeee e 27
Figure 3.5 Systolic processing element (PE) array and registers. .........c.ccoovvvrervnrennnnn. 28
Figure 3.6 Processing ElIement (PE) ..o 28
Figure 3.7 (a) Vertical snake scan order (b) Data re-use in downward, upward, and right
0[] £=Tod 1 0] ST P VP URPRPRPRPRTPIR 29
Figure 3.8 4x4 SAD CalCUlAtioN. ......ccecviiieiicc e e 31

xii


file:///D:/Waqar/Articles/Thesis/WAQAR_Thesis%20-%20vFINAL.docx%23_Toc83726610

Figure 3.9 SAD adder tree (a) SADs of BH, BV, Q partitions N = 4, 8, 16, 32 (b) SADs
of BH_BH,BV_TH,BH_TV,BV_BV, TH, TV partitions N =8, 16 (c) SADs of TH_TH,

TH_BH, BH_TH, BV_TV, TV_BV, TV_TV partitions N = 16. ........ccceererrrrerrrrrrrrenn. 31
Figure 3.10 128x128 SAD CalCUlation. ............cocooviriiiiiiiiieieeeee e 32
Figure 4.1 Generic SAD hardWare ..........ccecviieiieiecie e 38
Figure 4.2 Accurate absolute difference hardware ............ccccoocvvveiievc s 39
Figure 4.3 Simplified architecture of a slice in Xilinx Virtex 5/6/7 FPGAs .................. 40
Figure 4.4 Proposed adder/subtractor including complement operations....................... 41

Figure 4.5 Implementation of the proposed n-bit adder/subtractor including complement

(0] LS LA L0 TSR 41
Figure 4.6 Proposed approximate 2x1 SAD hardware............cccceveienenenenescseeeenen, 42
Figure 4.7 Implementation results for 8-Dit INPUES ..........ccoovriiiiiiiie, 45
Figure 4.8 Implementation results for 16-bit iNPULS ..........cccoeveiiiicic i 46

Figure 5.1 Architecture of approximate full-adder based n-bit approximate adders...... 48

Figure 5.2 Proposed 2-bit approximate adder (AAd1) used in MSBs of LSP. .............. 54
Figure 5.3 Architecture of proposed approximate adders for FPGAS. ..........cccceevvnennee. 54
Figure 5.4 Proposed n-bit low error and area efficient approximate adder (LEADX).... 57
Figure 5.5 Example of 16-bit LEADXx with 8-bit approximation. .............c.ccccceevvenenne. 57
Figure 5.6 Proposed n-bit area and power efficient approximate adder (APEX)............ 60
Figure 5.7 Example of 16-bit APEX with 8-bit approximation. ..........c.ccceeevnivrirnnnn. 60

Figure 5.8 Error distribution and error metrics of 16-bit approximate adders with 8-bit
Y0 0L (00 1 1T [0 AU 62
Figure 5.9 Comparison of 32-bit approximate adders with 4-bit to 20-bit approximation
(left to right). (a) LUTs vs MSE. (D) POWer VS MISE...........ccoviiiiiiiie e 65
Figure 5.10 Area, Power, and Delay reduction achieved with 16-bit approximation in 64-

bit approximate adders compared to 64-bit accurate adder. ............cccccoveiieiieciie e, 66

Xiii


file:///D:/Waqar/Articles/Thesis/WAQAR_Thesis%20-%20vFINAL.docx%23_Toc83726643
file:///D:/Waqar/Articles/Thesis/WAQAR_Thesis%20-%20vFINAL.docx%23_Toc83726643

LIST OF ABBREVIATIONS

BRAM Block RAM

CTU Coding Tree Unit

CuU Coding Unit

DCT Discrete Cosine Transform
DST Discrete Sine Transform

FPGA Field Programmable Gate Array
HEVC High Efficiency Video Coding
HM HEVC Reference Software
LUT Look Up Table

ME Motion Estimation

MSE Mean Squared Error

MV Motion Vector

PSNR Peak Signal-to-Noise Ratio

PU Prediction Unit

QP Quantization Parameter

QTMT Quadtree plus Multi-type tree
SAIF Switching Activity Interchange Format
TU Transform Unit

VVvC Versatile Video Coding

Xiv



Chapter 1

INTRODUCTION

In the last decade, the production, distribution, and consumption of digital video has
grown at an extraordinary pace. The number of consumer electronics devices that can
capture, process, store and transmit digital video has significantly increased. The video
streaming services have become popular. The video calls have become part of daily life.
The ongoing COVID-19 pandemic has further increased the digital video consumption as

the demand for video conferencing and online education significantly increased.

In addition, the continuously increasing demand for higher temporal and spatial
resolutions, high dynamic range (HDR) video, and immersive video further increased the
amount of digital video that needs to be stored and transmitted. According to CISCO
Visual Networking Index, the video content will have more than 82% share in the total

internet traffic by 2022, as shown in Figure 1.1 [1].

Efficient video compression, therefore, is a critical need to enable all these
applications under limited bandwidth and storage capacity. The two latest video coding
standards, High Efficiency Video Coding (HEVC) and Versatile Video Coding (VVC),
are developed to fulfill this need [2].

These video coding standards have very high computational complexity. Most of the
video content is consumed on battery-powered devices as shown in Figure 1.2 [3].
Software implementations of these video coding standards either do not satisfy real-time
performance (frames per second) or power consumption requirements for power-
constrained devices. Hardware implementations, on the other hand, satisfy these

requirements.
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Figure 1.2 Country-wise estimate of daily video consumption time by device type.

Approximate computing is a new design technique that trades off accuracy for
performance, area and/or power consumption for error-tolerant applications such as video
coding. The video compression is error-tolerant in nature since the only requirement is to
produce output that has sufficient quality to provide good user experience. Therefore,
approximate computing has a huge potential to improve the performance, area and/or

power consumption of hardware implementations of video coding standards.



1.1 Video Coding Fundamentals

A video is a sequence of images captured at high enough rate to create the visual
perception of smooth motion. These images (or frames) have four types of redundancies:
perceptual, spatial, temporal, and statistical. A video encoder compresses a video by

removing these redundancies.

Transmission
Medium

Figure 1.3 Workflow of a video system

The typical flow of a video system involves an encoder at the transmitting end and a
decoder on the receiving end as shown in Figure 1.3. The video encoder produces a bit
stream representing the video and the video decoder decodes that bitstream to reproduce
the video. The encoder and decoder must agree on the syntax of the bitstream. A video
coding standard defines the syntax of the encoded bitstream. The video encoder tries to
find the best possible way to compress the video, whereas the video decoder decodes the
encoded video by following the syntax of the bitstream. Therefore, video encoder has

significantly higher computational complexity than video decoder.

The peak-signal-to-noise-ratio (PSNR) metric is often used to measure the quality of
an encoded video. The PSNR provides a measure of relative error between original and
decoded video. The average amount of bits required to encode one second of video is
usually referred to as the bitrate. The efficiency of a video encoder is usually measured in
terms of rate distortion (RD) performance. The RD performance is visualized by plotting
the PSNR against the corresponding bitrate over a range of operating points. This

graphical representation is called RD curve.



1.2 Video Coding Standards

In the last three decades, several video coding standards are developed by ITU-T and
ISO standardization organizations independently or with the combined effort of their Joint
Collaborative Team on Video Coding (JCT-VC). The development history of these video
coding standards is shown in Figure 1.4. Each new video coding standard provides higher

coding efficiency than its predecessor.

ISO-MPEG MPEG-1 MPEG-4
ITU-T H.261 H.263
1990 1993 1995 1996 1999 2003 2013 2020

Figure 1.4 Development history of video coding standards

These video coding standards use the same block-based hybrid coding model shown
in Figure 1.5 [2]. In the video encoder, there is has a forward path to generate bitstream
and a reconstruction path to ensure that identical reference frames are used in both video
encoder and decoder. Each video frame is divided into small blocks. Each block is coded
individually in raster scan order. Each block is predicted by intra prediction and inter
prediction (motion estimation). Mode decision determines the best prediction. Predicted
block is subtracted from the current block, and the resulting residual block is transformed,

quantized and entropy coded.

The latest video coding standards HEVC and VVC also use this block-based hybrid
coding model. However, they use different algorithms for intra prediction, inter prediction

and transform.
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Figure 1.5 Overview of a typical block-based encoder

1.2.1 High Efficiency Video Coding (HEVC) Standard

HEVC standard was developed in 2013 [4]. HEVC provides 50% better coding
efficiency than its predecessor H.264/AVC standard by using several new coding tools
[5]. HEVC replaces the macroblock used in previous video coding standards with the
coding tree unit (CTU). It uses a new block partitioning structure based on a quadtree.
The largest CTU size in HEVC is 64x64 whereas the largest macroblock size in H.264 is
16x16. The size of a CTU in HEVC can be 16x16, 32x32, or 64x64. The CTU can be
partitioned into coding units (CUs) recursively using quadtree structure. The size of a CU
can be 8x8, 16x16, 32x32, or 64x64. The mode decision between intra prediction and
inter prediction is done at the CU level. A CU can be further partitioned into prediction
units (PU). A PU can be square, rectangular, or asymmetric as shown in Figure 1.6. The
size of a PU can vary from 8x4 or 4x8 to 64x64. The asymmetric and rectangular
partitions can only be used for inter-prediction and only square partitions can be used for

intra prediction.

HEVC uses three types of intra prediction, DC, planar, and angular. The angular
prediction supports up to 33 directions. The intra PU size can be as small as 4x4. HEVC
inter prediction is computationally more complex than H.264 inter prediction because of

the larger block size and larger number of block partitions.
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Figure 1.6 Partitioning of a CU into a PU in HEVC

1.2.2 Versatile Video Coding (VVC) Standard

VVC is the latest video coding standard developed in 2020 by the Joint Video Experts
Group (JVET) of ITU and I1SO standardization organizations [6]. VVVC offers 50% better
coding efficiency than HEVC and 75% better coding efficiency than H.264 standard at
the cost of significant increase in computational complexity [7]. VVC is designed to be
versatile, i.e., it supports encoding diverse type of video content such as high dynamic

range, 360° video, and virtual reality.

The largest CTU size in VVC is 128x128. VVC uses a new quadtree plus multi-type
tree (QTMT) structure which allows more flexible block partitions than HEVC. VVC
uses translational motion estimation used in previous video coding standards. However,
it also uses affine motion estimation and bi-directional optical flow to predict more
complex motion. The intra prediction in VVC is also more complex than HEVC as it uses
93-direction angular prediction. VVC uses multiple primary transforms (DCT, DST) and

a low frequency non-separable secondary transform.

1.3 Motion Estimation

These video coding standards use block matching for motion estimation. In block
matching, current video frame is divided into blocks. As shown in Figure 1.7, for each
block in the current frame, the best matching block in a search window (SW) in the
reference frame and the corresponding motion vector (MV) are determined.
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Figure 1.7 The motion estimation process

Sum of absolute differences (SAD) metric is typically used to determine the best
matching block. The SAD between two blocks, A and B, of size W x H is calculated as
shown in (1.1), where A(i,j) and B(i,j) are values of the pixels in ith row and jth column

of A and B, respectively.

W-1H-1

SAD = ) 3" |AGL)) =BG (1.1)

i=0 j=0

ME is the most computationally complex and memory intensive module in all the
video coding standards. Its complexity has increased in HEVC and VVC standards. In
HEVC encoder, ME accounts for up to 83% and on average 70% of the total encoder
complexity [8]. In VVC encoder, ME accounts for on average 65% of the total encoder
complexity [9]. Therefore, efficient HEVC and VVVC ME hardware implementations are

necessary to perform real-time video coding.

1.4 Thesis Contributions

This thesis makes the following technical contributions:

We propose an efficient HEVC ME hardware. An approximate adder, suitable for
absolute difference operation, is proposed and integrated to this HEVC ME hardware. A
framework is proposed to compare the performance of approximate circuits. Detailed



comparison of several approximate circuits including the proposed approximate adder
and traditional bit truncation technique for HEVC ME is presented. The proposed
approximate adder achieved up to 10% power reduction in the ME hardware while
providing better quality than the other approximate circuits.

We propose an efficient translational VVVC motion estimation hardware. It is the first
VVC ME hardware in the literature. It supports maximum coding tree unit size of
128x128 using a 64x64 systolic processing element array and a novel memory-based
SAD adder tree. It reduces memory accesses significantly by using an efficient data access
and reuse method. The proposed VVC ME hardware is implemented on a Xilinx Virtex
7 FPGA. It can process up to 30 4K (3840x2160) video frames per second.

We propose an efficient approximate SAD hardware with very small maximum and
average error for FPGAs. The proposed approximate SAD hardware utilizes the unused
LUT inputs to reduce area and power consumption while providing an almost accurate
result. The proposed approximate SAD hardware has smaller maximum and average error
than the approximate SAD hardware in the literature. It uses up to 20% less LUTSs than
the smallest approximate SAD hardware in the literature. It consumes up to 38% less
power than the lowest power consuming approximate SAD hardware in the literature.

We propose a methodology for designing low error efficient approximate adders for
FPGAs. The proposed methodology utilizes FPGA resources efficiently to reduce the
error of approximate adders. We propose two approximate adders for FPGAs using our
methodology: low error and area efficient approximate adder (LEADX), and area and
power efficient approximate adder (APEX). Both approximate adders are composed of an
accurate and an approximate part. The approximate parts of these adders are designed in
a systematic way to minimize the mean square error (MSE). LEADX has lower MSE than
the approximate adders in the literature. The 32-bit LEADXx with 16-bit approximation
has 20% lower MSE than the approximate adder with the lowest MSE in the literature.
The 16-bit APEx with 8-bit approximation has the same area, 60% lower MSE, and 4.5%
less power consumption in Xilinx Virtex 7 FPGA than the smallest and lowest power
consuming approximate adder in the literature. APEXx has smaller area and lower power
consumption than the other approximate adders in the literature. As a case study, the
approximate adders are used in video encoding application. LEADXx provided better

quality than the other approximate adders for video encoding.



1.5 Thesis Outline

The rest of the thesis is organized as follows:

Chapter 2 presents a new approximate adder and an efficient HEVC ME hardware.
First, a framework to compare approximate circuits is presented and the performance of
approximate circuits is determined using the proposed framework. Then, HEVC ME
hardware is explained. Finally, the impact of using approximate circuits in ME hardware
IS presented.

Chapter 3 presents an efficient VVC ME hardware. First, VVVC motion estimation is
explained. Then, the proposed VVC ME hardware is explained. Finally, its
implementation results and comparison with HEVC ME hardware in the literature are
presented.

Chapter 4 presents an approximate SAD hardware for ME. First, accurate absolute
difference hardware implementations are explained, and an overview of the Xilinx Virtex
FPGAs is provided. Then, the proposed approximate SAD hardware is explained. Finally,
its implementation results and comparison are presented.

Chapter 5 presents low error efficient approximate adders for FPGAs. First, the
concept of length of carry is presented. Then, the methodology proposed for designing
low error efficient approximate adders for FPGAs is explained. Then, the proposed
approximate adders and the mathematical models to compute their error metrics are
explained. Then, their error analyses and implementation results are presented. Finally,
the results of using approximate adders in video encoding are presented.

