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Abstract The coding mode space of high efficiency video coding (HEVC) is extremely large so it
needs huge amount of computations for HEVC encoders to do mode decision (MD). Parallelizing
HEVC encoding on many-core platforms is an efficient and promising approach to fulfill the high
computational demands. Traditional coarse-grained parallelizing schemes such as Tiles and wavefront
parallel processing (WPP) either cause too much quality loss or can’t afford a high parallelism degree.
In this paper, the potential parallelism in HEVC intra MD process is exploited, and a multi-level and
fine-grained highly parallel intra MD method which works in a coding tree unit (CTU) is proposed.
Specifically, the intra MD process in a CTU is divided into six types of sub-tasks., and the data
dependencies among adjacent blocks that hinder parallel processing are analyzed and removed,
including intra prediction dependency, prediction mode dependency and entropy coding dependency;
consequently the MD computation for all fine-grained coding blocks of different levels within the same
CTU can be computed concurrently. The proposed parallel MD method is implemented on Tile-Gx36
platform. Experimental results show that the proposed parallel MD method gets an overall speed up of
more than 18x with acceptable quality loss (about 3% bit-rate increasing). compared with the non-
parallel baseline HM.
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Fig. 2 Depth-first serial processing order of CUs in a CTU of HM.
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Fig. 3 The flowchart of intra MD for a CU in HM
encoder.
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Table 1 Sub-Tasks and Their Output Results
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Fig. 4 Reconstructed pixels dependencies during intra

prediction.
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Fig. 5 Prediction mode dependency among adjacent
PUs and the proposed dependency removing method.
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Fig. 6 CMs inheritance in HM and our proposed method.
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Fig. 7 Coding depth dependency among adjacent CUs
and our proposed dependency removing method.
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. Y FT PB £ H CML B iy 45— AR #1540 1
— AR EAAM PMC, Ry T &, A 64X
64 ) PB 317 — 2 TB 4] 43, HoAh i) PB & B 45
—A TB &L A SCHE IR 47 5K s . CTU L i i
A PB #EH CML B (4 fF 5 B X I 17, F#om b
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PMC; ;.= PMCC (PB (depth;, zorder; ) , mode, ) »
0<Li<<4,0j<<4'"— 1, k€ECML,;,i,j,k 47, H
Xt PB(depth, ,zorder,) . X437 4 A>T HIH47
T

4) PBBPMS. 4 — 4~ F PB iy PMC 115 5%
2 JE FE  Hh E BE dR /N PMC X R A 5 0 A5 =X
fER PB 1 s & B A5, 12 2 PBBPM. A SCHE
(3479w : CTU T A 52 BE PB IR47i# 17 PBBPMS
#:/E, ic i PBBPM,, = PBBPMS (PB (depth,; ,
zorder;)) ,0<i<4,0<j<<4' —1.i.j AT,

5) TBCC. #& 5 & PB FefE WA L2 )5 . 7
YL A CU M TU R4y, B 23— A4
CU &M TB 3K 2. A ST
AT M 84> CTU Bl it A TB I 17 Hh ik 7%
RKEAM TBC i+%, %R TBC,,, = TBCC(TB
(depth;szorder;) smodey) s H T 55 % TB KN 32,
FRLL1<<i<<4,0<<j<<4'—1,k€ TBPM,.i.j. kI
11,5 TBPM, ;375 TB (depth, , zorder;) i it
SR T A 2. H T AR SO D 4R R R U E R R
FORHEAT WA T T DUAE ] — A~ TB X [7] — A4~
T A X T R 52 4 A ) Y. B R IR — A4S TB
Al g x4k 24> PB [RIA 8 35, B LAR —A> TB 78—
P R B A — W R AT L 980 T3 R a0
K TU R )Z KN 3 )2 84 TB(depth, s zorder;)
28 PB(depth,,zorder;) ,PB(depth; ,,zorder;,)
1 PB(depth,—, , zorder;) [f) it 7 55 , # TBPM,
AN RS IR 1.

