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Abstract

In this thesis, we present two parallel decoding approaches to enhance the performance
of H.264/AVC decoders on multiprocessor platform. We analyze data-level parallelism and
task-level parallelism for various parallel decoding techniques, such as static and dynamic
scheduling, static and dynamic partitioning or FIFO task buffers monitoring etc. We discuss
some overheads and problems resulted from the parallelization process, such as data
transfer, memory usage, synchronization, or load balancing issue etc. The investigation of
parallel video decoding is conducted on a new multicore application processor architecture
that facilitates the adoption of the fine-granularity software-pipeline parallelism without
causing extra burden on the system bus and it will increase pipeline-based video decoder
performance. Experimental results show that the adoption of the dynamic pipeline partition

approach could nearly be three times faster than a single-core H.264/AVC decoder does.
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H.264/AVC % %274+ ¢ 7 7 VCL(Video Coding Layer)# NAL(Natwork
Abstraction Layer)# & > VCL & ARUR Sgengne » B Jiepw @ 7 5 17 &5 3+ (Motion
Estimation) ~ 4 |4 & 4% % #5 (Linear transform coding) ~ 3¢ iP| %5 (Prediction coding) ~
2 % Hon ik B (In-loop filter) ~ % 4§ %78 (Entropy) & k7 > 3o p F € ffs
3P o NAL 3% & VCL %8 Tl e e 2 BV endi o 0 38 (7 3088 Tl enfa 0 1o
dv o~ & & g B F U (NAL header) > #4458 = 3§ % m@%}ﬁ ~ » @ H.264/AVC
NAL & i 5 45 55 00 3 (b ® 28 S el U@ 15 % 4o Figure 2,977 » 4

Transport Protocol # %+ H.264/AVC 15 # L -

I ____________________ |
| I
| VCL B |
| (Video Coding Layer) AR :
|
H.264/AVCEIfE | NS b '
e ) T |
| I
NAL
L gk I
: (Network Abstraction Layer) feat i 3K [
| 3 |
Transport |______________________I
Layer v NAL unit Internet
MPEG-2 (
H 7 d=tD 1 S 4
RTP/IP TCP/IP Systems H s L B 5 e R

Figure 2. H.264/AVC 4~ & Bl

2.1.1 Profile

H.264/AVC 1345 i@ * chiss 1 ivfsg ke ix+ A4 Profiles > H P i i@ * &) 3
MR+ A& S48 profiles ¢ 35 7 Baseline profile ~ Main profile - extension profile ~ High
profile - # F profile 47 i & % k& * w1 & » = f& profiles 1 £ 4
Figure 3 #75% » 1 ** High profile R|%_% Main profiles z_ * # 4 7 8x8 transform % 1
Lo i Y BT RAE A FE T d 7 kg Level #r3L§ - Baseline profile
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IEEJEY AMA SRR MUPFSRY U AR ALFENEE I gmLE
*E o BlE_# * H.264/AVC Baseline profile decoder i % reference design > Main
profileadd R 3 4x 7 coding tools(4= B slice - CABAC) > FRF DRSS
&Rt HDTV #kci= T AL A #% > Extensio profile B3 & #7248 1 cn¥% % 1 & (error

resilient tools) » 12 % #i 4 SP 4r Sl slice » ¢t & ** streaming media application -

Exte:/v.ded Sl slices Weighted
profile Data Prediction T
Partitioning
| slices
M/
profi
CAVAC
Baseline Slice Greps|
profile And ASO
Redundant
Slice

Figure 3. H.264 Profile

2.1.2 H.2641AVC ¥ e 35 1 /s % 1

H.264/AVC ehrg & 45 ¢ -] 3]+ i & &_Sub-block ~ block~Macroblock(MB) - slice ~
slice group ~ frame/field-picture ~ sequence > 14 Baseline profile % * =420 2~k ¢ MB

v H_d 16x16 gt Luma(Y) 4p ¥4 7 2 & 8x8 2k Chroma(Cb 4+ Cr)#7 e = >

EN

2

MB ¥ %A %4 3= % B 16x8 -~ 8x16 ~ 8x8 ~ 4x8 ~ 8x4 ~ 4x4 = ;% 77 sub-blocks » MB &

1

F_‘-

H.264/AVC fa g e | A & H = > B#73) e slice 35 5 @ Fh MB 1 & > 4o
Figure 4.%751 > slice 5 H.264/AVC # ;% ¢ chd -] ¥ 275 B > (self-docedable unit) » =~
- B slice # 3.~ ¥ m@‘ﬁﬁpﬁ‘}—'i&nb R > 3 7 & wig 2 i ahslice > @ slice A &