Chapter 6 concludes this thesis and presents potential future work.



Chapter 2

APPROXIMATE CIRCUITS FOR HEVC MOTION ESTIMATION

Video coding is a very computationally complex process and the growing demand
for ultra-high-definition video has led to development of more computationally complex
video coding standards. The current state-of-the-art video coding standard, High
Efficiency Video Coding (HEVC), provides 50% better compression efficiency compared
to H.264 video coding standard, at the expense of more computational complexity [5].
Versatile Video Coding (VVC) standard is expected to provide better compression
efficiency than HEVC standard at the expense of even more computational complexity
[2].

Motion estimation (ME) is the most computationally complex and power consuming
module in video encoder hardware. Block matching ME is used in H.264, HEVC and
VVC standards to remove temporal redundancies in video sequences. For each block in
the current frame, block matching ME determines the best matching reference block in a
search window in the previous frame based on a distortion metric.

Sum of absolute differences (SAD) is the most commonly used distortion metric for
block matching ME. SAD value for a current block of H x W pixels is defined as

H W
SAD = Z ZICur(x, y) — Ref(x,y)| 2.1)

x=1y=1
where Cur(x,y) is value of the pixel in (X,y) position of the current block and Ref(x,y) is
value of the pixel in (X,y) position of the reference block.

Number of search locations that should be searched for each block in the current
frame depends on ME algorithm and size of search window. For example, for full search
ME algorithm with 16x16 search window, 256 search locations should be searched. For
full search ME algorithm with 128x128 search window, 16384 search locations should

be searched. Number of arithmetic operations required for calculating SAD values for a
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search location depends on size of the largest coding block, and number and sizes of its
sub-blocks.

In HEVC, the largest coding block size is 64x64 and it has 593 sub-blocks. 4096
absolute difference and 4517 addition operations are required to calculate 593 SAD values
of a 64x64 block in the current frame for one search location. 141 million arithmetic
operations are required to calculate SAD values for 16384 search locations.

Block matching is repeated for all blocks in the current frame. There are 8100 16x16
blocks in a full high definition (1920x1080) image. There are 2025 64x64 blocks in an
ultra-high definition (3840x2160) image. Block matching is then repeated for all frames
in the video sequence. Video sequences typically have at least 30 frames per second.
Therefore, block matching ME requires huge amount of arithmetic operations.

Approximate hardware can achieve better performance, area and power consumption
than accurate hardware while providing acceptable quality for error tolerant applications
[11]-[13]. Video coding can tolerate small errors [14]. Therefore, approximate computing
can be used for block matching ME.

Approximate adders proposed in literature can be broadly classified into two
categories. (1) Approximation of 1-bit full adder [15], [16]. These adders simplify 1-bit
full adder logic. They divide n-bit addition into two parts, approximate part for least
significant bits (LSBs) and accurate part for most significant bits (MSBs). They use the
approximate 1-bit full adder in the approximate part. (2) Segmented adders [17], [18].
These adders break the carry chain by dividing n-bit addition into several smaller fixed
size overlapping sub-adders working in parallel. They have higher speed than accurate
adders. However, they consume more area and power than accurate adders.

Bit truncation technique is used to increase speed and reduce area and power
consumption of ME hardware [19], [23] - [25]. Recently, several works analyzing impact
of using approximate circuits in ME hardware are published. Impact of using approximate
arithmetic in HEVC ME to reduce computational complexity is analyzed in [20]. An
approximate SAD hardware using lower-part-OR adder (LOA) [16] is proposed for
HEVC ME in [21]. Impact of using approximate adders in different parts of SAD tree is
analyzed in [22]. However, their ME hardware does not support the asymmetric partitions
defined in HEVC standard. In addition, quality of approximate adder is analyzed using
only error distance and power metrics, speed and area results are not reported.

In this chapter, an approximate adder is proposed. Detailed assessment of using the

proposed approximate adder, several generic approximate adders, the approximate
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absolute difference hardware proposed in [26] and bit truncation in HEVC ME hardware
is presented.

The proposed approximate adder achieved up to 10% power reduction in ME
hardware while providing better quality than the other approximate circuits. Traditional
bit truncation achieved the largest area and power reductions in ME hardware at the
expense of more quality loss than the proposed approximate adder. Generic accuracy
reconfigurable adder (GeAr) segmented approximate adder [18] had the worst quality,

area and power consumption results.

2.1 Assessment of Approximate Circuits in Absolute Difference Hardware

We assessed impact of using several approximate circuits including the proposed
approximate adder and traditional bit truncation technique in absolute difference

hardware using the framework shown in Figure 2.1.

‘ Absolute Difference Architecture ‘

Hardware i Software
‘ Verilog HDL Description ‘ ‘ Modeling in C Language ‘
Verilog RTL Synthesis ‘ Functional Simulation ‘
& Implementation
on a Xilinx Virtex 7 FPGA J
Jﬁ Result Verification ‘
‘ Post-Implementation Simulation }»
- - ‘ Determining Quality Metrics ‘
‘ Power and Energy Estimation ‘

Figure 2.1 Approximate Circuits Assessment Framework

As shown in the figure, for each approximate circuit, the absolute difference
hardware using this approximate circuit is described in Verilog HDL. The Verilog RTL
code is synthesized and implemented on a Xilinx Virtex 7 FPGA. The FPGA
implementation is verified with post-implementation timing simulations. The absolute
difference hardware using this approximate circuit is also modeled in C language.
Functional simulation results of the C model and post-implementation timing simulation
results are compared to verify the C model and the FPGA implementation.

We used percentage accuracy, average error, mean squared error and standard
deviation quality metrics as defined in equations (2.2)-(2.7) to assess the quality of using
an approximate circuit in absolute difference hardware. In these equations, R is accurate

result, R is approximate result, X is total number of results, and Y is number of
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inaccurate results. We determined these quality metrics for each approximate circuit using
its C model.

Absolute Error Value

AEV = |R — R’| (2.2)
Percentage Accuracy
X-Y
PA = * 100 (2.3)
Total Error
X
TE = ZAEVL- (2.4)
i=1
Average Error
TE
AE = 5a (2.5)
Mean Squared Error
X
MSE = %Z(AEVQZ (2.6)
i=1

Standard Deviation

e (2.7)

J X ((AEV; — AE)?
o=

The proposed 1-bit approximate full adder is shown in Figure 2.2 (a). It generates
carry-out (Cout) output without considering the effect of carry-in (Cin) input. Carry-out is
1 whenever one or both inputs A and B are 1. The sum logic is also modified to reduce
error magnitude. Error is generated in the following two cases; (A=0,B=1,Cin=0 >
S=0,Cot=1)and (A=1,B=0,Cin=0-> S=0, Cout = 1). An important property of
the proposed approximate full adder is that it generates accurate outputs when carry-in
input is 1. Since carry-in for the subtraction in absolute difference operation is always 1,
this property is very useful for absolute difference operation. Maximum error magnitude
of the proposed approximate full adder is 1.

An approximate n-bit subtractor can be designed using the proposed 1-bit
approximate full adder as shown in Figure 2.2 (b). An approximate m bit adder is used in
the least significant m bits of the approximate subtractor. An exact n-m bit adder is used

in the most significant n-m bits of the approximate subtractor. In the approximate m-bit
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adder, m 1-bit proposed approximate full adders are used. Since carry-out output of each
1-bit full adder is generated without considering the effect of its carry-in input, carry-out
outputs of all m 1-bit full adders are generated in parallel. Since the proposed approximate
1-bit full adder generates accurate outputs when carry-in input is 1, approximate n-bit

subtractor using the proposed full adder has 100% accuracy when mis 1.

B%n ny A

A Cout DEm m
fom "

B Bn-1--Bm An-l--Am Bm-1~-BD Am»l'-AO

Cin

Accurate Approximate
Adder Cin W Adder Cin i}

Cout Sm-1.-So

@ (b)

Figure 2.2 (a) Proposed 1-bit Approximate FA (b) n-bit Approximate Subtractor

Many approximate arithmetic circuits are proposed in the literature. The approximate
circuits used in this chapter are selected based on the analysis results reported in literature.
In [20], two 1-bit approximate full adders from [15] are determined to give the best
performance for ME. In this chapter, these 1-bit full adders are referred to as IMPACT-1
and IMPACT-2. They are shown in Figure 2.3 (a) and Figure 2.3 (b), respectively. An
approximate n-bit subtractor can be designed using IMPACT-1 or IMPACT-2 as shown
in Figure 2.2 (b). In the approximate m-bit adder, m 1-bit IMPACT-1 or m 1-bit IMPACT-

2 full adders are used.

A Cout A Cout

B I B
Cin {\—J‘i Sum Gin Sum
(@ (b)

Figure 2.3 Approximate Adders (a) IMPACT-1 (b) IMPACT-2
In [21] and [22], it is shown that lower-part-OR adder (LOA) [16] performs better

than many segmented adders for ME. m-bit LOA is o
shown in Figure 2.4. An approximate n-bit subtractor can f\:iiﬁsm
be designed using LOA as shown in Figure 2.2 (b). Inthis  a ) >————s
approximate n-bit subtractor, m-bit LOA is used as the  —— e

m-bit approximate adder. Figure 2.4 m-bit LOA
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Generic accuracy reconfigurable adder (GeAr) can be configured to reproduce
several other segmented adders [18]. For example, GeAr (N=8, R=1, P=3) is the same as
almost correct adder (ACA-1) (N=8, Q=4) [9] and GeAr (N=8, R=2, P=2) is the same as
accuracy configurable adder (ACA-II) (N=8, Q=4) [17]. Therefore, we selected GeAr
among segmented adders for our analysis. GeAr is shown in Figure 2.5 (a). The novel
approximate absolute difference (NAAD) hardware proposed in [26] is also included in
our analysis. Two configurations of 8-bit NAAD are shown in Figure 2.5 (b) and Figure
2.5 (c).

A[7:2] 1 Cout
8 B[7:2] | Sub-Adder2 |gi751 s[76]
SL[5‘2]
’ g | sum
— C[1:0]
Sub-Adder 1 S[5:0]

8
|A-B|

Figure 2.5 (a) GeAr Adder (N=8, R=2, P=4) (b) NAAD 0 (c) NAAD 2
We used the two accurate absolute difference (AD) hardware shown in Figure 2.6 (a)
and Figure 2.6 (b) to provide baseline results for our analysis. We assessed impact of
using the approximate subtractor shown in Figure 2.2 (b) based on the proposed,
IMPACT-1, IMPACT-2 and LOA adders for the subtraction operation in baseline 2 AD
hardware. We assessed impact of using 1-bit, 2-bit, 3-bit and 4-bit approximate adder in
this 8-bit approximate subtractor.

Aﬁ; sr\B C[g(;Q] % B J
1 X
l i = i i ol a0l

1

8 8
8
8 g v
e
8 8
|A-B| 5 |A-B|

@ (b)

Figure 2.6 (a) Baseline 1 AD Hardware (b) Baseline 2 AD Hardware

We assessed impact of using the following four configurations of GeAr for the
subtraction operation in baseline 2 AD hardware (a) N=8, R=1, P=6 (b) N=8, R=2, P=4
(c) N=8, R=1, P=4 (d) N=8, R=2, P=2. These configurations correspond to 1-bit, 2-bit, 3-
bit and 4-bit approximations, respectively.

We analyzed using four different configurations of NAAD with 8, 7, 6, 5 XOR gates
for the absolute difference operation. These configurations are referred to as NAAD 0,
NAAD 1, NAAD 2, NAAD 3, respectively. They correspond to 1-bit, 2-bit, 3-bit and 4-
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bit approximations, respectively. Finally, we analyzed applying traditional 1-bit, 2-bit, 3-
bit, 4-bit truncation to baseline 2 AD hardware.

The assessment results are shown in Figure 2.7. In the figure, percentage accuracy
(PA), average error (AE), mean-squared error (MSE), and standard deviation (SD) quality
metric results are shown. In addition, maximum frequencies and energy consumptions of
baseline and approximate AD hardware are shown. The results can be interpreted as
follows. For PA and maximum frequency, the higher the better. For all other metrics, the
lower the better.
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Figure 2.7 Assessment Results (a) Percentage Accuracy (b) Average Error (c) Mean
Squared Error (d) Standard Deviation (e) Maximum Frequency (f) Energy Consumption

Traditional bit truncation performs the worst in terms of all quality metrics. PA of
the proposed adder is the best among all approximate circuits for 1-bit approximation,
and second only to GeAr for 2-bit, 3-bit and 4-bit approximations. However, the proposed
adder performs much better than GeAr in other quality metrics. The proposed adder
performs the best in terms of AE and MSE quality metrics. It has comparable SD results
with other approximate circuits. Traditional bit truncation and NAAD achieve the fastest

frequency. Traditional bit truncation, as expected, achieves the lowest energy
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consumption due to reduced hardware area. The proposed adder achieves lower energy
consumption than the other approximate circuits.

In summary, traditional bit truncation achieves better speed, area and energy
consumption at the expense of more quality loss than the other approximate circuits. The
proposed adder performs the best in terms of the quality metrics. It achieves the lowest
energy consumption among the other approximate circuits. GeAr performs worse than

the other approximate circuits in terms of all metrics except PA and speed.

2.2 Motion Estimation Hardware

We designed and implemented an HEVC variable block size full search ME
hardware to assess impact of using approximate absolute difference hardware inan HEVC
ME hardware. The proposed HEVC ME hardware supports both symmetric and
asymmetric block partitions in HEVC standard. Block diagram of this ME hardware is
shown in Figure 2.8. Its architecture is similar to the H.264 variable block size full search

ME hardware proposed in [27].
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Figure 2.8 HEVC Motion Estimation Hardware

k.

CP_O RP_O CP_1RP_1 CP_2 RP_2 CP_3 RP.3 CP_14 RP_14CP_I5RP_15
g 8 g8 Suys

Figure 2.9 HEVC ME Processing Unit
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Current block pixels are stored in the current block registers. 128x128 search window
pixels are stored in sixty-five 18K Block RAMs (BRAM) in FPGA. 256 processing units
are used to calculate absolute differences and 4x4 SAD values for a 64x64 block in
parallel. As shown in Figure 2.9, a processing unit uses 16 absolute difference hardware
and 15 adders to generate one 4x4 SAD value. The 4x4 SAD values are then used to
calculate SAD values of larger block sizes.

The proposed HEVVC ME hardware implements snake scan order in vertical direction.
Control module keeps track of the scan direction and whenever a change in direction is
required, it reconfigures the processing units to receive reference pixels from either top,
right, or bottom. The proposed HEVC ME hardware has 9 clock cycles latency; 2 cycles
for synchronous read from BRAM, 1 cycle for data loading/shifting, 1 cycle for absolute
difference operation, 1 cycle for 4x4 SAD value generation, and 4 cycles to generate 593
SAD values for a search location. It takes 64 clock cycles to read the first 64x64 reference
block from search window BRAMs. After that, 593 SAD values for a search location are
generated every clock cycle.