TBPM,,={PBBPM,; ,PBBPM, , .
PBBPM, , s}. 5

XF TR PB Ay S AR e £ L (3 PB 7E 5 B
PB A 2 — 2 15 00 T A7 5 A i A <7 23
BN 2 PR AR SCE P 5 MR IR
Table 2 The Relationship of Prediction Mode Between Luma

and Chroma Components in a CU

x2 BESENNEXEZESERNEXHNEX R

Chroma Mode Luma Prediction Mode

Index 0 26 10 1 X (Others)
0 34 0 0 0 0
1 26 34 26 26 26
2 10 10 34 10 10
3 1 1 1 34 1
4 0 26 10 1 X

B .TBC,,,=TBCC(TB(depth,,zorder;) ,mode,) ,
Hop 1<0i<3,0<{j<<4'—1,[=0,1,2,3,4.,mode,
7N SR R AL 4 7 1 IR

6) QTD. AT 55 1Y 3 22 T 4F J2 AR 48 1 1 fr ik
TSR 25 R, ok i CU (W d & B KR 7
PBBPMS 1 & 45 3| 1 52 & PB Ay # I A< =0, 78
TBCC i &5 3 152 EMEAE R TBC, irk QTD
(0 32 2 TAE R P 3 2 1 CU ey TU R 53 0
B A 0 B AL =X, O L 2 CU AR K
s o8 R 2 5 5 B A SCHR 0 O AT SR e
—ACTU B @iy fr 5 CU 4717 QTD: QTD
(CU(depth; yzorder;)) , it 0<{i<{3,0<j<4' —
1.i.j 347,
2.4 ERHIITESN

TR PR IR AT TN MD Bk B e OF AT B
HEAT IRl 4 A #EAT 2 R 1) X RMCC,
PMCC.TBCC T4 55 » 2 23155 4 J2 it P F50 00 1 22
e m AL B AR TN ] 5 AR B ST A T AR LE
H5 ## A 78 ¢ ; CMLC, PBBPMS. QTD (% 3
CERRAE R AR L Mk £ IR R BN E 5T
BT TE . 2) % T [ — 2K F41 55 th T B 1 AH
LR BT 22 1) ) BOH AH OGP L I A Y E s B T
Al DL gl A5 PR B AT B AN CTU R AT
THE I ) 3 5 de K% B Al 5 0T 1 T B I ) 2
E. BT UL 2 SR & FAR S AT T

1) RMCC BirBt. 4 CT..;.. &8 RMCC(PB(depth; ,
zorder;) ymode,) BT BT A], & T=CTy.0.0, B4
A CTU B PB By RMCC #3471 55 i 1] 3z {81
H

441
DIDIDNCT e =35, D1CT 0 =
i=0 j=0

i=0 j=0 k=0
4
35> 4" X CT . = 1757,

RIS RAT S i F R T, T LA TPD=175.

2) PMCC WrBt. %4 CT.,;., %/~ PMCC(PB(depth; ,
zorder;) s mode, ) Wit B BB, & T =CT, .., &
Giit 520 PB R CML B EY &4 5 A, BT L
A CTU HLETA PB % PMCC (4 55 47 158 i i) 3
(175

|

5(4T+ D) D CT o0 )=

5(4T + ZCT,-_M): 1007,
R RAL 5 B AR R Y T, Br A TPD=100.
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3) TBCC BrBt. 4 CT,,;..#m TBCC(TB(depth,
zorder;) ymode,) B[], & T=CT 0.0, 1%
TU £ %4> 3 2, {47 MD i 2 rp A~ CTU B
Jii# TB i) TBCC 4715 )

3 41
2XAT+3(D) D CT .0 )+ 4T = 44T,

i=1 j=0

BRI E RS AR A T TPD=44.
4) CMLC {£% Ml PBBPMS [fit&E &8 /N Y
HEAST RN K, TPD Jy#A4s CTU B i Fr A 1)

4
SLREPB i L B D) 4' =341, [/ B QTD & TPD

3
2 CTU  CU %kt 1P > 4'=85.