Foue = fh o % - fE 5 I-slice slice g2t MB gREk * intra prediction 77 5% S

F& . % = #4 % P-slice > slice ¥ (o MB i * intra prediction {= inter prediction 7> 3t
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X ¥Fg > & — B inter prediction MB B % ¥ it i€ * — B4 # = & (Motion vector) ;
$ =465 B-slice®» &2 Pslice#gin » e EF g * A BHbed a rhe Ty AL
& * baseline profile » #7121 72 3134 B-slice i o m H.264/AVC ¥ ¢t 5 3 4v 3 fE 4%
7k e slice #g 3] (12 * { extension profie) » % - #& 5 SP-slice(Switching P slice) > 5
P-slice «— fa4F7kagal » 7 0% k¢ #&5 B2 I bitrate - bitstream 5 % = f& 2
Sl-slice(Switching | slice) » & I-slice sh— fa4F7R47 4] > ",4rt T REEABARPNF

¢ bitstream ¢+ >« ¥ * K 7L 3 P~(random access) - Slice group ¢ - B 2 b e

slice "t » whm= Ly #* iz B - Figure 5.% H.264 Syntax -

i

| : Intra coding
Macroblock P : Inter coding

@.u NS] l |\ N

Time

B B

Each MB is composed of 16x16 pixels

Video frame Slice

Figure 4. H.264/AVC Slice and MB

Non - VCL NAL Unit VCL NAL Unit
Vo il
Network Abstraction Layer [ SPS | PPS [ IDRSlice |  Slice | Slice [PPS| Slice |
////
Slice laver I Slice Header I Slice Data |
- ——
| mB [[mB[wmB[ MB [[MB[MB[MB[MB[]
// e o o
Macroblock layer | Type | Prediction I C%mck I T | = |
E\Ea/ ’//// Inter \\
Reference > \ »
Intra mods(s) | | Frames l Motion Vectors | [ — I —— [ — l

Figure 5. H.264 syntax
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2.2 H.264/AVC ¥ Hjie

H_H.261 3 7 ehi & SRR SR I 3n «E»Lﬁ 75 Block-Based Hybrid Video Coding

h7f 4 > 4o Figure 6.7 5 H.264/AVC Baseline Deocder » & Bl # (m &M ) & d @ i

ey 7 e A B = 5 Macroblock(MB)» 4 %] & -4+ 3 & chi e a4 5% Control

unit % k41 * I-MB 2 P-MB 245 ~In-loop filter 53 & & % = i & {& output

% YCDbCr ¢ frame - o

Bitstream | |

slice level
pre-work

Figure 6. H.264/AVC Baseline Deocder

YCbCr
Frame

output
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MB Loop
Entropy » Control unit S 7 S
decoder ! :
- Residual data : Inv'erse
L ! Quantization
1
E Inverse
: Transform
| ,
i
O Intra | | r
Prediction _:*Q\ : In-loop
Y Filter
| |
Inter | |
Prediction —:—»O : *
3 T Reference
Reference data Frame

® Slice level pre-work 4p 5778 %+ SPS ~ PPS NAL %45 - ¥+ Refernece list 4~ 45 i % % cs iF
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2.3 % %45 (Entropy)

e B AN {8 gt gk k Bicfo H 48 eh H.264/AVC syntax iE 7 S 0 B P end
2 'S4G LAk(coding redundancy) % 3 % B EFr 0 @ Ssb LR Edn £ 0 1 P ELE
TAARIPE T PRZF G AFAME-

(1) Exp-Golomb

% H.264/AVC syntax 038 & Jg end_ Header information = £_ Motion Vector
Difference ~ Prediction mode =+ % <77 B B i F 31 » @ & T & @& *  universal
VLC(UVLC)® &% 5 Exp-Golomb afidsh $itr > 73073 & en3 5t kw2 s 4

B Figure 7. F]# 7 & gpebanie il R GE 5 5B & o

1 0 270-1+0
010 1 271-1+0
011 2 27 1-141

00100 3 272-1+0
00101 4 272-1+1
00110 5 272-1+2
00111 6 272-143
0001000 7 273-1+0
0001001 8 273-1+1
0001010 9 273-1+2
0001011 10 273-1+3
0001100 11 273-1+4

Figure 7. Exp-Golomb code table



(2) Contex Adaptive Variable Length Coding (CAVLC)

t ek B RE Rt A H264/AVC 5 £ %8 $kF > Contex-adaptive binary
arithmetic coding(CABAC) f= Contex-adaptive variable length coding(CAVLC) -
CABAC 4% i 7 i iE (h/RR % Hgre o iedp ¥eaugser .3 CAVLC » @ %A baseline
profile & # * CAVLC -

d 30 & R R B 548 Linear Transform {6 € #-+ 384 chiy £ f ¢ A MOIE e93R
i &
— 5 #7111 CAVLC F 4-%Fpb ¢ ke (7 &2 » 2L # Zig-zag oreder «hiF# > 7 4o

A

@ o

oo g

(g

[

44 Rend F e hAEAT AR FPLIL )

Figure 8.#75% » #R {8t AX4 T B GECEETE & — 38 g (i fic » A H 2T s

i
W

Gl B enBl ik orun-level chBiE Rk L AE o 248 B E 11 * coeff_token ¥ 4
27 #eig &7 TrailingOne i@ #ic > 1335 TrailingOne i v Bard 8 8 BehiE 5 +1
&-1># % 2 & TrailingOne - Residual P £ &R H & = d (S 3@ ik B 275 0 1345

e —

TotalZero 22 RunBefore > 3+ 8 41 & B2t 2 ficim s H o — B 2L % $ici@ 2

=3

#Fhip

fio o THRGL T o

o //4/(,,7/’/13 16 |26 | 39 | 42
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Figure 8. Zig-Zag order scan
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2.4 Inverse Transform and Inverse Quantization