SAD trees work in a hierarchical manner by using SAD values of smaller block sizes
to calculate SAD values of larger block sizes. For example, 4x4 SAD values are used to
calculate 8x4 and 4x8 SAD values, and then 4x8 SAD values are used to calculate 8x8
SAD values. This process continues until SAD value of 64x64 block is calculated. For
each sub-block in a 64x64 block, its minimum SAD and corresponding best motion vector
(MV) are stored in registers. In every clock cycle, comparators compare the minimum
SAD values of the corresponding sub-blocks with the new SAD values calculated in SAD
trees. If a new SAD value is smaller than the stored SAD value, comparator stores the

new SAD value and MV to the corresponding minimum SAD and best MV registers.

2.3 Assessment of Approximate Circuits in Motion Estimation Hardware

We assessed impact of using the approximate absolute difference hardware presented
in Section 2.1 in the HEVC ME hardware presented in Section 2.2. For each approximate
absolute difference hardware, we replaced the 4096 exact absolute difference hardware
in Verilog RTL code of the HEVC ME hardware with this approximate absolute
difference hardware. In addition, we used the baseline 2 accurate absolute difference

hardware shown in Figure 2.6 (b) to provide baseline results for our analysis.
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All Verilog RTL codes are synthesized and implemented using Xilinx Vivado Design
Edition 2017.4 on Xilinx Virtex 7 XC7VX485TFFG1157 FPGA with speed grade 3. For
all ME hardware, Vivado Synthesis Defaults and Performance Explore synthesis and
implementation strategies are used, respectively.

We also developed behavioral models of the HEVC ME hardware in C language. All
Verilog RTL codes are verified with RTL simulations. All FPGA implementations are
verified with post-implementation timing simulations. Simulation results matched results
of the corresponding C model of the approximate HEVC ME hardware.

Switching activity interchange format (SAIF) files are generated for the HEVC ME
hardware with post-implementation timing simulations for Foreman video using Mentor
Graphics QuestaSim. Power consumptions of the HEVC ME hardware are estimated with
Xilinx Vivado using these SAIF files.

Table 2.1 presents average MSE results for all HEVC sub-block sizes for Foreman
video sequence. The proposed approximate adder achieves the smallest MSE results in
most cases. GeAr performs the worst. It has the largest MSE results in all cases.
Traditional bit truncation also performs worse than the proposed approximate adder in all
cases.

Table 2.1 HEVC MSE Results

Approximate Circuit and its
Configuration

Baseline 32.36
32.36
32.33
32.40
32.64
32.32
32.42
32.53
33.25
32.32
32.33
32.48
33.05
32.38
32.57
32.85
33.99
32.37
32.88
32.92
34.57
R1 P6 94.78
R2_P4 69.45
R1 P4 134.47
R2_P2 71.31
32.38
32.48
33.33
35.70

HEVC MSE

Proposed

NAAD

LOA

IMPACT-1

IMPACT-2
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GeAr

Bit Truncation

AWIN(F
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The other approximate circuits perform better than the proposed approximate adder
in some cases. These MSE results are consistent with the quality results of approximate
absolute difference hardware shown in Figure 2.7.

In some cases, ME hardware using approximate absolute difference hardware has
smaller MSE value than ME hardware using accurate absolute difference hardware. This
is mainly because of the difference between SAD and MSE metrics. For example, for the
following two sets of absolute differences A={2,2,2,2} and B = {3,3,0,0}, SAD{A} =8
and SAD {B} = 6, whereas MSE {A}= 4 and MSE {B} = 4.5. A ME hardware using
accurate absolute difference hardware will select SAD {B} as the minimum SAD.
However, a ME hardware using an approximate absolute difference hardware may
inaccurately select SAD {A} as the minimum SAD. Therefore, an approximate ME
hardware may have smaller MSE value than accurate ME hardware.

Area and power consumption results of HEVC ME hardware are shown in Figure
2.10. In the figure, percentage reductions achieved by approximate ME hardware
compared to the corresponding accurate ME hardware are shown. As expected, traditional
bit truncation achieves the largest area and power consumption reductions at the expense
of more quality loss than the proposed approximate adder. GeAr has the worst area and
power consumption results.

For 1-bit approximation, the proposed approximate adder achieves 5% and 3% power
reductions in HEVC ME hardware respectively, without affecting quality. For 4-bit
approximation, it has the smallest MSE value and the largest power reduction (10%) in

HEVC ME hardware compared to other approximate circuits.

20



20 B Approx. Bits: 1/GeAr_R1P6 M Approx. Bits: 2/GeAr_R2P4
3 mApprox. Bits: 3/GeAr_R1P4 m Approx. Bits: 4/GeAr_R2P2
2
§ 10
E I
S
: [ 1l
o
g 11 I
o
o
'-10
[8)
>
w
I
-20
Proposed NAAD LOA IMPACT-1 IMPACT-2 GeAr Truncation
(a)
20 B Approx Bits: 1/GeAr_R1P6 M Approx. Bits: 2/GeAr_R2P4
< 15 mApprox. Bits: 3/GeAr_R1P4 m Approx. Bits: 4/GeAr_R2P2
X
c
S 10
g
A
(%)
g L
v -5
o
@
T -10
-15
Proposed NAAD LOA IMPACT-1 IMPACT-2 GeAr Truncation
(b)
20 mApprox. Bits: 1/GeAr_R1P6  m Approx. Bits: 2/GeAr_R2P4
M Approx. Bits: 3/GeAr_R1P4 M Approx. Bits: 4/GeAr_R2P2
£ 10
g I
g z 1 | -
: II I II I I I I II
o
5 -10
—
[8)
o -20
I
-30
Proposed NAAD LOA IMPACT-1 IMPACT-2 GeAr Truncation
(c)

Figure 2.10 (a) Power Reduction (%) (b) Slice Reduction (%) (c) LUT Reduction (%)

21



Chapter 3

AN EFFICIENT VERSATILE VIDEO CODING MOTION
ESTIMATION HARDWARE

As the amount of video data is increasing significantly, more efficient video
compression is needed to transmit and store this video data with limited available
bandwidth and storage space [1]. Therefore, Joint Video Experts Team (JVET) of ITU-T
and ISO standardization organizations developed Versatile Video Coding (VVC)
standard in 2020 [6]. VVC provides 50% higher compression efficiency than its
predecessor High Efficiency Video Coding (HEVC) standard developed in 2013 [7, 28].
VVC is designed to encode diverse video content such as high dynamic range, 360° video
and virtual reality [2].

VVC uses several new encoding tools to achieve better compression than HEVC such
as new block partitioning structure called quadtree plus multi-type tree (QTMT), affine
motion estimation and multiple transforms [29]. VVC divides a video frame into blocks
called coding tree units (CTUs) and encodes each CTU separately. Each CTU can be
further divided into coding units (CUs) using QTMT. QTMT allows more partitions than
simple quadtree (QT) partitioning used in HEVC. The maximum CTU size in VVC is
128x128. The maximum CTU size in HEVC is 64x64.

VVC achieves higher compression efficiency than HEVC at the cost of significant
increase in computational complexity. VVC encoder is 5 times and 31 times more
complex than HEVC encoder under Low-Delay and All-Intra configurations, respectively
[9]. The encoding time of VVVC reference software encoder (VTM) is about 10 times more
than the encoding time of HEVC reference software encoder (HM) [30]. Therefore,
dedicated hardware implementations are needed for processing high resolution videos in
real-time [31].

Successive frames in a video sequence have temporal redundancy. Video coding

standards remove this temporal redundancy by performing motion estimation (ME). ME
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is the most time consuming and memory intensive module in video encoding [32]. More
than 50% of the encoding time of VVVC encoder is spent for ME [9]. Up to 60% of the
memory accesses of VVVC encoder comes from ME module [33].

There are several HEVC ME hardware in the literature [34, 35, 36, 37, 38, 39, 40].
Several sum of absolute differences (SAD) hardware that can be used for ME are
proposed in the literature [41, 42]. There are several VVC intra prediction, fractional
interpolation and transform hardware in the literature [43, 44, 45, 46]. However, to the
best of our knowledge, there is no VVC ME hardware in the literature.

In this chapter, we propose the first VVC ME hardware in the literature. The
proposed hardware uses the full search ME algorithm to determine the best motion vector
for all the QTMT partitions in a CTU, from 8x4 (4x8) to 128x128. It uses SAD metric to
determine the best motion vector. The proposed hardware calculates SADs of 128x128
CTU using a 64x64 systolic processing element array and a novel memory-based SAD
adder tree to achieve real-time performance with small hardware area. It reduces memory
accesses significantly by using an efficient data access and reuse method.

The proposed VVC ME hardware is implemented using Verilog HDL. It works at
253 MHz on a Xilinx Virtex 7 FPGA, and it can process up to 30 4K (3840x2160) video

frames per second (fps).

3.1 VVC Motion Estimation

VVC uses block matching for translational motion estimation. In block matching,
current video frame is divided into blocks. As shown in Figure 1.7, for each block in the
current frame, the best matching block in a search window (SW) in the reference frame
and the corresponding motion vector (MV) are determined. SAD metric is typically used
to determine the best matching block. SAD between blocks A and B is calculated as
shown below, where WxH is the block size, A(i, j) and B(i, j) are pixels in ith row and

jth column of A and B, respectively.
W-1H-1

SAD = Z ZlA(i,j) — BG, ) 3.1)

i=0 j=0

Video coding standards perform variable block size block matching motion
estimation. Large block sizes achieve higher compression for smooth areas of video

frames, whereas small block sizes achieve higher compression for detailed areas of video
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frames. Because large block sizes can find good matches for smooth areas, and they
require less MVs than small block sizes. However, large block sizes cannot find good
matches for detailed areas.

Both HEVC and VVC divide a video frame into blocks called CTU. In HEVC, the
maximum CTU size is 64x64. A CTU can be recursively partitioned into square-shaped
CUs using QT. The size of a CU can be from 8x8 to 64x64. A CU can be partitioned only
once into square, rectangular and asymmetric partitions called prediction unit (PU). The
PU size can be from 4x8 or 8x4 to the CU size for motion estimation.

In VVC, the maximum CTU size is 128x128. A CTU can be recursively partitioned
into CUs using QTMT [47]. QTMT achieves higher compression than QT used in HEVC
by allowing more partitions than QT.

QTMT is a tree in which a node can be split using QT, binary tree (BT) or ternary
tree (TT). A BT splits a node into two rectangular blocks. A TT splits a node into three
rectangular blocks, two of which have the same size. BT and TT splits can be applied in
horizontal or vertical direction. In Figure 3.1, five possible QTMT partitions are shown;
binary horizontal (BH), binary vertical (BV), ternary horizontal (TH), ternary vertical

(TV), quad (Q).

BH BV Q

Figure 3.1 Allowed partitions in VVC.

There are some restrictions in QTMT partitioning [48]. If a node is split with QT, it
can be further split with any of the five QTMT partitions. However, if a node is split with
either BT or TT, it can no longer be further split with QT. An example of QTMT
partitioning of 128x128 CTU is shown in Figure 3.2.

As shown in Figure 3.3, the same partitions can be achieved with different splitting
patterns. If the central partition of a TT split is further split with BT in the same direction,
it achieves the same partitions with BT split followed by BT split in the same direction.
Similarly, QT split followed by QT split achieves the same partitions with BT split in one
direction followed by BT split in the other direction. VVC does not allow these redundant
partitions [48].
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Figure 3.3 Examples of redundant partitions in VVC.

In addition to translational ME, VVC uses affine motion estimation (AME) to predict
more complex motion such as rotation or scaling. Turning off AME in VVC video
encoding causes 3% loss in compression efficiency but provides 20% encoding time
reduction [49]. It is reported in [50] that translational motion estimation is used for more
than 90% cases in VVC video encoding. Therefore, in this chapter, we propose an
efficient ME hardware for VVC translational ME.

3.2 Proposed VVC Motion Estimation Hardware

VVC defines the following control parameters to adjust the computational

complexity of ME by restricting the number of partitions.

e MaxCUWidth and MaxCUHeight define the maximum allowed width and height
of a CU, respectively.

e MinQTSize defines the minimum node size that can be reached with QT split.

e MaxBtSize and MaxTtSize define the maximum node size to which BT and TT
split can be applied, respectively.

o MaxMttDepth defines the maximum allowed depth of multi-type tree splitting
after QT split.
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In the proposed VVC ME hardware, MaxCUWidth and MaxCUHeight are set to 128.
Therefore, the largest CU size is 128x128. MinQTSize is set to 8. Therefore, an 8x8 CU
can only be further split with BT. MaxBtSize and MaxTtSize are set to 32. MaxMttDepth
IS set to 2. Therefore, multi-type tree split is not applied to CU sizes larger than 32x32.
The maximum depth of multi-type tree split is 2, i.e., multi-type tree split can be applied
at most twice.

The number of possible partitions in a 64x64 CU with these parameter values are
shown in Table 3.1. Let X and Y represent one of the four possible multi-tree type
partitions shown in Figure 3.1, then the partition type X_Y in Table 3.1 represents the
case where first X type split then Y type split are applied after QT split. For example,
BH_BH partition type represents the case where first binary horizontal split is applied
after QT split, then binary horizontal split is applied to the 2 new partitions resulting in 4

partitions.

Table 3.1 Number of possible partitions and unique motion vectors in a 64x64 CU

Block Partition Total - Block Partition Total -

Size Type Partitions unique MVs Size Type Partitions Unique MVs

64x64 No Partition 1 1 | 32x32 TH_TH 20 20
Q 4 4 TV BV 24 16

32x32 Q 16 16 TV_TV 20 20
BH 8 8 | 16x16 Q 64 64
BV 8 8 BH 32 32
TH 12 4 BV 32 32
TV 12 4 TH 48 16
BH_BH 16 16 TV 48 16
BH_TH 24 24 BH_BH 64 64
BH_TV 24 8 BH_TV 96 32
BV_BV 16 16 BV_BV 64 64
BV_TH 24 8 BV_TH 96 32
BV_TV 24 24 | 8x8 BH 128 128
TH_BH 24 16 BV 128 128

Total 1077 821

The number of unique MVs is less than the number of partitions for some split types.
For example, the top and bottom partitions of TH split are the same as top and bottom
partitions of BH_BH split. Therefore, there is no need to calculate MVs for top and
bottom partitions of TH split.

Redundant partitions, which are not allowed in VVC, are not shown in Table 3.1. For
example, BH_BV split achieves the same partitions with QT split. Therefore, it is not
allowed in VVC. In addition, some partitions are not allowed since they result in a
partition size with height or width smaller than the minimum allowed CU size. These

partitions are also not shown in Table 3.1. For example, when a 16x16 block is split with
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ternary tree, its further split with ternary tree will result in a partition size of 8x2 or
smaller. This is smaller than the minimum allowed CU size. Therefore, this is not allowed.

The proposed VVC ME hardware is shown in Figure 3.4. It consists of on-chip
memory to store search window pixels and next block of current frame, a systolic array
of processing elements (PEs) to store current and reference block pixels and calculate
their absolute differences, an SAD adder tree to calculate SADs for all the supported CU
sizes, a comparator unit to determine the minimum SAD and its corresponding MV for

each CU size, and a control unit to perform control operations.