MEL L g3 8 ol DL . 7R SCH /Y IR A7 it N
MD 53k B B IR AT BEAR & 3l T A F B

}
}

3 éxImﬂ;u é\—ﬂzﬁ%

RF HEVC 2 H R 5 HM13. 079, A Sl
22 S T S BUAS SC T 48 1 0 O AT AR ok B R k. AR X
B T AR H A 2 1k AR B (TEncCu ;@ xCompressCU
SRR G BB i 22 IF AT Ak A 0 185 B R 47 R AL A
SCEE SRR — S T AR & 0 AT A
s O 0 IR AT FE RN S it B A 1) 52 ) L BT
PLIE AR BAZ PE R HE AT 48 2 N AR S AT Ak, 350
KB E 58 TILE-Gx36 % ¥ .3 A 36
ANKEPEAZ > o B A 1. 2 GHz,
3.1 XZBMAE

Ry T A A B R A R B T A L A
SCASE FH 2 5 it S I A SO kL A 4 B i I R Bl R
R T T AR AR W T R R AR G
A N — BLAEAE. A T /N EAR U) ety
R 1) P B8 5 M TR o SI2 56 ) R B B T B 2R R
BB FE— A i L BB R — 14
BOSEATHEN. 1 S8 E FLR, HAR 34 4
T B TAEL R, LR b4y — T
FA4E e T A T B AL PRI AT 55 AR A BE R L A IR T
YR AL B 2 NBE R B BOEAT 55 #4740 HE. 2R
F2 2 T AR SR A 4 e L AT 55, PR R S AT 5
THA & TAEZ AR,

FEARSCH LA 52 LT 6 SR AYAT 45 . RMCC,
CMLC,PMCC,PBBPMS, TBCC,QTD, i Fix /£

55 Z )X T[] — A~ Bl 5 TC A7 1 58 i Ak BRI 54K
WG BT LA 308 T AR 55 B e 4. dn 3k 3
7. AR SE GBUR W AT 55 s MUSLIZ A S B R T A
HoAb S R AT 55 7T BE 2 T 3T 30 45 21 7 A
1 554tk ¢ b 22 AR 0 5 9 R /N LR A7 5 AU 2 4k
R 55 AEAT: 55 5 2 P R e USRI, 53 50,8 1 (RIIE
B WA 55 e w3 A B — R AT 55 2 0 LT L Bk
A F) A 55 B I R /N B9 A 55 8 S SOBOR. X TR
[F) B4 BT 3 ST 55 22 ) D) 98 A AR 5 2R L AN ] ol
W TAE S5 Z ] LLJF AT

Table 3 Sub-Tasks with Their Parallel Hierarchy and Priority

R3 FESHITERMRLEREX

Sub-task Parallel Hierarchy Priority
RMCC 0<Ti<C4,0<j<<4'—1,0<<k<C34 6
CMLC 0<Ti<C4,0<j<<4'—1 5
PMCC 0<i<<4,0<j<<4'—1.,k€ CML,; 4