H.264/AVC i 3 (Transform) =038 & ¥ 3 * #5 iz DCT(DCT-like):& (73 55 & &
P 2@ DCT > % Figure 10. > £ 8 4R en 8 W iy B enigde > A 28817 1)
thid & frhfB Rl - 72 € 24 Mis-match dfiin » @ 7 H.264/AVC {eii 4 PF ¢
Bol A4 B HE LS T R Reaud B A K B (16-bit) T R f & & F o2 Bk

PR R eAg AR R 0 o] R LB B 4w 'E MU Bl ik (Blocking effect) s

%> H 4x4 inverse transform ¢ 3% 2 ;% 4 Figure 9. o

1
. A = B , , 1 1 1 1
1 a ab a° ab 1 1
1 = -1 -1 b b2 ab b2 1 - -2 -1
Y = : [X]® |42 A O
§ = 4 % a* ab a* ab i - =3 11
N ol A ab b* ab b® = =3 @A ==
1 -1 1 —-] - 2

Figure 9. Transform formulas

B Forward transform ( for encoder ) :

s Qx+ux - Qy+vr

F(u.v)= C(l’)C(“)Z Z~f(‘\“ goues 2N 2N

X=U y=

M Backward transform ( for decoder ) :

N-1N- .
- . Ao s @2x+Dur  Qy+lhvr
f(x,»)= EO éo C(u)C(V)F (u.v)cos =T cos o

Figure 10. DCT formulas

8 %5 & (chroma) £_3% * 2x2 4t 4%
10



H.264/AVC # &£ i % (Quantizer) % 45 # # % 8cfr's M8 T3 > H k1181

BALE T BB A SR BRI 0 T AT MBI T A AR LA L o
@ H.264/AVC $% & 52 & & v ¥ P& (step sizes) ™ 1% 3% > H ¥+ 8 1t 9 14 (Step sizes)

oty Bt A K o AR AR R HFF L 12% 0 FRE BRECHIFE ER S R Kk

S

o\

VR R 3 H264/AVC 7 11 ¥ A e R kg 0 B % AR A2 e Figure
11,477 o

4x4 pixel value

5 1 8 10 Code transform 140 1

-6 7
9 8 4 12 W= AXA' -19 -39 7 -92
1 10 11 4 P11 22 18 8 31
19 6 15 7 2 1-1-2 =27 -32 -59 =21

A= qa
X 1 -2 2 -1 W
Quantization

17 0 -1 0 544 0 -32 0

a2 0 [ s o N [ 40 [a00] o [2s0
Pre-scaling
s a2 [N TS e | e[ 3] s

-2 -1 -5 -1 | Inverse quantization | -80 | -50 | -200 | -50

Inverse code transform

X' =BW'B

1 1 CR |

|
8 | 8 | 4 | 12 HE W T F
B~ G o i

12 -1 1 -172

18 5 14 i

Figure 11. Transformation and Quantization
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2.5 Intra Prediction

H.264/AVC 1 * — sk 4 & p 4p AR MB enBf B R R > A * EchF R T T £
p #8755 sk g ) (Prediction) » @ FL&a Intra prediction » & Intra prediction % i 4 7
e block size :% % - ¥ Intra 4x4 mode - Intra 16x16 mode -

(1) Intra 4x4 mode

H.264/AVC %3+t = 2 & #5 4 #8% F3gRIHCS - Figure 12.%77 » ¢ 7 7 DC
RO H B N A e SRR Y o B 6] kB A PE B eh B R0 O(Vertical
mode) > Bl ik % a-p Rl iz -a~é~i~-mAd AXZ4 »b-~fsi-ndd BAZ >C~

a~k~0d Cz4 »d~h~l~pd D2 -

Intra 4x4 mode Name of Intra 4x4 Prediction Mode
0 Vertical
1 Horizontal
2 DC
3 Diagonal Down-Left
4 Diagonal Down-Right
5 Vertical Right
6 Horizontal Down
T Vertical Left
8 Horizontal Up

(a) Specification of intra 4x4 mode and assaciated hames
M|A|B|C|D]|E F | G| H

Il | a|b|c]|d
8
J | e | f|g|h
> 1
K| i|j | k]I
6

L{m|nj|o]|op

(b) Reference pixel
v
7 0 5

(c) Directions

Figure 12. Intra 4x4 modes and their directions

® DC mode # * mean(A-L)i% % a-p 2 38 B &
12



(2) Intra 16x16 mode
H.264/AVC R4+t 16x16 # & (luma) ¥ H3k o f& 3 Fe chig Rl H570 1° » 4o Figure