Off-chip Memory

ot Current Frame
Frame
I ] T ]
S 4
BRAM | BRAM ]
(Search Window) < Control Unit
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< S Minimum SAD
Systolic Array & Best MV
(Registers and AD Computation) [
3 BRI
SAD Adder Tree Comparator :
FPGA

Figure 3.4 Proposed VVC ME hardware

To achieve real-time performance with small hardware area, the proposed VVC ME
hardware divides 128x128 CTU into four 64x64 CUs. It uses a 64x64 systolic PE array
and 64x64 SAD adder tree to determine the best 821 unique MVs for each of these 64x64
CUs sequentially. First, the best 821 unique MVs for the first 64x64 CU are determined.
Then, the remaining three 64x64 CUs are processed one by one. The proposed hardware
uses a novel memory-based SAD adder tree to determine the best MV for 128x128 CU.
The best MV for 128x128 CU is determined together with the best MVs of last 64x64
CuU.

3.2.1 Memory and Systolic PE Array

Xilinx FPGAs have fast dedicated on-chip memories called Block RAMs (BRAMs).
In the proposed hardware, the current 64x64 CU and its corresponding search window

are read from off-chip memories and stored in the on-chip BRAMs.

27



The proposed hardware has a 64x64 systolic PE array as shown in Figure 3.5. The
systolic array also contains 64 registers to store an additional column of the search
window. As shown in Figure 3.6, a PE consists of two registers which store a current
block pixel and a reference block pixel, an absolute difference (AD) hardware, and an
output register. AD hardware subtracts the reference pixel from the current pixel. If the

subtraction result is negative, i.e., its sign bit is 1, it takes its 2’s compliment to calculate

the absolute difference.
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Figure 3.5 Systolic processing element (PE) array and registers.
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Figure 3.6 Processing Element (PE)

The systolic array receives a new row of 64 reference block pixels from BRAMs in
every clock cycle. It takes 64 clock cycles to fill the systolic array with the 64x64

reference block of the first search location. At the same time, the 64x64 current block
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pixels are also received from BRAMs and stored in the systolic array row by row. After
that systolic array calculates 64x64 absolute differences in one clock cycle and sends them
to SAD adder tree which calculates the SADs for all the partitions of 64x64 CU.

The systolic array stores the same 64x64 current block until all the search locations
in the search window are searched for that current block. It can search a new search
location in the search window in every clock cycle, i.e., it can process 64x64 reference
block of each search location in one clock cycle.

The proposed hardware uses vertical snake scan order as shown in Figure 3.7 (a).
The search starts from the top-left corner of the search window and moves downward
until all the search locations in the first column are searched. Then, the search locations
in the second column are searched in the upward direction. Then, the search locations in
the third column are searched in the downward direction. This continues until all the

search locations in the search window are searched for the current block.

D|U|D A E
Search ;
Cu dy

@) (b)

Figure 3.7 (a) Vertical snake scan order (b) Data re-use in downward, upward, and right
directions.

To achieve high data reuse, each PE can shift its reference pixel up, down, or left.
After a search location in a column, which is searched in the downward direction, is
searched, all the PEs shift their reference pixels up, and a new row of 64 reference block
pixels is read from search window memory and stored in the last row of systolic array as
shown in Figure 3.7 (b). This continues until all the search locations in that column are
searched.

In Figure 3.7 (b), green area represents the reused reference block pixels in the
systolic array, white area represents the new row of 64 reference block pixels, and grey
area represents the discarded row of 64 reference block pixels in the previous reference
block.
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After a search location in a column, which is searched in the upward direction, is
searched, all the PEs shift their reference pixels down, and a new row of 64 reference
block pixels is read from search window memory and stored in the first row of systolic
array as shown in Figure 3.7 (b). This continues until all the search locations in that
column are searched.

After all the search locations in a column are searched, all the PEs shift their reference
pixels left, and a new column of 64 reference block pixels should be stored in the last
column of systolic array. Since row aligned BRAMs are used in the proposed hardware,
it would take 64 clock cycles to read a new column of 64 reference block pixels from
BRAMS.

Therefore, an extra column of 64 registers is used in the systolic array. In every clock
cycle, instead of 64, a new row of 65 reference block pixels is read from search window
memory and stored in the systolic array. Therefore, after all the search locations in a
column are searched, all the PEs shift their reference pixels left, and the PEs in the last
column of systolic array receive their new reference pixels from the extra column of 64
registers. This takes only one clock cycle.

In the proposed hardware, BRAMs are configured as true dual port memories. After
the current 64x64 CU is stored in the systolic array, the next 64x64 CU of the current
frame is read into the BRAMs from off-chip memory. Similarly, the search window
BRAMs are also updated dynamically with the search window of the next 64x64 CU of

the current frame from off-chip memory.

3.2.2 SAD Adder tree

In HEVC, the maximum CTU size is 64x64, and 593 unique MVs should be
calculated for a 64x64 CU [36]. In VVC, the maximum CTU size is 128x128, and 821
unique MVs should be calculated for a 64x64 CU. In addition, in VVC, there are more
complex asymmetric partitions which are not used in HEVC. Therefore, SAD adder tree
in VVC ME hardware is more complex than SAD adder tree in HEVC ME hardware.

In the proposed hardware, the SAD adder tree calculates the SADs of all the 821
unique partitions of a 64x64 CU by reusing the SADs of smaller partitions to calculate
the SADs of larger partitions.

After the SAD adder tree receives 64x64 ADs for the first search location from the

systolic array, it receives and processes 64x64 ADs of a new search location in every
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clock cycle. For each 64x64 ADs, the corresponding 256 4x4 SADs are calculated in four
clock cycles. One 4x4 SAD calculation including the AD calculation in PEs is shown in

Figure 3.8. The red dotted lines in the figure indicate the pipeline registers.
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Figure 3.9 SAD adder tree (a) SADs of BH, BV, Q partitions N = 4, 8, 16, 32 (b) SADs
of BH_BH, BV_TH, BH_TV, BV_BV, TH, TV partitions N =8, 16 (c) SADs of
TH_TH, TH_BH, BH_TH, BV_TV, TV_BV, TV_TV partitions N = 16.

These 4x4 SADs are then used to calculate SADs of larger partitions in a hierarchical

manner. For example, 4x4 SADs are used to calculate SADs of binary partitions (BV,
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BH) of 8x8 CUs. Then, the SADs of BV partitions of 8x8 CUs are used to calculate 64
SADs of 8x8 CUs. SADs of binary and quad partitions of 16x16, 32x32, and 64x64 CUs
are calculated similarly as shown in Figure 3.9 (a).

Similarly, the SADs of BV and BH partitions of 8x8 CUs are used to calculate SADs
of BH_BH, BV_BV, BV_TH and BH_TV partitions of 16x16 CUs. Then, the SADs of
BH_BH and BV_BV partitions are used to calculate SADs of TH and TV partitions of
16x16 CUs. SADs of the same shaped partitions of 32x32 CUs are calculated similarly
using BV and BH partitions of 16x16 CUs as shown in Figure 3.9 (b).

SADs of TH_TH, TV_TV, TH_BH, TV_BV, BH_TH and BV_TV partitions of
32x32 CUs are calculated using BH_BH and BV_BYV partitions of 16x16 CUs as shown
in Figure 3.9 (c).

The proposed hardware calculates the SADs of all the 821 unique partitions of a
64x64 CU for the first search location in the search window in 13 clock cycles and sends
them to the comparator. After that, 821 new SADs are calculated in every clock cycle and
sent to the comparator.

To achieve real-time performance with small hardware area, the proposed hardware
divides 128x128 CU into four 64x64 CUs, processes them one by one and calculates SAD
of 128x128 CU using the novel memory-based accumulator hardware shown in Figure
3.10.

Control Current
Signals
l 64x64 SAD;
Enable To Comparator
+ 7 >
BRAM & | 128x128
- SAD;
Intermediate
128x128 SADj

Figure 3.10 128x128 SAD calculation.

The top left 64x64 CU is processed first. For every ith search location in the search
window, the SAD calculated for this 64x64 CU is sent to both the comparator and the
memory-based accumulator where it is added to the content of ith location of BRAM and
the result is written back to ith location of BRAM. The contents of the BRAM are initially
set to 0. Therefore, the SADs of the top left 64x64 CU are stored in the BRAM.
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Then, the top right 64x64 CU is processed. Therefore, the ith SAD of the top right
64x64 CU is added to the ith SAD of the top left 64x64 CU, and the result is written back
to ith location of BRAM. Then, the bottom left 64x64 CU is processed similarly. Finally,
the bottom right 64x64 CU is processed similarly.

When the first SAD of the bottom right 64x64 CU is added to the content of the first
location of BRAM, the adder output is the first SAD of the 128x128 CU. Therefore, the
output register in Figure 3.10 is enabled, and the first SAD of the 128x128 CU is sent to
the comparator. After that, a new SAD of the 128x128 CU is calculated in every clock
cycle and sent to the comparator. When the last SAD of the bottom right 64x64 CU is
calculated, the last SAD of the 128x128 CU is also calculated after one clock cycle and

sent to the comparator.

3.2.3 Comparator

The comparator unit determines the minimum SAD and its corresponding best MV
for each CU size. It consists of one comparator for each of the 821 unique partitions of
64x64 CU and one additional comparator for the 128x128 CU. The sizes of these
comparators vary from 13-bits for the smallest CU to 22-bits for the 128x128 CU. The
latency of the comparator unit is one clock cycle. In every clock cycle, it compares all the
SADs it receives from the SAD adder tree with the previous minimum SADs of the
corresponding partitions and determines the minimum SAD and its corresponding best
MV for each partition.

3.3 Implementation Results

The proposed VVC ME hardware is implemented using Verilog HDL. The Verilog
RTL codes are implemented to a Xilinx Virtex 7 FPGA with speed grade 3 using Xilinx
Vivado 2017.4 with default synthesis and performance_explore implementation
strategies. The FPGA implementation is verified with post-implementation timing
simulations.

The proposed hardware has 14 stages pipeline from AD calculation to comparator
output. The latency for processing a 128x128 CTU can be calculated as (64 + 14 + Search
Locations) x 4. The systolic array is filled in 64 clock cycles. It takes 14 clock cycles to
calculate the SADs of all the CUs for the first search location in the search window and
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compare them. After that, all the CUs for a new search location are processed in every
clock cycle. The multiplication by 4 is necessary since a 64x64 SAD adder tree is used
and a 128x128 CTU has four 64x64 CUs.

We implemented and verified the proposed VVC ME hardware in two different
configurations for three different search ranges. One configuration supports 128x128
largest CTU size using a 64x64 systolic array and 64x64 SAD adder tree. The other
configuration supports 64x64 largest CTU size using a 32x32 systolic array and 32x32
SAD adder tree. In each configuration, the size of the search range is set to the largest
CTU size, 75% of the largest CTU size, and half of the largest CTU size.

The search range is centered around the top left pixel of current CTU. A search range
of 128x128 means that the first pixel of first reference CTU is located at position (-64, -
64) left of the first pixel of current CTU in the search window. Similarly, the first pixel
of last reference CTU is located at position (+64, +64) right of the first pixel of current
CTU in the search window.

Performance of the proposed VVVC ME hardware for different configurations are
shown in Table 3.2. The clock frequency (MHz), the number of clock cycles required to
process a current CTU, and the throughput in frames per second (fps) for three different
video resolutions (full HD, 2K, 4K) are shown in the table. The throughput in fps is
calculated as shown below.

1
" CTU latency x CTUs per frame x Clock period

fos (3.2)

Table 3.2 Performance of the proposed VVVC ME hardware for different configurations

CTU Size 128x128 64x64

Search Locations 128x128 96x96 64x64 64x64 48x48 32x32
Frequency (MHz) 253 253 253 306 306 306
CTU Latency 65,848 37,176 16,696 16,560 9,392 4,272
FPS at 1080p 30 53 120 36 64 141
FPS at 2k 28 50 112 34 60 132
FPS at 4k 7 13 30 9 16 35

For 128x128 largest CTU size with 128x128 search range, 30 fps throughput is
achieved for full HD video resolution. If the search range is reduced to 64x64, 30 fps
throughput is achieved for 4K video resolution. For 64x64 largest CTU size with 32x32
search range, 35 fps throughput is achieved for 4K video resolution.

The FPGA resource usages of the proposed VVC ME hardware for 128x128 largest
CTU size configuration with 128x128 search range and for 64x64 largest CTU size
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configuration with 64x64 search range are shown in Table 3.3 and Table 3.4, respectively.
The resource usage of 64x64 largest CTU size configuration is almost 4 times less than
the resource usage of 128x128 largest CTU size configuration.

The systolic array uses the most FPGA resources. It uses 54% of the total flip-flops
and 38% of the total LUTs used by the 128x128 largest CTU size configuration. The
current pixel registers, reference pixel registers, and output registers in the systolic array
justify the amount of flip-flop usage.

The SAD adder tree uses the second most FPGA resources. It uses 31% of the total
flip-flops and 28% of the total LUTs used by the 128x128 largest CTU size configuration.
Since the comparator unit uses registers to store the minimum SADs and corresponding

best MVs, its flip-flop usage is higher than its LUT usage.

Table 3.3 Resource usage for 128x128 CTU size

Module LUTs Flip-Flops BRAM
Systolic Array 56,321 98,816 -
SAD Adder Tree 40,970 57,312 4
Control Unit 36,582 2,806 -
Comparator 11,308 21,343 -
Memory 425 2,050 16
Total 145,606 182,327 20

Table 3.4 Resource usage for 64x64 CTU size

Module LUTs Flip-Flops BRAM
Systolic Array 16,390 24,832 -
SAD Adder Tree 11,022 14,474 1
Control Unit 9,954 1,348 -
Comparator 2,818 4,948 -
Memory 210 1,026 8
Total 40,394 46,628 9

3.3.1 Comparison With HEVC ME Hardware

The proposed VVC ME hardware is the first VVC ME hardware in the literature.
The proposed VVC ME hardware implementation is compared with the HEVC ME
hardware implementations in the literature in Table 3.5. Although VVC ME has larger
maximum CTU size and it is more computationally complex than HEVC ME, the
proposed VVC ME hardware has smaller area and higher throughput than some of these
HEVC ME hardware.