PBBPMS 0=<Ci<C4,0<(j<<4'—1 3

Luma:1<i<<4,0<j<<4'—1.k€ TBPM,
TBCC 2
Chroma:1<0i<{3,0<{j<<4'—1,/=0,1,2,3,4

QTD 0<0i<<3,0<j<<4'—1 1

3.2 ZBHER

h T B UEAS SCEE B AT iy MD B A
AP A4 G A I B LE RN X G A BT S Y R ), AR S
FHEEUE G i 5 HM FIAS SCIA7 40 04 S B 8% 23 01 %F
6 1~ 1080p 1 2 4~ 1600p fY ¥ 23 FE A At F HM
PEAL AT B SCHF intra_main BEAT T S, B 5
TR 100 it , AR 4 SCER 20 X6 B4~ 78 91 4 il
A 4 A~ Al & 4k 2 80 (quantization parameter,
QP):22,27,32, 37, i b #2 B C6) 3H 5, Hop
Enc_Time, #1 Enc_Time, 43 | 3% 7~ % UE 45 15 5
HM FUHAT gt 65 25 10 2 B B [1] , 2 RS 2040 38 1) 1 g fulf
F BDBR™ S flii . Sk 1 5 0F I 47 53 0 A A 45 1k
RIhm 2 be 5 800 ¢ & L %A e AN ER A T AN (]
B 1) TAELR AR AT gt SCgR 4 SR an sk 4 i .
AL BOR T AR S A8 09 2% 850 ik L2 X 4 A
QP BCOFE #4855, AR 4 AT DIE A SCHR A9 It
A7 ot P A 5 Ak A i 34 A B X BT AT ) 4
V- REARAT 18 LA inEk B, 7~ BDBR by 3. 04 %.
W A A L 2 an 18] 8 .

Enc_Time,
Speedup—iEm__TimeP. (6)
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Table 4 Detailed Experimental Results,Speedup and BDBR Included
x4 MELLMBHRELHLE R
Speedup with Different Number of Cores
Class Sequence BDBR/ %
2 4 8 16 24 32 34
BasketballDrive 1.77 3.51 6.95 12.79 16. 77 18.63 18.63 +3.62
BQTerrace 1. 88 3.76 7.20 13.25 17.42 19.15 19. 84 +3.05
Cactus 1. 86 3.71 7.19 13.17 17.25 19. 04 19. 59 +2.96
1080p
Kimono 1. 80 3.53 6.96 12.79 16. 96 18. 66 19. 00 +3.09
ParkScene 1. 85 3.66 7.08 13.00 17.16 18. 85 19.12 +2.34
Tennis 1. 80 3. 56 7.02 12. 88 17.19 18.67 19. 05 +2.93
PeopleOnStreet 1.75 3. 40 6. 89 12. 71 16.73 18. 36 18.42 +3.12
1600p
Traffic 1.73 3.42 6. 87 12.67 16. 59 18.11 18.21 +3.21
Average 1. 80 3.58 7.02 12.91 17.01 18. 68 18.98 +3.04
42 14
40
42
m m
o o
2 o
& 88 g
n W
A Al
40
36
—e— HM —o— HM
—&— Proposed —&— Proposed
34 . . . . 38 . . .
15 35 55 75 95 3.6 8.6 13.6 18.6
1073x Bit Rate/Kbps 107X Bit Rate/Kbps
(a) Cactus (b) Kimono

Fig. 8 Rate distortion curves for some test sequences.
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Fig. 9 Speedup vs number of cores for our proposed
method and WPP (TPD).
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BN TPD A3 5K 22 1. i 50X Al B4 G J5 R
AHEA 3 .

D) FRAT B TR o R ¥ . FE AR SO B
EH L ARFE RN PU AL TU $HE A 228K, iR
it E R S m AR IE . A% 02 TU K
TBCC i+ sE U 1 )2 TU [ TBCC 1) 4 fi.
1155 %00 o0 R #4945 25 5 SO0 FRERAZ (T3 3R B
i, 38 L CPU B M DU AF 15 52 0 R AT B
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3) SR AT TR U PR S R IR AT A L oAl
(B3T3 SR ER AT RAT » AR i B LR BIAR /DN L (H: 2 %)
REPRIY I AT BE 3 R L BRI 2. 55 41 . 4 i B BE i 8 1E
1 AR HR AT AT L L 2 5 e S B A S L

Xt T g b5 S5 BT B T BRI AR T B Y
YRR AN i 33K AR ST SR I 22 o 5040 40 78 9
BRA kA 255 M T2 R

HI T A SCHR A I A7 5005 AR Ry i X CTU
PHEAT » BT LART LR At 4 SRy MR B2 O A7 5 35 0
WPP il Tiles &5 ] . BEE— 4R w5 I 47 .