13.%75% > f/Ed® 3 58+ Intra 4x4 2 Intral6x16 £ % 7 % oo d AR AP ffE &

o0
-
P

©

(w
&y

o
3
&
3
&=
'X
#=

~=i

b
&
\\?{r
<l
Tl
&=
ED
W

EPEEGrE R ) PR B

Intral6x16 mode Name of Intral6x16 Pred. Mode
0 Vertical
1 Horizontal
2 DC
3 plane
(@)-Specification of intra 16x16 mode and associated-names
A|B|C|D|E|F|G|H
l{a|b|lc|d|a|b|c|d
J|le|flg|h|e|flg|lh
K| if|j k]| k| |
J J ) 1
Lim|{njo|lp|m|n]|o|p
M|a|[b|{c|d|a|b|c|d
Nle|lf|g|h|le|f|lgl|h
O|i|jlk| I [i]jlki|l 3 V 3
Pim|/n|{o|p|m|n|ofp 0

(b) Reference pixel (c) Directions

Figure 13. Intra 16x16 modes and their directions

10 Plane mode prediction if * ** § T f chg o %8



2.6 Inter Prediction

% Ak 8- tf(video sequence) _d it § chF & (frame) “TH S 0 * 5k 5 6 L4+ (Object
Scene)*c t # F (Back Scene) i » it L RHBHER P FFELA A
REUAERE  FSFELFINE G RERT S e BHF o FE I R HFEFF
IR B FE e P o B E o 2 BB B E o 4o Figure 14 #r7  Ft
hd G e d s T FiERl%Aa o 242 5 Inter Prediction! -

e H.264/AVC ALFUR G0 # 3k 0 = 87 |- e Macroblock partition #-3¢ 0 7

P16x16 ~ P16x8 ~ P8x16 - P8x8 - P4x8 » P8x4 ~ P4x4 » ® & i Macrblock p %< + 14

*7 = % i sub-macroblock » 5 8x8 ~ 8x4 ~ 4x8 ~ 4x4 ;5% » Figure 15. %77

t1

Figure 14. Sample sequence

16x16 16x8 8x16 8x8
0 01
0 0] 1
1 2 |3
i"<:::?3;§ """"" &4 &8 x4 i
0 01|
0 01 ;
! 1 2 |3 |

Figure 15. Partition of macroblock and sub-block

1 Inter prediction e %% >z i@ ¥ ¢ Intra prediction B > FJp H arib2 b E i K BB

14



Inter Prediction f2#5 (i 423 & 4 &3 BMA > % - B4 5 B~ ¥ Reference Index
fv Motion Vector(MV) 3 #% - Reference Index  # p % 2 i* & f278 e MB % T| 95k
frame » iz 3 42 5t &< _Bitstream » P~17(d Entropy f##5) > ¥ ¢t MV % & p = f278 e
MB fr%+ o MB 2 Fenfi v £ > @ H.264/AVC 5 7 &> bitstream + -] » #7112
X3 4 MV E $& % & % Bitstream ¥ > 2 ¢ % 4+ Motion vector differences(MBD) > @
A & & 41 Motion Vector Predictor(MVP) &4 + MVD A it B8 MV2> @ 2 e 5
- &% Z 4 5 Motion Vector Reconstruction(MVR) -

% = %4 0§ AP arig Reference Index f- Motion Mector & 58 415 » 2L
Reference Index #» &' 4~ e Frame » £ 4] * Motion Vector 2~{¥ Inter Prediction
Block > 4= Figure 16. 77w »4&7 k3 5 IQIT % < Residual Block {= Inter Prediction

Block f & 2% (Reconstruct)#+ i# » iz £ P4 5 MB Video Reconstruction(VR) » @

RIS R 51?;7&{ Inter Prediction f##g e/ 42 o

Motion vector

\ . ' ‘P’ is a predictor block
‘C’ is the current block for coding
B MB ‘
P MB

a@

t-2 frame I'MB

t-1 frame

t frame

t+1 frame

Residual data : The differences of pixel values, C- P 42 frame

Figure 16. Inter Prediction?®

2 30§ %5 MV = MVP+MVD
B A ¥ 3+ Baseline profile » ¢z 7 24 B slice
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2.6.1 Sub-pixel interpolation

)

Sub-pixel positions sample £_% 3 % & reference picture> #7132 Z & i * interpolation
filter i * ¥¢i7 0 image pixels %z Sub-pixel » 4= Figure 17 #7757 » & ¢ ®H &
full-pixel > ¥ ¢ T 3. P E_sub-pixel » sub-pixel sample Z £ & * 6 tap Finite Impulse

Response(FIR) filter - & » p* filter «{# & % (1/32--5/32-20/32 > 20/32 > -5/32 > 1/32) »

b = min (255, max (0, ((E-5*F+20*G+20*H-1*1+J+16)>>5)))
h = min (255, max (0, ((A-5*C+20*G+20*M-5*R+T+16)>>5)))
J =min (255, max (0, ((cc-5*dd+20*h+20*m-5*ee+ff+16)>>5)))
Table 1 #72 7+ cn¥_§ MB & % 5 M 4= N B > refernece pixel rmparﬂ X oo ho & B