The HEVC ME hardware proposed in [34] and [35] use full search ME algorithm.
The hardware proposed in [34] does not support the asymmetric partitions in HEVC ME.
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These HEVC ME hardware use more LUTs and have lower throughput than our VVC
ME hardware.
Table 3.5 Comparison with HEVC ME Hardware

ICIP’14 IET’17 AICSP’18 JRTIP’19 JRTIP’21 This Work
[34] [35] [38] [39] [40]

Encoding HEVC HEVC HEVC HEVC HEVC VVC
Standard
FPGA Virtex 5 Virtex 5 Virtex 7 Virtex 7 Virtex 7 Virtex 7
CTU Size 64x64 64x64 64x64 64x64 32x32 128x128
Search Range 64x64 64x64 144x144 64x64 64x64 64x64
Working
Frequency (MHz) 125 84.96 198.73 247 162 253
Throughput 4K @ 13 fps 4K @ 9 fps FHD @ 30fps 4K @ 30 fps 8K @ 78 fps 4K @ 30 fps
LUTs 209,434 153,314 49,258 188,664 485,760 145,606
Flip-Flops 199,066 36,368 13,351 144,302 607,200 182,327

A sequential and a parallel HEVC ME hardware implementing diamond search
algorithm are proposed in [38]. Since the parallel hardware has higher performance than
the sequential hardware, we compare our VVC ME hardware with the parallel HEVC ME
hardware. The HEVC ME hardware has smaller area and lower throughput than our VVC
ME hardware.

The HEVVC ME hardware proposed in [39] use full search ME algorithm. It uses more
LUTs and has the same throughput as our VVVC ME hardware. The HEVC ME hardware
proposed in [40] use a fast hybrid pattern search algorithm. It has higher throughput and

much larger area than our VVC ME hardware.
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Chapter 4

AN EFFICIENT APPROXIMATE SAD HARDWARE FOR FPGAS

Approximate computing is a promising approach for designing smaller area and
lower power consuming hardware than accurate hardware at the expense of quality loss
[26,51]. Therefore, it can be used for error-tolerant applications. Some video processing
and coding applications can tolerate inaccurate results due to limitations of human visual
perception.

Sum of absolute differences (SAD) operation is a widely used metric for block
matching in several error tolerant applications such as stereo vision and video coding [27,
36, 52]. SAD between two blocks, A and B, of size W x H is calculated as shown in
equation (4.1), where A(i, j) and B(i, j) are values of the pixels in ith row and jth column

of A and B, respectively.

W-1H-1

SAD = " 1A - BG)I (4.1)

i=0 j=0

SAD is the most time and power consuming operation in several error tolerant
applications. For example, SAD operation is used for motion estimation in video coding,
and it can consume up to 80% of the total energy consumption of a video encoder
hardware [52]. Therefore, approximate computing can be used for designing efficient
SAD hardware.

Several ASIC or FPGA based accurate SAD hardware implementations are proposed
in the literature [27,41,53]. Several approximate SAD hardware implementations are also
proposed in the literature [26,36,52,55]. None of the approximate SAD hardware has
FPGA specific optimizations.

A novel approximate absolute difference hardware (NAAD) is proposed in [26]. The
incrementor used for 2’s complement operation in AD hardware is removed. A low-error
approximate adder (LEA) and an approximate AD hardware based on LEA are proposed
in [36]. An approximate SAD hardware using lower-part OR (LOA) approximate adder
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is proposed in [52]. A power-efficient approximate SAD (aSAD) hardware approximating
most significant bits with a single bit is proposed in [55].

In this chapter, we propose an efficient approximate SAD hardware for FPGAs. The
proposed approximate SAD hardware utilizes the unused LUT inputs to reduce area and
power consumption while providing an almost accurate result. The proposed approximate
SAD hardware has smaller maximum and average error than the approximate SAD
hardware in the literature. It uses up to 20% less LUTs than the smallest approximate
SAD hardware in the literature. It consumes up to 38% less power than the lowest power

consuming approximate SAD hardware in the literature.

4.1 Background

4.1.1 SAD Hardware

Block diagram of a generic SAD hardware is shown in Figure 4.1. Generally, SAD
is calculated in two stages. In the first stage, absolute differences of inputs are calculated.
In the second stage, these absolute difference values are added using an adder tree.

Parallelism can be used in both stages.

Aoo
Boo
Ao1

SAD

3]
n+(depth-1)

Adder Tree
depth = ceil(log(W*H))+1

Figure 4.1 Generic SAD hardware

Three conventional accurate AD hardware are shown in Figure 4.2. Accurate AD 1
hardware, shown in Figure 4.2 (a), first subtracts the two inputs. If A < B, then 2’s
complement of the subtraction result should be calculated to obtain the AD result. Sign-
bit of the subtraction result is XOR’ed with each bit of the subtraction result to perform

selective inverse operation. Finally, the same sign-bit is added to the output of XOR gates
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to obtain the AD result. The maximum delay of this AD hardware is 2tg,;, + txogr. It

uses 2n LUTs in a Xilinx FPGA, where n is bit length of the inputs.

n-bit Subtractor

==
“A-B| A_B|

(@) Accurate AD 1 (b) Accurate AD 2 (c) Accurate AD 3

Figure 4.2 Accurate absolute difference hardware

Accurate AD 2 hardware, shown in Figure 4.2 (b), trades off area for speed by using
two subtractors in parallel. These two subtractors perform (A —B) and (B — A),
respectively. The MSB of one of these subtraction results is then used to select the correct
AD result. The maximum delay of this AD hardware is tg,, + tuyuy- It uses 3n LUTS in
a Xilinx FPGA.

Accurate AD 3 hardware, shown in Figure 4.2 (c), compares the two inputs for
selective subtraction [27]. If (B > A), then (B — A) is performed, otherwise (A — B) is
performed. The maximum delay of this AD hardware is tcomp + tsyp. Ituses 1.5n LUTSs
in a Xilinx FPGA. Since 6-input LUTSs are used in Xilinx FPGAs, selection and inversion

operations can be implemented in one LUT [54].

4.1.2 Xilinx Virtex FPGA

Configurable logic blocks (CLB) are the main logic resource in a Xilinx Virtex
FPGA. Each CLB has two slices. Each slice in Xilinx Virtex 5/6/7 FPGAs has four copies
of the hardware shown in Figure 4.3 with carry chain cascaded in series [56]. Therefore,
each slice contains four 6-input LUTS, a 4-bit carry chain, and 8 output registers along
with routing resources. A 6-input LUT can be used to implement one 6-input
combinational logic or two 5-input combinational logics.

The efficiency of an FPGA-based hardware depends on how effectively it utilizes the
logic resources available in the FPGA. This is very important for FPGA implementations
that may use carry chains in FPGA. SAD hardware uses subtraction and addition
operations. Therefore, it is important to understand how these arithmetic operations are
implemented in Xilinx FPGA and how the unused resources can be utilized to obtain an

efficient implementation.
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Figure 4.3 Simplified architecture of a slice in Xilinx Virtex 5/6/7 FPGAs

Generally, 1-bit addition operation is performed as shown in equation (4.2) and
equation (4.3) where A and B are inputs, S is sum, and Ciy and Court are carry-in and

carry-out, respectively.
S=A"B)"Cy (4.2)
Cour = AB| (A" B)Cy (4.3)

However, Xilinx synthesis tools simplify equation (4.3) as equation (4.4) for a more

efficient FPGA implementation.
Cour = (A"B)B| (A" B)Cy (4.4)

This simplification allows the reuse of A B term, hence only one output of a LUT
is used. However, since only 4-bit carry chain is available in a slice, an n-bit adder uses n
LUTSs such that 4 inputs and one output of each LUT are not used. Therefore, additional
logic can be implemented together with an adder using the same 6-input LUTs without
affecting critical-path delay of the adder.

The carry chain in Xilinx Virtex FPGAs is also flexible. The carry-in for the first bit
of carry chain can either be connected to carry-out of the previous slice or it can be

connected to one of the user-defined inputs.
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4.2 Proposed Approximate SAD Hardware

We propose to utilize the unused LUT inputs and output to implement an
adder/subtractor including the complement operations shown in Figure 4. The proposed
hardware computes 1’s complement of both inputs without using additional resources and
without additional delay. It also computes 2’s complement of one of the inputs by
initializing the carry chain with the selective inverse signal. The proposed hardware

implements the following expression.
S =((=D"X)+ ((-D™Y - ¥,) (4.5)

X,, and Y,, can either be 0 or 1. When X,, is 1, 2’s complement of X is computed. When

Y, is 1, I’s complement of Y is computed.

X 1'"s complement = {n{X[n]}} * {X[n-1:0]}
Y 1’s complement = {n{Y[n]}} * {Y[n-1:0]}
S = X 1's complement + Y 1's complement + X[n]

Figure 4.4 Proposed adder/subtractor including complement operations

Implementation of the proposed n-bit adder/subtractor including complement

operations in Xilinx Virtex 5/6/7 FPGAs is shown in Figure 4.5.

Xy

RGN S M A

LUT6_2 LUT6 2 LUT6_2

Xilinx Virtex !
Carry Chain |

So

C—=====7

Figure 4.5 Implementation of the proposed n-bit adder/subtractor including
complement operations

To perform selective bitwise inversion of X and Y, their n-bits are XOR’ed with X,,

and Y,,, respectively. This is done in the first two XOR gates. When X,, is 1, X is inverted.
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WhenY, is1, Y is inverted. The third XOR gate computes first term of the sum expression
shown in equation (4.2) and its output is connected to the carry chain for carry propagation
and sum calculation. Finally, X,, is also connected to CYINIT (initialize carry) input of
the carry chain to compute 2°s complement of X, i.e. when X, is 1, 1 is added to the result.

The proposed approximate 2x1 SAD hardware is shown in Figure 4.6. This hardware
is designed by merging the XOR gates and incrementor in the Accurate AD 1 hardware
shown in Figure 4.2 (a) to the first stage of adder tree, and by using the proposed
adder/subtractor shown in Figure 4.5 in the first stage of adder tree.

D C B A
bn 4n 4n tn
C-D A-B

n+l n+l
(n+1)-bit Register (n+1)-bit Register
Y X
n+1 n+1
1 J(n ”f 1
Yn Y (0..n-1) X(0.n-1) Xn

Proposed LUT based adder/subtractor
including complement operations

inﬂ

|A-B|+|C-D|-Y,

Figure 4.6 Proposed approximate 2x1 SAD hardware

In the first stage of the proposed SAD hardware only a subtractor is used. Hence, it
will be mapped to only n LUTs. The subtraction result and its sign bit are passed to the
next stage. In the second stage of the proposed SAD hardware the proposed
adder/subtractor is used. The sign bits are connected to X,, and Y,, inputs of the proposed
adder/subtractor.

The proposed adder/subtractor computes the absolute values of the two subtraction
results and adds them. However, when Y,, is 1, the absolute value result of Y will be 1
less than the accurate absolute value of Y. Therefore, maximum error of the proposed
approximate 2x1 SAD hardware is 1.

Several approximate 2x1 SAD hardware can be used to build larger approximate
SAD hardware. In the proposed approximate SAD hardware, half of the AD hardware
may have an error of 1. Therefore, maximum error of the proposed approximate SAD
hardware with N AD hardware is N/2.
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4.3 Implementation Results

Quality, speed, area, and power consumption of the proposed approximate SAD
hardware are compared with that of several approximate SAD hardware proposed in the
literature; NAAD [26], LEA based approximate SAD [36], LOA based approximate SAD
[52], aSAD [55]. They are also compared with that of approximate SAD hardware
designed by replacing the accurate adder in AD operation with the LUT-based fast
approximate adder unit (FAU) proposed in [57]. 4-bit approximation is used for NAAD
SAD hardware and for LEA, LOA and FAU based SAD hardware.

Quality comparison for 4x4 approximate SAD is shown in Table 4.1. The maximum
and average error values are determined for 8-bit inputs and by applying all possible input
values to an AD hardware such that the same input values are applied to all AD hardware.
The results show that the proposed approximate SAD hardware has smaller maximum

and average error than the other approximate SAD hardware.

Table 4.1 Quality comparison for 4x4 approximate SAD

Maximum Average
Error Error
Proposed 8 3.98
LEA 160 27.00
FAU 256 35.81
LOA 128 53.45
NAAD 256 63.50
aSAD 3584 1021.56

To compare speed, area, and power consumption of SAD hardware, three accurate
SAD hardware shown in Figure 4.2, the proposed approximate SAD hardware and five
approximate SAD hardware in the literature are implemented using Verilog HDL. A
common adder tree hardware, with approximations applied as and when required, is used
for all SAD hardware. All implementations are highly pipelined, i.e. a pipeline register is
used after each addition stage. Registers are also placed at all the inputs and outputs.
Experiments are performed for 4x4, 8x8, 16x16, 24x24, and 32x32 SAD block sizes
using 8-bit and 16-bit inputs.

All Verilog RTL codes are synthesized and implemented to Xilinx XC7VX485T-
3FFG1761 FPGA using Vivado 2020.1. Vivado Synthesis Defaults and Performance
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Explore synthesis and implementation strategies are used, respectively. FPGA
implementations are verified with post-implementation timing simulations.

For power consumption estimation, switching activity interchange format (SAIF)
files are generated using post-implementation timing simulations at 100 MHz for all
FPGA implementations. Power consumption of each FPGA implementation is estimated
with Vivado 2020.1 using the corresponding SAIF file.

Area, power consumption, and maximum clock frequency results are shown in
Figure 4.7 and Figure 4.8 for 8-bit and 16-bit inputs, respectively. LUT reductions
achieved by the proposed approximate SAD hardware compared to the smallest
approximate SAD hardware in the literature for each block size are shown in Table 4.2.
Power reductions achieved by the proposed approximate SAD hardware compared to the
lowest power consuming approximate SAD hardware in the literature for each block size
are also shown in Table 4.2.

Table 4.2 Reductions achieved by proposed approximate SAD hardware

8-bit 16-bit
LUT Power LUT Power
Reduction Reduction | Reduction Reduction

4x4 19.81 0.00 20.16 20.00
8x8 19.26 11.11 19.68 20.51
16x16 19.11 16.30 19.56 32.43
24x24 19.08 24.40 19.53 34.55
32x32 19.06 27.08 15.40 38.26

The proposed approximate SAD hardware uses the smallest number of LUTs among
all SAD hardware for all block sizes. It uses up to 20% less LUTs than the smallest
approximate SAD hardware in the literature. However, it uses up to 3% more flip-flops
for 8-bit inputs, and up to 1.5% more flip-flops for 16-bit inputs. As expected, Accurate
2 SAD hardware, which uses Accurate AD 2 hardware, has the largest area.

The proposed approximate SAD hardware also consumes the lowest power among
all SAD hardware for all block sizes. It consumes up to 38% less power than the lowest
power consuming approximate SAD hardware in the literature. The approximate SAD
hardware in the literature consume less power than Accurate 1 and Accurate 2 SAD
hardware. NAAD with 4-bit approximation is the most area and power-efficient among
all approximate SAD hardware in the literature.

For 8-bit inputs, FAU, LEA and LOA based approximate SAD hardware are slightly
faster than the proposed approximate SAD hardware. Average clock frequencies of the
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proposed, FAU, LEA, and LOA based approximate SAD hardware are 525 MHz, 539
MHz, 538 MHz, and 528 MHz, respectively. However, for 16-bit inputs, the proposed
approximate SAD hardware is faster than all the other SAD hardware. The proposed
approximate SAD hardware achieves an average clock frequency of 487 MHz followed

by 484 MHz achieved by NAAD hardware.
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Figure 4.7 Implementation results for 8-bit inputs
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Figure 4.8 Implementation results for 16-bit inputs
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Chapter 5

LOW ERROR EFFICIENT APPROXIMATE ADDERS FOR FPGAS

Approximate computing trades off accuracy to improve the area, power, and speed
of digital hardware. Many computationally intensive applications such as video encoding,
video processing, and artificial intelligence are error resilient by nature due to the
limitations of human visual perception or nonexistence of a golden answer for the given
problem. Therefore, approximate computing can be used to improve the area, power, and
speed of digital hardware implementations of these error tolerant applications.