AR T —FpE CTU Nl 2 2 0 4k
R IFAT HEVC M B #5503k, — 4~ CTU ;A
Bif AN JZ ) CULPU,TU LK B A 9 A X mT
PAFFAT M A7 A 3 3 A e 5. AR ST 1 A7
TE 1) 22 Tl B MO I B2 1 T AT % 09 OV A B 7
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(1% 2 % Jin 32 L I HL 2 % i 450 2K B0/ 5 HOA% G L
RLEE AT 7 SRR T AR5

2 % X #

[1] Bross B, Han W J, Ohm J R, et al. JCTVC-L1003; High
efficiency video coding (HEVC) text specification draft 10
(for fdis &. last call) [C/OL]. 2013 [2014-11-017. http.//
phenix. int-evry. fr/jct/doc_end _user/documents/12_Geneva/
wal1/JCTVC-L1003-v34. 7ip

[2] Sullivan G J, Ohm J R, Han W J, et al. Overview of the
high efficiency video coding ( HEVC) standard [J]. IEEE
Trans on Circuits and Systems for Video Technology, 2012,
22(12): 649-1668

[3] Peng Xiaoming., Guo Haoran, Pang Jianmin. Multi-core
processor-technology, tendency and challenge [J]. Computer
Science, 2012, 39(11A): 320-326 (in Chinese)

CEZIRW], 500k, R, B0 —HR BB Ak
fL1]. FHEHLR . 2012, 39(11A) :320-326)

[4] Yan Chenggang. Research on key techniques for parallel
video coding on many-core processor [ D]. Beijing: Institute
of Computing Technology, Chinese Academy of Sciences,
2014 (in Chinese)

UM, T 1) Ak A% Ak B0 25 (9 I 17 40 0 g % OC B R BF 5%
[D]. dbat: T EEABE A ARG P. 2014)

[5] Choi K, Jang E S. Leveraging parallel computing in modern
video coding standards [J]. IEEE Multimedia, 2012, 19(3)
7-11

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Zhang Yongdong, Yan Chenggang, Dai Feng, et al. Efficient
parallel framework for H. 264/AVC deblocking filter on
many-core platform [J]. IEEE Trans on Multimedia, 2012,
14(1) . 510-524

Yan Chenggang, Zhang Yongdong, Dai Feng, et al. Highly
parallel framework for HEVC motion estimation on many-
core platform [C] //Proc of the 23rd Date Compression Conf
(DCC 2013). Piscataway, NJ: IEEE, 2013.: 63-72
Yan Chenggang, Zhang Yongdong., Xu Jizheng, et al.
Efficient parallel framework for HEVC motion estimation on
many-core processors [J]. IEEE Trans on Circuits and
Systems for Video Technology, 2014, 24(12): 2077-2089
Clare G, Henry F, Pateux S. JCTVC-F274. Wavefront
parallel processing for HEVC encoding and decoding
[C/OL]. 2011 [2014-11-01]. http://phenix. int-evry. fr/jct/
doc_ end _ user/documents/6 _ Torino/wgl1/JCTVC-F274-v2.
zip

Fuldseth A, Horowitz M, Xu S, et al. JCTVC-F335: Tiles
[C/OL]. 2011[2014-11-01]. http://phenix. int-evry. fr/jct/
doc_ end _ user/documents/6 _ Torino/wgl1/JCTVC-F335-v2.
zip

Zhou Minhua. JCTVC-H0082: Configurable and CU-group
level parallel merge/skip [C/OL]. 2012[2014-11-01]. http://
phenix. int-evry. fr/jct/doc _ end _ user/documents/8 _ San%
20Jose/wgl1/JCTVC-H0082-v2. zip

Chi C C, Mauricio A M, Juurlink B, et al. Parallel
scalability and efficiency of HEVC parallelization approaches
[J]. 1IEEE Trans on Circuits and Systems for Video
Technology. 2012, 22(12) . 1827-1838

Zhang Jun, Dai Feng, Ma Yike, et al. Highly parallel mode
decision mehtod for HEVC [C] //Proc of the 30th Picture
Coding Symp (PCS2013). Piscataway, NJ. IEEE, 2013:
281-284