#epE o 7 & Mx(N+5) refernece data -

] [] [] []

] [] [e] [eo] [E] [] []

S[olc  [1]
dle|f]|g

o[ i [m]
niplaglr

M [=] [ (7] [@]

] ] [T ] O] [] []

Figure 17. Full-pixel samples (shaded blocks with upper-case letters) and sub-pixel sample positions

(un-shaded blocks with lower-case letters) fro quarter-pixel sample luma interpolation

16



Table 1. The interplation filters and reference data size of one MxN luma partition of single direction

Interpolation position Interpolation filters Minimized reference data size
G No MxN

ab,c 6-tap horizontal Mx(N+5)

d,h,n 6-tap vertical (M+5)xN

e, f,0,i,),k,p,q,r 6x6 tap filter (M+5)x(N+5)

% 0 & ¥ MxN chroma partition & {= interpolate p+ > 7 & (M+1)x(N+1) :-2reference
block » 4= Figure 18 “f75..°
Gl S
a = min (255, max (0, (((8-dx) * (8-dy) * A+dx * (8-dy) * B + (8-dx) *dy * C +

dx *dy * D + 32) >> 6)))

A B
‘F‘I_;___?
| y

x5 &

Figure 18. Sub-pixel sample position a in chroma interpolation and surrounding full-pixel position samples

A, B, C,and D

17



2.7 In-loop Filter

H.264/AVC E_m % 3. 5 H 38 (7 &2 > #7010 € § % B is(Blocking effect) - %]t
R & In-loop filter & i % ol > Ko B AT -

% In-loop Filter erjifz® » o & B4 & e fick 4] Filter - % - B 5 Boundary
Strength(BS) » 2_% kil 3% * o 85 & gk B(Filter) R 7t ends 155 @
BS ¢ Figure 19.2> ;¢ kji-= - ¥ - B £ & 48 Threshold(a ~ B ~indexA) » @ pt

S HcE * kX478 F 4 trueedge!® - @ In-loop filter 42 4e Figure 20. 475 o

Situation Boundary Strength
p or q is intra coded and boundary is a Macroblock boundary Bs =4, strongest filter
p or g is intra coded and boundary is not a Macroblock boundary Bs=3
neither p or q is intra coded ; p or g contain coded coefficients Bs=2
neither p or g is intra coded ; neither p or g contain coded coefficients; Bs=1

p and g have different reference frames or a different number of
reference frames or different motion vector values

neither p or q is intra coded ; neither p or q contain coded coefficients; Bs =0, no filter
p and g have same reference frame and identical motion vectors

Figure 19. Determining the boundary strength

Coding Information QP

Get Threshold
p3 p2 pl p0iq0 gl g2 g3 pl p2iqg0 ql q2

L PP P s [ ] ']

Input Luma Pixels Input Chroma Pixels Boundary strength a, B, indexA

¢ ¥ \ 4

Edge Filter ( Deblocking filter )

‘ pl p2)g0 gl g2

Figure 20. In-loop filter ;= 72 ]

p3 p2 pl p0!g0 gl g2 g3

Filtered Pixels

1 True edge i # * edge 727 7 % block effect # %8
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2.8 Google Android’s H.264/AVC baseline decoder

AT 3 ¢ s single-core H.264/AVC decoder &_j%_Google Android project[20]
B~ %k ¢ baseline reference decoder » p* 4% ;% # i=*t Figure 21 #7571 Libraries ¥

Media Framework $% 4 > Figure 22. 5 OpenCore =17 4 - H.264/AVC % Video Codecs

SYSTEM SERVICES APPLICATIONS

App Home Dialer Contacts Browser

Status Bar X
Launcher

&“(k“ge_ JECBon APFLICATION LIBRARIES
anager Manager

Notification Window View Resource Content
Manager Manager System Manager Providers

Activity
Manager

LIBRARIES ANDROID RUNTIME MIDP
RUNTIME

i Surface . =
Media 5 Core Java Libraries
Framework Manager

ng';;ézéﬁ‘f.. OpenGL|ES Qiliialiachin

LibWebCore FreeType S SQLite

LINUX KERNEL

Display Camera Bluetooth M-Systems Binder (IPC) Q i
Driver Driver Driver Driver Driver St Dines

Keypad s Audio Power
Driver \WikiDover Drivers Management

Figure 21. Android System Architecture

OpenCORE

Content Policy Manager

Multimedia Engines
Player, Author and 2-Way

Data Formats

Linux Interface

Figure 22. Android Media Framwork
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= ~ Introduction to Parallel H.264 Decoding Scheme
B} & &4 47 H.264 Baseline Decoder * {7 it ¢ 3% » 5 &£ 3.1 & % Related work
% #8 3¢ Parallel H.264 Decoder % & 22 HojiF» % 3.2 aﬁk H.264/AVC 7 4+ &2 T
FHL dp R RGTE Fl 5 A e v AR T 7240 @ B o & B 5 Symmetric
Multi-Processor(SMP) 7 1= chdic 48 - {7 245 < % & * Data-Level Parallelism(DLP)