A variety of approximate circuits, ranging from system level designs [28,42,58,59]
to basic arithmetic circuits [17], have been proposed in the literature. Adders are used in
most digital hardware, not only for binary addition but also for other binary arithmetic
operations such as subtraction, multiplication, and division [26,60,61]. Therefore, many
approximate adders have been proposed in the literature [16,36],[62]-[75]. All
approximate adders exploit the fact that critical path in an adder is seldom used.

Approximate adders can be broadly classified into the following categories:
segmented adders [63], which divide n-bit adder into several r-bit adders operating in
parallel; speculative adders [62], which predict the carry using only the few previous bits;
and approximate full-adder based adders [16,36],[65]-[68], which approximate the
accurate full-adder at transistor or gate level. Segmented and speculative adders usually
have higher speeds and larger areas than accurate adders [17]. Approximate full-adder
based approximate n-bit adders use m-bit approximate adder in the least significant part
(LSP) and (n — m)-bit accurate adder in the most significant part (MSP), as shown in
Figure 5.1.

Most of the approximate adders in the literature have been designed for ASIC
implementations. These approximate adders use gate or transistor level optimizations.

Recent studies have shown that the approximate adders designed for ASIC
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implementations either do not yield the same area, power, and speed improvements when
implemented on FPGAs or fail to utilize FPGA resources efficiently to improve the output
quality [71],[77].

) MSP ) LSP
Bni: Bm Ani: An Cored Bm-1:Bo Am-1:A0
b | .
n—-m n-m
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| |
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Figure 5.1 Architecture of approximate full-adder based n-bit approximate adders

This is mainly due to the difference in the way logic functions are implemented in
ASICs and FPGAs. The basic element of an ASIC implementation is a logic gate, whereas
FPGAs use lookup tables (LUTSs) to implement logic functions. Therefore, ASIC based
optimization techniques cannot be directly mapped to FPGAs.

FPGAs are widely used to implement error-tolerant applications using addition and
multiplication operations. The efficiency of FPGA-based implementations of these
applications can be improved through approximate computing. Only a few FPGA specific
approximate adders have been proposed in the literature [70]-[74]. These approximate
adders focus on improving either the efficiency or accuracy. Therefore, the design of low
error efficient approximate adders for FPGAs is an important research topic.

In this chapter, we propose a methodology to reduce the error of approximate adders
by efficiently utilizing FPGA resources, such as unused LUT inputs. We propose two
approximate adders for FPGAs using our methodology based on the architecture shown
in Figure 5.1.

We propose a low error and area efficient approximate adder (LEADX) for FPGAs.
It has lower mean square error (MSE) than the approximate adders in the literature. It
achieves better quality than the other approximate adders for video encoding application.

We also propose an area and power efficient approximate adder (APEX) for FPGAs.
Although its MSE is higher than that of LEADX, it is lower than that of the approximate
adders in the literature. It has the same area, lower MSE and less power consumption than

the smallest and lowest power consuming approximate adder in the literature. It has
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smaller area and lower power consumption than the other approximate adders in the
literature.

We provide mathematical models to estimate the error rate (ER), MSE, and mean
absolute error (MAE) of the proposed approximate adders. We compare the proposed

approximate adders with the approximate adders in the literature.

5.1 Background

5.1.1 Related Works

Bit truncation in least significant bit positions is a well-known approximation
technique. In truncate adder, the output of LSP is fixed to zero. Although, the truncate
adder provides significant improvements in speed, area, and power consumption, it has
high error rate and MSE [36],[65].

Lower-part-OR adder (LOA) is proposed in [16]. Its LSP consists of 2-input OR
gates, whereas the MSP is accurate. A carry is sent to the MSP if it is generated at most
significant bit position of the LSP. An approximate adder, OLOCA, is proposed in [66]
by optimizing the LOA architecture. OLOCA uses only two OR gates in the LSP to
compute the two most significant sum bits. Rest of the LSP is approximated to a fixed
value. An approximate adder with near-normal error distribution (HOAANED) is
proposed in [67]. HOAANED has similar architecture to OLOCA, however, it uses more
resources to compute the two most significant sum bits of LSP. Therefore, HOAANED
has better quality than OLOCA at the expense of slight increase in area.

Dutt et al. [68] proposed an approximate full adder based multibit adder (AFA). The
sum of each bit of LSP is computed accurately whereas its respective carry out is equated
to one of the inputs.

In recent years, a few approximate adders are proposed specifically for FPGAs. A
LUT-based approximate adder (LBA) is proposed in [70]. The LSP and MSP, both
perform accurate addition. A carry is passed to MSP only if it is generated at the most
significant bit (MSB) of the LSP. If any other carry, that needs to be propagated to the
MSP, is detected, then all bits of LSP are set to 1. LBA has high accuracy, but it does not
provide performance improvement compared to the accurate adder synthesized by FPGA

synthesis tool [71].
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A methodology to design approximate adders (DeMAS) for FPGAs is presented in
[71]. The methodology is based on an optimized truth table of approximate full-adder.
Eight different variants of multibit approximate adder are presented using the optimized
truth table. All these variants use same number of LUTs but differ in their error metrics.

Quaternary addition based approximate adder using the fast carry chains of FPGAs
is presented in [72]. The accurate quaternary adder uses two carry inputs and generates
two carry outputs. However, the authors in [72] proposed to use only one carry in the
quaternary addition, hence generating an approximate result.

A single exact dual adder (SEDA) is proposed for FPGAs in [73]. The adder can
either perform accurate addition of single n-bit input or approximate addition of two n-
bit inputs. Carry of 2-bit addition is computed accurately, while the sum bits are equated
to inverse of carry out.

High speed segmented approximate adders (XUAV) for FPGAs are proposed in [74].
Segmentation is done in 2, 3, or 5-bit groups for efficient mapping to LUTs. However,
the proposed adders use more area and consume more power than accurate adder. These

adders also have very large MAE and MSE as the size of adder is increased.

5.1.2 Length of carry

The key principle of approximate addition is to shorten the critical path of an adder
by breaking the carry chain at one or multiple positions. This technique improves the
speed of an adder at the expense of accuracy loss. In this section, we briefly explain the
rationale for this technique.

The length of a carry signal in n-bit binary addition is defined as the number of bits
it propagates before being killed or regenerated. For example, if a carry signal is generated
at ith bit position and killed or regenerated at jth bit position (j > i), the length of that
carry signal is defined as j — i bits.

In n-bit binary addition, the outgoing carry signal at any bit position i is determined
by the current and previous input bits. Bit position i is said to generate a carry if both the
input bits at ith position are 1, propagate the incoming carry if both the input bits at ith
position are different, and kill the incoming carry if both the input bits at ith position are
0.

In the worst case, a carry signal is generated in the least significant bit (LSB) and

propagated to the most significant bit (MSB). In this case, the length of carry signal is
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equal to the adder bit width. However, the worst case rarely happens, and the average
length of a carry signal is usually much shorter than the adder bit width [62].

We implemented and simulated n-bit accurate adder using 107 independent random
number pairs extracted from uniformly distributed sample space between 0 and 2™-1.
Based on these simulation results, probability of the length of a carry signal being equal
to L bits is given in Table 5.1. As can be seen from this table, the length of a carry signal
is rarely longer than 5 bits. The length of a carry signal is shorter than 5 bits with more
than 90% probability.

Table 5.1 Probability of the length of a carry being equal to L bits

Adder Bit Probability (%)

Width (n) L=1 | L=2]| L=3| L=4 | L=5]| L=6
16 53.09 25.01 11.72 5.49 2.54 1.17
32 5159 | 2497 | 12.10 5.86 2.84 1.37
64 50.78 | 25.00 | 12.31 6.05 2.98 1.46
128 50.38 | 24.99 | 1241 6.16 3.05 1.51

Since the worst case of carry propagation (length of carry = n-bits) rarely happens,
in most cases, the carry can be correctly predicted by considering only a few previous

input bits.

5.1.3 Xilinx Virtex FPGA

The main logic resource in a Xilinx Virtex FPGA is configurable logic blocks (CLBS)
[27]. Each CLB contains two slices. Simplified architecture of a slice in Xilinx Virtex 7
FPGA is shown in Figure 4.3. Each slice is composed of 4 such elements with carry-chain
cascaded in series. Therefore, each slice has four 6-input LUTs. Each LUT can be used
to implement two 5-input combinational logic functions or one 6-input combinational
logic function. Furthermore, each slice also contains a 4-bit carry-chain and eight flip-
flops.

An efficient FPGA-based implementation should be able to effectively utilize these
resources. This is particularly important for implementing arithmetic functions that can
utilize the fast carry-chains. Therefore, it is important to understand how the arithmetic
operations are implemented on FPGAs. Particularly, we consider the mapping of a full
adder to a Xilinx FPGA.
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Typically, a full adder is implemented as shown in equation (5.1) and equation (5.2),
where A and B represent the inputs, S is sum, and Cin and Cour are carry-in and carry-

out, respectively.
S =(A®B) @Cy (5.1)
COUT = (A @B)CIN +AB (5.2)

However, when implementing a full adder on a Xilinx FPGA, the synthesis tool

rewrites equation (5.2) as equation (5.3).
Cour = (A@B)Cy + (A ®B)B (5.3)

This simplification allows the reuse of A @ B logic function for computing both S
and Cour [78]. This term is used as input to XOR gate for sum computation and as select
input of mux for selecting the appropriate signal for Cout. However, since only 4-bit carry
chain is available in a slice, an n-bit adder uses n LUTSs such that 4 inputs and one output
of each LUT are not used. These unused resources can be utilized to implement additional

logic with an adder without increasing area.

5.2 Proposed Design Methodology

The proposed design methodology uses the approximate full-adder based n-bit adder
architecture shown in Figure 5.1. n-bit addition is divided into m-bit approximate adder
in the LSP and (n—m)-bit accurate adder in the MSP. Breaking the carry chain at bit-
position m generally introduces an error of 2™ in the final sum. The error rate and error
magnitude can be reduced by predicting the carry-in to the MSP (Cy,sp) more accurately
and by modifying the logic function of LSP to compensate for the error.

The carry to the accurate part can be predicted using any k-bit input pairs from the
approximate part such that k < m. Most of the existing approximate adders use k = 1.

As discussed in Section Il, FPGA implementation of accurate adder uses only 2
inputs and 1 output of each 6-input LUT. We propose to utilize the remaining 4, available
but unused, inputs of the first LUT of the MSP to predict Cy,sp. Therefore, we propose to
share the most significant 2 bits of both inputs of the LSP with the MSP for carry
prediction.

52



Sharing more bits of LSP with MSP will increase the probability of correctly
predicting Cysp Which will in turn reduce error rate. However, this will also increase the
area and delay of the approximate adder.

To analyze the tradeoff between the accuracy and performance of an FPGA-based
approximate adder with different values of k, we performed synthesis and simulation
experiments on a Xilinx Virtex 7 FPGA.

The results for a 64-bit adder with 12-bits LSP using k bits to predict C,,sp are shown
in Table 5.2. For k > 2, the error rate reduces slightly at the cost of increased area and
delay. On the other hand, for k < 2, the delay improves marginally at the cost of
significant increase in the error rate.

Table 5.2 Effects of Increasing the Number of Bits (k) for Carry Prediction in a 64-Bit
Approximate Adder with 12-Bits LSP

k LUT Delay (ns) ER (%)
0 64 1.57 50.04
1 64 1.59 24.98
2 64 1.62 1251
3 65 1.85 6.26
4 65 1.90 3.10
5 65 2.03 1.55

Therefore, we propose using k = 2, as it provides good balance between accuracy
and performance of approximate adders for FPGAs. In the proposed approximate adders,
a carry is passed to the MSP if it is generated at bit position m — 1, or generated at bit
position m — 2 and propagated at bit position m — 1. The Cysp can be described by
equation (5.4) where G; and P; are the generate and propagate signals of the ith bit
position, respectively.

Cusp = Ge1 + Pr_1Gm_s (5.4)

The error in higher bit positions has more impact on the error magnitude of an
approximate adder. As described in equation (5.4), the carry-in to MSP is predicted using
two most significant bits of LSP. These 2 bits effectively implement a 3-output function
{CuspSm_1Sm—_2}. An error occurs in the n-bit addition if a carry (C,,_,) is generated at
bit position i < (m — 2) and that carry should be propagated to MSP. In this case, the
correct result should be {Cy5pSim—1Sm—2} = 100. However, without any error reduction
mechanism the approximate result will be {CyspSy—1Sm—2} = 000.

To reduce the error magnitude, we propose a 2-bit approximate adder (AAd1) for

computing S,,,_; and S,,,_,. The functionality of AAdL1 is described by equation (5.5) and
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equation (5.6). AAd1 is implemented using a single LUT as shown in Figure 5.2. When
Cn—2=1,P,_, =1,and P,,_; = 1, the approximate result will be {CyspS;—1Sm—2} =
011, only 1 less than the accurate result. For all other inputs, it will generate the accurate

result.

Sm-2 = (Pm—z @ Cin ) + (Pm—lcm—z) (5-5)
Sm-1= (Pp—1 @ Gp—2) + (Pp—2Cm—3) (5.6)

1 Am—l Am—2 Bm—l Bm—z Cm-2

LUT6_2

l Sm-l Sm—2 l

Figure 5.2 Proposed 2-bit approximate adder (AAd1) used in MSBs of LSP.

For uniformly distributed inputs, the carry-in has equal probability of being 1 or 0.
The probability of inputs at bit position i propagating a carry is P; = 1/2. Therefore, in
the proposed n-bit approximate adders, the probability of S,,_, and S,,,_; generating an
error is 0.125 as shown in equation (5.7). Throughout this chapter, E, represents the cases

when hardware x generates an error.

Pr(Eqpa1] = Pr[Cp—p APp_y A Ppy_q]

10 1—0125 5.7
_2X2X2_' (5.7)

MSP LSP

< >

Bni:Bm Ani:An Bt Bm2 An1: An2 Bma:Bo Ana AO

I 0 == 0 1

| ~ |
| Proposed | & o
. . : O (Mm-2)-bit |
A[n-1:m]+B[n-1:m]+Cums ||  2-bit | I
: AAdL Approximation :
= Il_ ______ e |
Cout Shi:Sm Sm-1: Sme2 Sm3:So

Figure 5.3 Architecture of proposed approximate adders for FPGAs.
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Architecture of the proposed approximate adders is shown in Figure 5.3. It uses 2
MSBs of LSP to predict the Cy,5p, Whereas their respective sum bits are computed using
AAdl. AAdL is only suitable when the C,,; of 2-bit inputs is predicted accurately.
Accurate prediction of C,,; requires additional resources or unused LUT inputs.
Therefore, to design area efficient approximate adders for FPGAs, AAd1 is not used in
the least significant m — 2 bits of the LSP. In this chapter, we propose two n-bit
approximate adders using the architecture in Figure 5.3. The two proposed n-bit
approximate adders use different approximate functions for the first m — 2 bits of the
LSP.