Zhao Yanan, Song Li, Wang Xiangwen, et al. Efficient
realization of parallel HEVC intra encoding [ CJ//Proc of 2013
IEEE Int Conf on Multimedia and Expo Workshops
(ICMEW2013). Piscataway, NJ. IEEE, 2013 1-6

Yan Chenggang, Zhang Yongdong, Dai Feng, et al. Efficient
parallel HEVC intra-prediction on many-core processor [ J].
Electronics Letters, 2014, 50(11): 805-806

Jiang Jie, Guo Baolong, Mo Wei, et al. Block-based parallel
HEVC [J].
Multimedia, 2012, 7(4). 289-294

Choi K, Park S H, Jang E S. JCTVC-F092: Coding tree

intra prediction scheme for Journal of

pruning based CU early termination [ C/OL]. 2011[2014-11-
01]. http://phenix. int-evry. fr/jct/doc_end_user/documents/
6_Torino/wgl1/JCTVC-F092-v3. zip

Cho S, Kim M. Fast CU splitting and pruning for suboptimal
cu partitioning in HEVC intra coding [J]. IEEE Trans on
Circuits and Systems for Video Technology, 2013, 23(9):



5K RAE 2 R UCADRLEE IR AT HEVC Wi B 1 £851 1%

883

[19]

[20]

[21]

[22]

[23]

Leal da Silva T, da Silva Cruz L., Agostini L V. HEVC intra

mode decision acceleration based on tree depth levels
relationship [C]//Proc of the 30th Picture Coding Symp
(PCS2013). Piscataway, NJ: IEEE, 2013. 277-280

Bossen F. JCTVC-L1100: Common test conditions and
software reference configurations [C/OL]. 2013 [2014-11-
01]. http://phenix. int-evry. {r/jct/doc_end_user/documents/
12_Geneva/wgl1/JCTVC-L1100-v1. zip

Bjontegaarda G. VCEG-M33: Calculation of average psnr
differences between rd-curves [C/OL]. 2001 [2014-11-01].
https://github. com/gabrieldiego/ tg/ blob/master/ref/ VCEG-M33.
doc

Zhang Shaobo, Zhang Xiaoyun, Gao Zhiyong. Implementation
and improvement of wavefront parallel processing for HEVC
encoding on many-core platform [ C] //Proc of 2014 IEEE Int
Conf on Multimedia and Expo Workshops (ICMEW2014).
Piscataway, NJ: IEEE, 2014, 1-6

JCTVC. HEVC test model: HM13. 0 [CPJ. [2014-11-01]]
https://hevc. hhi. fraunhofer. de/svn/svn _ HEVCSoftware/

branches/ HM-13. 0-dev

Zhang Jun. born in 1987. Received his BE
degree from Xidian University in 2009 and
received his PhD degree from the Institute
of Computing Technology , Chinese Academy
of Sciences in 2015. His research interests

include video coding and image processing.

Dai Feng. born in 1979. Received his MS
and PhD degrees from the Institute of
Computing Technology, Chinese Academy
China, in 2008.

Associate professor with the Multimedia

of Sciences, Beijing,

=
Computing Gi;(l)]up, Advanced Research Laboratory, Institute
of Computing Technology, Chinese Academy of Sciences,
Beijing. Member of China Computer Federation. His
research interests include video coding, video processing and

computational photography (fdai@ict. ac. cn).

Ma Yike, born in 1980. Received his MS
and PhD degrees in the Institute of
Computing Technology, Chinese Academy
China., in 2011.

of Sciences, Beijing,

Member of China Computer Federation.

His research interests include computer architecture, parallel

algorithm and computational photography (ykma@ict. ac. cn).

Zhang Yongdong, born in 1973. Received
his PhD degree in electronic engineering
from Tianjin University. Tianjin, China,

in 2002. Professor with the Institute of

Computing Technology , Chinese Academy of
Sciences, Beijing, China. Senior member of China Computer
Federation. His research interests include multimedia content
analysis and understanding, multimedia content security, video

coding, and streaming media technology (zhyd@ict. ac. cn).