s Flpb T ok 4 3.3 & 444 DLP Video decoder ¥2 H 4§ ivig 7 itimit s o AT

3.1 Related Work

7 A & EPAR R SRR o % ¥ 3 £ 3% slice-level coarse-granularity 7 DLP < {7
1 dek w4 * MB-level ¢ fine granularity DLP 3 & » AR :8 ¢ 5 & ¥ 7
FL4p ik 44 (Data dependencies) m 4p b <L (Fix B 2 R ¥ 7 w3 N ki
A AR ik M0kt 32 o @ frame level partitioning 7% if * vt o~ 58k BE S TG
# inter prediction [1] f= buffer size '] » £ H & & 3 247 & 4 (4o FHD =
HD) 8 ;a8 § & ¢ & — B &~ 9 f 3 o @ i slice level partitioning » K,lrt 7 MPEG-2
Ty AR T T B a ik ® > 4o MPEG-4 - H.264/AVC ¥ &+ f )t
w4 T A B G MPEG-2 R € & & B MBrow i - i b foslice
@ f H.264/AVC ¥ 11 35— i frame & 5 = i slice> @ = %#Fugmfﬁﬁfﬁ-# TR LR
5 16, F]pt Boig & chsen] ¢ B MB level partitioning > 2 MB level 7 F#l4p
BRI RE T B R B¢ B2 (S F & 4 % o B2 2K slice level partition & 73 ¢ T 5

B3 m AR el 0 FEE B slice b RAE kA o A0 BT g

1 B 37en HEVC 52 4% i fine-granularity DLP - {7 i* 3= & ¢ 3% » 4 Wavefront £ Titles $fisiz ¢
4 4+ coding efficiency -
% - B %5 (frame) > = &5 - B slice

20



£+ f #72 <> m FFmpeg H.264 decoder[Zl]i% 7 & & slice-level parallelism 7% 3% -

i@ * MB level e {71t = ;44 & &~ =7 57 > Data level parallelism(DLP){= Task
level parallelism(TLP) & > DLP &% % fe 5 threads = cores f FF3 34 {7 4p e e
function it % e 4 [ - input data - Van Der Tol et al. %= [2] #& i Stairway-shaped data
partition » * % &% > inter-partition :4p &4+ o Seitner et al. & [3] ¢ > 44571 57

F partition = ;% » 4= single row (= & thread & process ¥t single row i7 %5 & i¥) ~
Multi-column partition % % - #5342 cache performace ~ buffer size ~ data transfer for
reference data & 7 I partition ervfi-;=-m % [4][5] [6] ® @ #4% 3+ DLP 2. scalability>

T 4% 41 2D-Wave =+ 5% o B f i€~ 9 ede » frame level 50T 7 it > fi£2 3D-Wave >

En
=
NN
L

P2V AitgE S MBI 7R R o 3 el - 4] 4o F P34 encoder
= 9 MV range {r reference list number > ® & 4% < fcfezs B8 5 ' rm;]k S L
PeF ¥ ABEE o @4 G M=% & Cell Broadband Engine’ + s 47 [7] [8] » 41 *
H % 1 Synergistic Processing Units(SPUs) » X {77 FeaMB» iz B T 5 A i
% Parallel programming # Local storage {- Shared memory § 2 fF g 32 » $f3¢
Programmer £_— i § # oJike Chong etal. i [9] 4% data scheduling radt g (7T
FREAFRAREET) BHFEFHR -

TLP % 4 w34y T ethread 2 core 2 447 7 Fe e function( 4 task) - & 12 pipeline

77 ;U 42 - Schoffmann et al. & [10] 4% 1 5 static partition pipelining > 4 = 7 i

17 % IBM §= SONY £ B 52 T &
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stage> @ 4t * ;% ¢ 5 & load balance 1R 42 > * % thread B #ic+ T % Heehlf ™

T 7 i sz ¢ F & thread scheduling s 58 @ i = 4cig ty & 5 *T-Minsoo Kim et al.

= [11] # i Dynamic load balancing method 7 g%« DSP L & » kWi fge 3

7 i DSP ~ VLD # %8 ~ MC # £ ~ Deblocking # #8f- SDRAM » F]t & & B 2

Mindzd > DSP ¥ f § b Fenith o @ Minsoo Kimetal % [12] #2824 st

I w < 1DSP - Debloking f= MC = d DSP /&g » ¥ ¢h 3% 41 7 4 system bus

AR ehT {7 ik $37 e Chen, Ding-Yun, etal f [13] & @t o M4 £ 75

< 2_ [ buffer % # & £ 22 partition %k %+ load balance #* 48 - Chun-Jen Tsai et al.