5.2.1 Proposed low error and area efficient approximate adder

In this section, we propose a low error and area efficient approximate adder (LEADX)
for FPGAs. State-of-the-art FPGAs use 6-input LUTs. These LUTs can be used to
implement two 5-input functions. The complexity of the implemented logic function does
not affect performance of LUT based implementation. A 2-bit adder has 5 inputs and two
outputs. Therefore, a LUT can be used to implement a 2-bit approximate adder.

For an area efficient FPGA implementation, we propose to split the first m — 2 bits
of LSP into [(m — 2)/2] groups of 2-bit inputs such that each group is mapped to a single
LUT. Each group adds two 2-bit inputs with carry-in using an approximate 2-bit adder
(AAd2).

To eliminate the carry chain in LSP, we propose to equate C,, of ith group to one
of the inputs of that group (4;.,). This results in error in 8 out of 32 possible cases with
an absolute error magnitude of 4 in each erroneous case. To reduce the error magnitude,
we propose to compute the S; and S;; output bits as follows:

e |Ifthe C,,; is predicted correctly, the sum outputs are also calculated accurately using
standard 2-bit addition.

e If the C,,; Is predicted incorrectly and the predicted value of C,,; is 0, both sum
outputs are set to 1.

e |If the C,,; is predicted incorrectly and the predicted value of C,,; is 1, both sum
outputs are set to 0.
This modification reduces the absolute error magnitude to 2 in two cases, and to 1 in

the other six cases. The resulting truth table of AAd2 is given in Table 5.3. The error cases
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are shown in red. Since AAd2 produces an erroneous result in 8 out of 32 cases, the error
probability of AAd2 is 0.25 as shown in equation (5.8).

Table 5.3 Truth Table of Proposed 2-BIT Approximate Adder (AAd2) used for
Approximation in least-significant m-2 bits of LEADX

Ain A B B Cin Cin Sin S
0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 1
0 0 0 1 0 0 0 1
0 0 0 1 1 0 1 0
0 0 1 0 0 0 1 0
0 0 1 0 1 0 1 1
0 0 1 1 0 0 1 1
0 0 1 1 1 0 1 1
0 1 0 0 0 0 0 1
0 1 0 0 1 0 1 0
0 1 0 1 0 0 1 0
0 1 0 1 1 0 1 1
0 1 1 0 0 0 1 1
0 1 1 0 1 0 1 1
0 1 1 1 0 0 1 1
0 1 1 1 1 0 1 1
1 0 0 0 0 1 0 0
1 0 0 0 1 1 0 0
1 0 0 1 0 1 0 0
1 0 0 1 1 1 0 0
1 0 1 0 0 1 0 0
1 0 1 0 1 1 0 1
1 0 1 1 0 1 0 1
1 0 1 1 1 1 1 0
1 1 0 0 0 1 0 0
1 1 0 0 1 1 0 0
1 1 0 1 0 1 0 0
1 1 0 1 1 1 0 1
1 1 1 0 0 1 0 1
1 1 1 0 1 1 1 0
1 1 1 1 0 1 1 0
1 1 1 1 1 1 1 1

Pr[EAAdz] = 0.25 (5.8)

The proposed LEADXx approximate adder is shown in Figure 5.4. An n-bit LEADX
uses [(m —2)/2] copies of AAd2 adder in the least significant m — 2 bits of the
approximate adder architecture shown in Figure 5.4. In LEADX, C,,,—, = A,,—3. AAd2
implements a 5-to-2 logic function that is mapped to a single LUT. Similarly, AAd1 is
also mapped to a single LUT. Therefore, [m/2] LUTSs are used for the LSP. These LUTs
work in parallel. Therefore, the delay of LSP is equal to the delay of a single LUT (¢t,yr).
The critical path of LEADX is from the input A4,,_, to the output S,,_;.

Figure 5.5 shows an example of the functionality of 16-bit LEADx with 8-bit
approximation. The outputs of bits enclosed in dotted lines are computed using AAd1.
The outputs of the other bits of the approximate part (LSP) are computed using three
copies of AAd2. The carry-in to the accurate part (Cy;sp) is predicted from the two MSBs
of LSP as shown in equation (5.4).
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Figure 5.4 Proposed n-bit low error and area efficient approximate adder (LEADX).

Accurate Part Approximate Part

I Cwsp =1
01110100 111“”10

+ 00110001 @QlOOOOl
010100110 100110060

Figure 5.5 Example of 16-bit LEADX with 8-bit approximation.

The error probability of n-bit LEADX depends on the number of approximate 2-bit
adders used in the approximate part. Error in any of these 2-bit adders can contribute to
the error in the sum output. Therefore, the error probability of LEADX is given as the
union of error probabilities of the individual 2-bit approximate adders. Let there be N
copies of AAd2 in LEADX and E, 44,—; represents the error in ith copy of AAd2, then the

error probability of LEADXx can be calculated as shown in equation (5.9).

PrlEigapx] = PrlEsaar V Eanaz—1V Easaz—2 -V Egnaz-n] (5.9

Since error in two or more of these 2-bit adders can occur concurrently, occurrence
of error in these adders are not mutually exclusive. Therefore, equation (5.9) can be
evaluated using inclusion-exclusion principle [79]. For example, the error probability of
LEADx with 4-bits LSP, for uniformly distributed inputs, can be calculated as shown in
equation (5.10).

= PrEspa1 V Eaaa]

= PrlEqaq1] + PrlEsnaz] — PrlEsaar N Easaz)
= 0.125 + 0.25 — (0.125 x 0.25)

= 0.34375

PT[ELEADx|m=4]

(5.10)
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Similarly, the error probability of LEADXx with 6-bits LSP, for uniformly distributed

inputs, can be calculated as shown in equation (5.11).

Pr[ELEADx|m:6] = Pr[Espa1 V Easaz V Ensazl
= PrlEjaa1] + PrlEqaaz] + PrlEsaaz] — PrlEsaar N Esaazl
— PrlEsaar N Epnazl — PrlEasaz N Eanaz]l + PrlEsaar N Easaz N Easaz]
= 0.125+ 0.25+ 0.25 — (0.125 x 0.25) — (0.125 x 0.25) — (0.25 X 0.25)
+ (0.125 x 0.25 % 0.25)
— 0.50781 (5.11)

5.2.2 Proposed area and power efficient approximate adder for FPGAs

In this section, we propose an area and power efficient approximate adder (APEX)
for FPGAs. APEX is also based on the approximate adder architecture shown in Figure
5.3. For the least significant m — 2 bits of the LSP, the aim is to find an approximate
function with no data dependency. Carry should neither be generated nor used for sum
computation. A 1-bit input pair at any bit position i < (m — 2) should produce a 1-bit
sum output only.

In general, any logic function with 1-bit output can be used as an approximate
function to compute the approximate sum of 1-bit inputs at ith bit position. A constant 0
or constant 1 at the output are also valid approximate functions. Fixing the output to 0 or
1 will reduce the area and power consumption of the approximate adder because no
hardware will be required for sum computation.

We evaluated error metrics of both constant functions for 1-bit addition, as shown in
Table 5.4. Fixing the output to 0 introduces error in 3 out of 4 cases with an average error
(AE) of —1 and MSE of 34 for uniformly distributed inputs. Fixing the output to 1
introduces error in 2 out of 4 cases with 0 AE and MSE of ¥ for uniformly distributed

inputs. Therefore, constant 1 provides a better approximation.

Table 5.4 Error Characterization of Constant Approximate Functions for 1-Bit Addition

Accurate Constant 1 Constant 0
A B .
Addition [ gym Error Sum Error
0 0 00 1 1 0 0
0 1 01 1 0 0 -1
1 0 01 1 0 0 -1
1 1 10 1 -1 0 -2
Error Cases 2 3
Average Error 0 -1
Mean Square Error Yo §2)
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We further analyze the error metrics of n-bit approximate adder architecture shown
in Figure 5.3 when approximate constant functions are used in the least significant m — 2
bits of its LSP. If the least significant m — 2 bits are fixed to 0, the maximum error (ME)
occurs when the inputs 4, to 4,,_3 and B, to B,,_5 are all 1. With accurate addition, S;
to S,,,_3 output bits are all 1 and a carry is propagated to m — 2 bit position. Fixing S, to
Sm—3 to 0 and carry-in for m — 2 bit position to 0 results in ME of 2m~1 — 2,

If the least significant m — 2 bits are fixed to 1, the ME occurs when the inputs 4,
to A,,_3 and B, to B,,_5 are all 0. With accurate addition, S, to S,,_3 output bits are all
0 and carry is not propagated to m — 2 bit position. Fixing S, to S,,_5 to 1 and carry-in
for m — 2 bit position to 0 results in ME of 2™~2 — 1. The ME of constant 1 is less than
the ME of constant 0.

Furthermore, assume that a constant value V is used to approximate the function F =
A + B. The resulting absolute error is defined as |F — V|. The aim is to find a constant
value V such that MSE is minimized. This is a well-known problem with a well-defined
solution: using mean of distribution of F as VV minimizes the MSE [80,81].

Let us consider that A and B have uniform input distribution with values between 0
and 2™ — 1, then F has a symmetric triangular distribution in the range [0, (2"*1 — 2)].
In the case of symmetric distribution, the mean and median are the same and located at
the center of the sample space [82]. Therefore, mean and median of F are located at 2™ —
1, which is the halfway point of [0, 2"*! — 2]. The binary representation of 2™ — 1, in
n + 1 bit sample space, is 0111...1. Therefore, using constant 1 as the sum output and 0
as carry-out minimizes the MSE of the approximate output. If i bits are fixed to 1, the
probability of error in the sum output is calculated as shown in equation (5.12).

2i—1

> (5.12)

Pr [Econstl] =

In the proposed APEX, the S, to S,,,_3 outputs are fixed to 1 and the C,,,_, is 0. This
provides significant area and power consumption reduction at the expense of slight quality
loss. It is important to note that this is different from bit truncation technique which fixes
both the sum and carry outputs to 0. The ME of truncate adder is 2™** — 2 which is much
higher than ME of APEx (272 — 1).

The proposed APEX approximate adder is shown in Figure 5.6. Same as LEADX, the
critical path of APEX is from the input A4,,,_, to the output S,,_;. Similar to (9), the error

probability of APEX can be calculated as shown in equation (5. 13).
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Figure 5.6 Proposed n-bit area and power efficient approximate adder (APEX).

When C,,,_, is 0, E4441 reduces to 0 according to equation (5.7). Therefore, the error
probability of APEX depends only on the number of output bits fixed to 1.

Pr(Eppgx] = Pr[EAAd1|Cm_2:O \4 EConSt1|i=m—2]

2m=2 —q
- - (5.13)

2m—2

Figure 5.7 shows an example of the functionality of 16-bit APEx with 8-bit
approximation. The outputs of the bits enclosed by dotted lines are computed using AAd1.
The outputs of the other bits of the approximate part (LSP) are fixed to 1. The carry-in to
the accurate part (Cysp) IS predicted from the two MSBs of LSP as shown in equation
(5.4).

Accurate Part Approximate Part

iC“ISP:¥, -,
01110100 3113110110

+ 00110001 10100001
010100110 01111111

Figure 5.7 Example of 16-bit APEx with 8-bit approximation.

5.3 Experimental Results and Discussion

In this section, we present experimental results of the proposed approximate adders,
LEADx and APEx. We compare LEADx and APEx with other FPGA-specific
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approximate adders in the literature: LBA [70], DeMAS [71], and SEDA [73]. DeMAS
can be built using different configurations. For a given number of approximate bits, each
of these configurations has the same area. Therefore, we chose the configuration with the
lowest average error for comparison.

We also compare LEADx and APEx with power and area efficient ASIC-based
approximate adders in the literature: AFA [68], HOAANED [67], and LOA [16]. Each
of these approximate adders is based on the approximate adder architecture shown in
Figure 5.1, where approximation is done only in the LSP and the MSP is kept accurate.
We also compare the proposed approximate adders with the segmented and speculative

approximate adders in the literature.

5.3.1 Error Metrics

The functional models of these approximate adders are implemented in C++. Error
metrics of these approximate adders are determined using their functional models for 16,
32, and 64-bit addition, with varying number of approximate bits, using 107 uniform
random numbers as inputs.

The error value for each input is calculated by subtracting the accurate result from
the approximate result. Error value may be positive, negative, or zero. The average error
(AE) is defined as the average of all the error values. MAE, also known as mean error
distance [33], is the average of the absolute values of all the error values. MAE is always
positive. MSE is the average of the squares of all the error values. RMSE is the square
root of MSE.

The MAE and MSE of LEADXx can be calculated using equation (5.14) and equation
(5.15), respectively. Similarly, the MAE and MSE of APEXx can be calculated using
equation (5.16) and equation (5.17), respectively. An empirical approach is used to
determine these mathematical models, i.e., these formulas are determined using

experimental results.

3
MAELEADX = (1_6 X Zm_2> + Zm_9 (14)
MSELEADx ~ 22m—7 + 22m—11 _ 21.5m—9.2 (15)
m-2
MAEAPEX = 3 (16)
5
MSEsppy = 7 % 4™ (17)
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As can be observed in these equations, error metrics of the proposed approximate
adders depend only on the number of approximate bits (m), and they are independent of
the bit width (1) of the adder.

Error metrics and the error distribution of 16-bit approximate adders with 8-bit
approximation are shown in Figure 5.8. The error distribution is plotted as a function of
error value and its respective percentage occurrence. As can be seen in Figure 5.8, the

maximum errors of the proposed approximate adders are less than those of other
approximate adders.

40 2 2 75
) *®AE *AE *AE ) ¢ AE
8 AMAE AMAE AMAE 0.8 AMAE
3 WRMSE = & BRMSE | & W RMSE S W RMSE
> 6 e > 2 0.6
Q Q Q Q
=] = 1 =1 =}
3] o 3] 3]
E 4 =) = Eo4
3] x 51 3] 3]
|53 |53 Q Q
S S S Sy,
0 i 0 B 0 om 0 oum
=200 -100 0 100 200 -200 -100 0 100 200 =200 -100 0 100 200 =200 -100 0 100 200
Error Value Error Value Error Value Error Value
(a) LEADx (b) APEx (c) HOAANED (d) LBA
1 - 1 - 4 - 1 -
0 ® AE 0 . ®AE « ®AE 0 ® AE
9 AMAE 9 A MAE AMAE 9 AMAE
38 mRMSE S8 ® RMSE S 3 ® RMSE S ® RMSE
5 ! b Py Py
g 6 S 6 g g 6
o 5 o 5 3} o 5
= = =} g
= 4 = 4 = = 4
o 5] B o o
3 3 S 3 5] 2 3
ol S’ S S’
i ) B—— xo . |
0 + am 0 ST qe MBI 0 . oA 0 o mA
-200 -100 0 100 200 -200 -100 0 100 200 =300 -200 -100 O 100 200 300 -400 -200 0 200 400
Error Value Error Value Error Value Error Value
(e) DeMAS-2 (f) LOA (g) SEDA (h) AFA
Figure 5.8 Error distribution and error metrics of 16-bit approximate adders with 8-bit

approximation.

The error distribution of LEADX is skewed to the negative side. This indicates that,
in most of the cases, the result of LEADX is less than the accurate result, leading to a
negative AE. Whereas, plotting the error distribution of APEX results in a symmetrical
triangular shape centered at zero, indicating that APEXx has equal probability of negative
and positive errors. Therefore, APEX has almost zero AE.

The error distribution of LBA indicates that its erroneous output is always less than
the accurate result. All other approximate adders in the literature have almost symmetrical
error distribution. However, their error values are spread over a wide range, resulting in
much larger MAE and MSE as compared to the proposed approximate adders.

The error metrics of 64-bit adders with 4 to 12-bits of approximation are reported in
Table 5.5. Our proposed approximate adders have the lowest MSE. The MSE of the
LEADX is at least 20% less than that of the approximate adders in the literature.
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Table 5.5 Error Metrics of 64-Bit Approximate Adders

Adder Approximate Bits

4 6 8 10 12

LEADx 0019 | 0333| 543 | 87.10| 1392

APEX 0025| 0425| 6.83 | 109.09 | 1746

AFA [68] 0.639 | 10.240 | 163.62 [2620.20 | 41894

MSE | DeMAS-2 [71] 0.160 | 2560 | 40.91 | 655.05 | 10473
(x10% | HOAANED [67] 0.065| 1.066| 17.10 | 273.14 | 4363
LBA [70] 0026 | 0428| 6.84 | 11007 | 1751

LOA [16] 0159 | 2.560 | 41.00 | 656.66 | 10494

SEDA [73] 0303 | 4.920| 78.56 |1257.80| 20130
LEADx 069 | 3.08 | 1256| 5041 201

APEX 125 | 531 | 21.33| 8527 341

AFA [68] 551 | 2235 | 89.54 | 358.27| 1432
DeMAS-2 [71] 275 | 1117 | 4477 179.14| 716

MAE HOAANED [67] 194 | 798 | 3202 12802| 511
LBA [70] 066 | 267 | 1068| 4291 171

LOA [16] 287 | 11.88 | 47.92| 192.16| 768

SEDA [73] 405 | 1647 | 65.99| 264.10| 1056

LEADx 34.44 | 50.83 | 63.10 | 7231 | 79.26

APEX 74.99 | 93.75 | 98.44 | 99.61 | 99.91

AFA [68] 68.30 | 82.14 | 89.97 | 94.38 | 96.83

ER | DeMAS-2[71] 68.31 | 82.14 | 89.97 | 94.39 | 96.84
(%) | HOAANED [67] | 81.26 | 95.34 | 98.82 | 99.71 | 99.93
LBA [70] 21.88 | 24.31 | 24.85 | 25.04 | 25.04

LOA [16] 68.35 | 82.21 | 90.01 | 94.37 | 96.82
SEDA[73] 80.85 | 91.61 | 96.33 | 98.40 | 99.29

LBA has the lowest MAE. However, it has the worst area and power consumption
results, as reported in the next section. The MAE of the proposed approximate adders is
second only to that of LBA. The ER of LEADx and APEXx validate the analytical error
probability results given in Section Il. All the approximate adders, except LBA and
LEADX, have high ER.

These adders follow the fail-small approach [76]. In the fail-small approach, even if
ER is high, error magnitudes are small. The rationale behind this approach is that small
errors are naturally masked by algorithms, and they have less impact on MSE. Therefore,
they slightly degrade the quality of applications.

The error magnitude of our proposed approximate adders is significantly reduced by
accurately predicting the carry to the MSP using unused LUT inputs. AAd1 and AAd2,
both fully utilize the LUT inputs to achieve low error. The LEADX is designed in a way

that not only the error values are reduced but also the number of error cases are reduced.
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The experimental results show that LEADXx has indeed higher accuracy and lower MSE
than the other approximate adders. Similarly, the logic function of the approximate part
of APEX is determined to reduce the MSE. The experimental results show that the MSE
of APEXx is indeed less than that of the approximate adders in the literature.

5.3.2 Implementation Results

All the approximate adders are implemented using Verilog HDL. The accurate part
of all the adders is identical and implemented using addition operator. Verilog RTL codes
are synthesized and implemented on a Xilinx Virtex 7 FPGA with speed grade 3 using
Vivado 2020.1. AreaOptimized_high strategy is used for synthesis, and default strategy
is used for implementation.

The quality metrics are extracted from post-implementation timing simulations using
1 million uniform random numbers. The quality metrics are cross verified with C++
simulations. For power estimation, switching activity interchange format (SAIF) files are
also generated from these post-implementation timing simulations at 100 MHz for all
adders. The power consumption of each approximate adder FPGA implementation is
estimated with Vivado 2020.1 using the corresponding SAIF file.

The implementation results of 16-bit adders with 8-bit approximation are given in
Table 5.6. All the adders are implemented with input and output registers. SEDA and
LBA are slower than the accurate adder because of carry propagation in their LSPs. All
other 16-bit approximate adders have the same delay as the accurate adder. It is important
to note that their delay is limited by the maximum frequency of Virtex 7 FPGA. It does

not necessarily mean that the critical path of these adders is the same.

Table 5.6 FPGA Implementation Results of 16-Bit Adders with 8-Bit Approximation

Adder MSP e LSP D(ilsz;y ?;vx)r
Accurate 8 8 1.35 6.16
LEADX 8 4 1.35 6.09
APEx 8 1 1.35 432
AFA [68] 8 5 1.35 6.17
DeMAS-2 [71] 8 5 1.35 6.12
HOAANED [67] 8 1 1.35 452
LBA[70] 8 11 1.56 6.10
LOA [16] 8 4 1.35 5.66
SEDA [73] 8 6 1.35 6.16
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All the approximate 16-bit adders, except LBA, use fewer LUTSs than the accurate
adder. Since an accurate adder is used in the MSP of all these adders, the reduction in
LUTSs occurs only in the LSP. Since LEADx performs 2-bit addition in a single LUT, its
LSP uses 50% fewer LUTSs than the accurate adder.

APEx and HOAANED use the lowest number of LUTs. For these two adders, a
significant reduction in number of LUTs occurs because of the use of constant functions
in their LSPs. For other approximate adders, the reduction in number of LUTs occurs
because of the approximation techniques used, which allow the synthesis tool to merge
two sum outputs to a single LUT.

LEADx consumes slightly less power than the accurate adder. APEx consumes the
lowest power among all the approximate adders. For the 16-bit adder with 8-bit
approximation, the power consumption of APEX is 29% less than that of the accurate
adder and 4.5% less than that of the second lowest power consuming adder, HOAANED.

The LUTs vs MSE and power vs MSE graphs of 32-bit approximate adders are given
in Figure 5.9. These results are plotted for 4-bit to 20-bit approximation in a 32-bit adder.
The 32-bit accurate adder uses 32 LUTs and consumes 10.75 mW power.
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Figure 5.9 Comparison of 32-bit approximate adders with 4-bit to 20-bit approximation
(left to right). (a) LUTs vs MSE. (b) Power vs MSE.

While the number of LUTSs used by most of the approximate adders decreases linearly
with the increase in approximation, their respective power reductions do not follow the
same trend. However, APEXx provides significant power reduction compared to the
accurate adder at the cost of a slight loss in accuracy.
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LUTs, power consumption and delay reductions achieved by 64-bit approximate
adders with 16-bit approximation compared to 64-bit accurate adder are shown in Figure
5.10. LEADx reduced the LUTs by 12.5% compared to the accurate adder. APEX reduced
the LUTSs by 23.4% and power consumption by 21% compared to the accurate adder.
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Figure 5.10 Area, Power, and Delay reduction achieved with 16-bit approximation in
64-bit approximate adders compared to 64-bit accurate adder.

LBA performs worse than the accurate adder in all these metrics. Among other FPGA
specific adders, DeMAS provided no power reduction but reduced the LUTs by 11%
compared to the accurate adder. The performance of HOAANED is compatible with
APEX. However, as discussed earlier, it has lower quality than both LEADx and APEX.

These results show that our proposed LEADx has smaller area, lower power, and
better quality than the FPGA specific adders in the literature. The results show that
DeMAS is the most efficient FPGA specific approximate adder in the literature. With 8-
bits approximation, LEADX has 7% smaller area and 86% lower MSE than DeMAS. LOA
is one of the most efficient ASIC-based approximate adders in the literature [17]. LEADX
has better quality than LOA at the same cost when implemented on an FPGA. With 8-bits
approximation, LEADX has 87% lower MSE than LOA at the same cost. HOAANED is
suitable for FPGA implementation. However, APEX has less power and better quality
than HOAANED at the same cost, when implemented on an FPGA. APEXx has more than
60% lower MSE than HOAANED at the same cost.

5.3.3 Comparison with Segmented and Speculative Approximate Adders

In this section, we compare the proposed approximate adders with segmented and
speculative adders in the literature; Almost Correct Adder (ACA-1) [62], Accuracy
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Configurable Adder (ACA-I11) [64], Block-based Carry Speculative Adder (BCSA) [75],
Error-tolerant adder Il (ETA-1I) [63], and XUAV [74].

The quality and implementation results of 16-bit adders with different approximation
amounts are given in Table 5.7. These adders have same delay (1.35 ns). These adders
are implemented with input and output registers. Therefore, although their critical paths
are different, their speed is limited by the maximum frequency supported by Virtex 7
FPGA.

Table 5.7 Comparison of 16-Bit Proposed Approximate Adders with 16-Bit Segmented
and Speculative Approximate Adders

Power ER
Adder m* | r* | LUTs ME RMSE
(mW) (%)
4 - 14 6.13 4 1.39 34.88
LEADx
8 - 12 6.09 72 23.29 63.15
4 13 5.45 3 1.58 74.90
APEX

8 9 4.32 63 26.13 98.04

4 1 29 6.25 34944 6702 34.13
ACA-I [62]

8 1 72 6.78 32768 1689 1.59

4 2 22 6.29 17472 5232 47.88
ACA-11 [64]

8 4 24 6.23 4096 703 5.90

4 4 24 6.42 4368 1029 6.20
BCSA [75]

8 8 16 6.12 256 63 17.04

4 2 22 6.30 17472 5232 47.88
ETA-I1 [63]

8 4 29 6.20 4096 703 5.90

3 1 16 6.24 37448 9615 61.84
xUAV [74]

5 1 26 6.42 33824 4754 16.72

*m is the size of approximate part (LSP) of LEADx and APEX. For other adders, m is the segment size. For segmented and speculative
adders, r is the number of resultant bits contributing to the final sum from each segment.

XUAV is an FPGA-specific segmented adder. Several configurations of XUAV are
proposed in [74]. We used two most efficient configurations; one with the lowest error
(m =5, r = 1) and the other with low error and low area (m =3, r = 1).

The segmented and speculative adders follow fail-rare approach [76]. They have low
ER. But their error magnitudes are usually large. Therefore, these adders have high MAE
and MSE. For example, ACA-I with 8-bit segmentation has only 1.5% ER. However, its
ME is 2"15. Most of the errors that occur in ACA-1 have large magnitude, resulting in
significantly high MSE.

Among the segmented and speculative adders, BCSA with 8-bit segmentation has
the best quality. ETA-II and ACA-II have similar architecture. Therefore, their error
metrics are similar. However, for 8-bit segmentation, ACA-I1 is more area efficient than
ETA-IIL
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LEADx and APEX have better quality, smaller area, and lower power consumption
than the segmented and speculative adders. These results show that, for uniformly

distributed inputs, fail-small approach gives better quality than fail-rare approach.

5.3.4 Case Study: Motion Estimation in Video Encoding

We also assessed the impact of the proposed approximate adders and the other
approximate adders on video encoding quality. C++ implementations of 8-bit adders with
4-bit approximation are integrated into High Efficiency Video Coding (HEVC) reference
software HM 16.14 video encoder.

The approximate adders are used for sum of absolute difference (SAD) computations
for motion estimation (ME). ME accounts for approximately 70% of the computational
complexity of video encoding [13]. The search strategy is set to fast test zone search (TZ).
The quality results are obtained for four video sequences with different spatial resolutions.

For each approximate adder, PSNR result in dB and the percentage increase in bitrate
(ABR) with respect to using accurate adder are shown in Table 5.8. LEADX has the least
quality loss, i.e., lowest PSNR decrease and lowest bitrate increase, compared to the other
approximate adders.

Table 5.8 Impact of Approximate Adders on HEVC Encoder Bitrate And PSNR

Video Sequence

Traffic BQ Terrace | Four People | Party Scene
Adder (2560x1600) | (1920x1080) | (1280x720) (832x480)

ABR |PSNR | ABR |PSNR | ABR [PSNR | ABR |PSNR
(%) | (@B) | (%) | (dB) | (%) | (dB) | (%) | (dB)

Accurate - 37.35 - 34.69 - 39.58 - 33.44
LEADXx 393 [37.05| 1.49 (3451 | 2.07 |39.38 | 1.86 |33.29
APEX 433 | 37.03 | 1.98 | 3450 | 2.08 |39.38 | 1.98 |33.28

AFA [68] 4.46 | 36.89 | 2.28 |34.50 | 2.55 [39.34 | 290 (33.24

DeMAS-2[71] | 3.98 |37.06 | 2.64 | 3450 | 2.20 | 39.29 | 1.87 |33.29

HOAANED [67] | 10.70 | 36.76 | 3.54 | 34.44 | 468 |39.28 | 4.37 |33.18

LBA [70] 11.35 | 36.77 | 3.57 | 34.44 | 3.89 |39.27 | 449 |33.18

LOA [16] 11.78 | 36.76 | 3.77 | 34.45| 3.63 |39.30 | 3.89 [33.19

SEDA [73] 11.61 | 36.75 | 3.66 | 34.44 | 2.87 |39.27 | 4.26 |33.15
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Chapter 6

CONCLUSIONS

In this thesis, efficient ME hardware for HEVC and VVC standards are proposed.
The proposed VVC ME hardware is the first VVC ME hardware in the literature. We
proposed an approximate adder suitable for SAD calculation in ME. We analyzed the
impact of approximate circuits on the performance and quality of HEVC ME. We
proposed a methodology to design approximate adders for FPGAs. Two approximate
adders for FPGAs, one targeting high quality and the other targeting low area and power,
are designed using the proposed methodology. We also proposed a novel low error
approximate SAD hardware for FPGAs. It has the lowest area and consumes the lowest
power among the approximate and accurate SAD hardware in the literature.

As future work, the impact of using approximate adders in the SAD adder tree of ME
hardware can be investigated. Run-time error detection and correction for the proposed
approximate SAD hardware can be explored. Fast VVVC ME algorithms and their efficient

hardware implementations can be proposed.
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