% [14] #& 2! Application Processor Architecture for Multi-Core Software Video

Decoding » 4| * #% 41 &3 Inter-preocssor communication (IPC) controller s @& # TLP

deocder i #& system bus #g & > 4 & S T @ﬁ?]f'“ri% Rl R

3.2 Macroblock dependencies of H.264/AVC

H.264/AVC % Macroblock level 13 4 4p ik 7 12 &~ = = 55 4e Figure 23.4- Figure

24. %75 o Figure 23 (a) Intra prediction £.1] * B s % 2 Macroblock # % i§ ~ %

‘-r'

+ 2~ 4 b2 pixels k¥ 5 prediction 2 &gy 0 @ gt IR RS A I T B - 4F

Froo R T 7 Rt R fEA4p R 4 eh inter-preocessor communication © Figure 23

(b) Deblocking filter 2% 4~ R &% & F & MB ehd (s w B rows vz :# MB i s w

® columns = pixels i& » * % f#;4 blocking effect» ¥ *t:BZ & p % MB H } 5 &7 2

# MB =7 Motion Vector {= Reference Index % * & Boundary Strength(BS)- #- i& Figure
22



23 (c) Inter-prediction P& % & /% p = frame #7& %+ > frame H i+ % (MB or
Sub-MB) @ 5 f%7% = & > Meenderinck etal. &= [4] ¢ » 3 f1* % H.264/AVC encoder
= *24| SearchRange {- NumberReferenceFrames'® % #§ 4: Scalability

¥ b Entropy fR# 304 F1 5 R S AR R R G 2 (4o VLC O AC)E 3 B
synchronization points 2. ¥ & /i85 % 2 5 B A A AIZ - @ 2 % 5 video bitstreams
& &R ¥ ¥ ~ — B synchronization point > F]pL e 2 € 4o~ 3 T i 0P 0F
oo R LEARG R Entropy At TS e T 71 > T 7 23k Entropy e

SR T

Frame n

/. Frame n-1

'

(a) Intra-prediction (b) Deblocking filter
dependency dependency

(c) Inter-prediction dependency

Figure 23. Dependencies of H.264/AVC

Intra pred. : pixel prediction for the current MB
Intra pred. Intra pred. . .
MV pred. MV pred. requires data from this block.
MYV pred. : motion vector prediction for the current
MB requires data from this block.
Current MB Loop filter : de-blocking of the current MB requires
data from this block

Figure 24. Data dependency neighborhood of the MB decoding process

8 kpyp B ¥ 2 %8 i SearchRange : 32 = NumberReferenceFrames : 6

23



3.3 Data-level Parallelism

©331& ¢ fE g DLP & 4 5@ * fwfdscheduling> % 332 & ¢ /i £~

~ @ {Tenstatic scheduling » @ % 3.3.3 f| 2 % DLP st % -

3.3.1 DLP Overview

<

Data-level Parallelism(DLP) decoder * # 14 £ i Wavefront-based decoder » DLP &_
® 7% e enthreads & cores fe PF 2 24 {7 4p e =0 function 2 7 gsw ¥l input data > 4
Figure 25.#77% 4% 4.2 & ¥ 11 frig H.264/AVC 3 Ml TR iRt o A RRH
0 & & MB level s 7 ivo A e 0 2 % & eodi 31 Figure 26.1% 2 B 5 - 1 5x5
diframe » H 4 B TLPEFRREE R 5 & - B MB(0,0)4 1245 » @ § T7 P58
B BT 2 B MB(4,1) ~ (2,2) ~ (0,3) e PEALf2AS 0 14 0L ETHE > F f247 A 24 T Full
High Definition(FHD » 1920x1080)F= » & 2= B f2 /842 ¢ L3545 = + B MB 5

E&@F’ﬁ;@% - I A ;;E__{ﬁpg.]{l?ﬁ’ﬁ = -+ B MB i 1 f:rﬁ'ifﬁ% » 4o Table 2. %77+ (SlOtS

Proc. 1 / frame \ § Proc. 4

Figure 25. Data-level Parallelism

& E & B MBs p#F times slots i# #) °

Z

Yok E - B MB R A4 o e FF RIS B MB f2#5 R S Variable length
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MB(0,0) | MB(1,0) | MB(2,0) | MB(3.0) | MB(4,0) C’Already aptopy decoasd

Tl T2 T3
MB(0,1) | MB(1,1) | MB(2,1) | MB [ Arready processed
T3 TS
- Being decoded
MB(0,2) ; MB(3,2) | MB(4.2)
T8 T9

MB(1,3) | MB(2,3) | MB(3,3) | MB(4.3)
18 T9 T10 T11

MB(0,4) | MB(1,4) | MB(2,4) | MB(3.,4) | MB(4.4)
19 T10 T11 Ti12 T13

Figure 26. Exploiting MB parallelism in the spatial domain.

DLP % MB-level #5 3% 5 iR 8E > il %ﬁmih{ig e scalaility(4% Figure 26.) -
7 Alvarez Mesa [5] 3% Maximum speedup fr. % A% Zéafé * st i 7 DLP
R IHEME ¥ f’*ifu{& dynamic scheduling ¥ &% 3] 4+ -7 load balance » 7] 5 %
# — B MB &8 PF & 3 Blaoa & & B i3 MB 75 8 (1 4x4 or | 16x16 or P 8x8 etc.)
g1 T (4e residual data) o fe A3 = A 3% * Static scheduling > RiEr T gsa ] e
(MB)#:4p = Thread ¢ Core ji#£8 » # J F]_~ 47 3 14 g*,é A g8 E ST S (e smart
phone) % A 1 » ¢ * dynamic scheduling 7 & ‘@3 FIFO queue(* % & worker thread
P~ T K f248) 0 ¢ dynamic scheduling 48 32 & ¢ 4B $F3¢ static scheduling 8 ». @ &+
FNEE T B iy i o & 2 i scalability 7 347 e 0 FB R 2 B
* _static scheduling » 7 2 75 25 ¢h e @ * o » 5v 4= scheduler s f 32

Table 2. Maximum parallel MBs for several resolutions using DLP

Resolution MBs Slots
QCIF 176x144 6 4
CIF 352x288 11 8
SD 720x576 23 14
HD 1280x720 40 6
FHD 1920x1080 60 9
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3.3.2 Static scheduling §F 1% & Hjiv

B LA H.264/AVC decoder 4 = 7 $R4 > % — 8> 5 Mainthread » #_* k4 {7
Entropy 2 Scheduling » % = %4 | 2_worker threads » €24 7 1QIT ~ MC ~ Intra &
Inter prediction 4= Loop filter » 4= Figure 27.#75= - 4 Main thread £ = Entropy
F14_t Entropy #ic ¢ % & 12 Raster scan e/ B 38 {7 f#45 0 ¥ A e F & hFE
T & f Entropy #-ie ¢ B~(8 > #7127 Entropy &3R4 & 2 A » P|T T il aafie P& L
HEA o @igs ¥ DLP i g2 — o

¥~ 7 DLP & Data partition(splitting strategy)-£.# * Single-row approach » 4-
Figure 28.(B]_+ 2. #F &4 Processors %) ~ Figure 29.%71 » & BH - (7 }
MBs & — 1B Processor f##% » § & ;% egiiE 5 0 2 iEEk N 5 Processors Bd#c > & y

mod N =i p¥ > Processor i € {0,...,N -1} H 25 F#$p 3] yth (7 MBs * o

Main thread
(Scheduler)  Entropy Worker threads
Input Bit Stream | | CAVLC Inverse | | Linear
Parsing (UVLJ Quantization Transform —‘
Reference Intra or Inter Motion
Frame store Prediction Compensation

|

Loop Filter

Figure 27. DLP- Flow chart

(Deblocking)

— Output

(4 Cores)

(8 Cores)

Figure 28. The Single-row splitting approach
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- —

Thread 4 | -
waiting 7 Thread 4 |
m—) | ¥~ —- ¥

(@ (t=N) (b) (t= N +1)
D Already entropy decoded
Thread 4 l - - Being decoded
) - “ |:| Already processed
(c) (t=N+2)

Figure 29. Example of the Single-row splitting approach

3% Single-row approach = » s {4 * 3 & 4§ Entropy decoding schemes » #t
MIERF = 317w ud parallel wavefront video decoder #71 * » % - fEiS4] 5 &
- 3g¥2< 5 Main thread 3 # £ 5% frame 34 {7 Entropy-decode’ #% & 4 fiz rows ¥ = %
oo o BRI {7 f245 & (80 @ AP (5B 5 2 & A Sh < AL TF Non-interleaving wavefront
decoder = % = fa %4 R LR H ¢ — 3p % < (% Main thread = # Scheduler) 2
row-by-row 7% = Entropy-decode - = & % Entropy-decoder % - & row f* - p| § }
A pe ¥ # s worker thread(core) 4 {7 f# 45 » @ 2% i de pb 3 E 40T Interleaving
wavefront decoder » ¢ > j2 ¥ r iz & Static scheduling *7:g = > Main(z* # Master)
thread + 2% 4 E%FE’“T;K T A% FH = worker threads = = f2 5 > F] b 7 1438 R v 3

.
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Scheduler Worker Worker

Worker

Main Thread Thread 1 Thread 2

Slice Start
Thread Start Thread Start

Thread N

Slice Finish
(a) Non-interleaving wavefront decoder
Scheduler Worker Worker Worker
Main Thread Thread 1 Thread 2 Thread N

Slice Start

Thread Start Thread Start

Slice Finish

Thread Start

(b) Interleaving wavefront decoder
Figure 30. Two different entropy decoding schemes
A% 4 Figure 30.#75% > @ Bl ® Wait for new row ¢ £ 41 * H

HoaE 2 orow BB Mutex®x B kw4 locks & # - B row 4
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2 ~ Proposed Parallel H.264 Decoder Scheme
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(a) I-MB decoding steps:
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Figure 33. The decoding steps of an I-MB and a P-MB of H.264/AVC
Load balancing i & £ %] % #+-% & Macroblock fz 7§ &_variable complexity > i& = 7
ut (378 pF R ) 4Lt synchronization b & oo @ SV iEdR A @ * & 3 i processor 2. [
% % - B FIFO circular buffer » #* %exyz ¥ 5 variable complexity #7i% = eps B
#£ > 4o Figure 35.%77 > VR * T ow dpfhee o AUV 0 = B FIFO circular
buffer - Input buffer * %< ¥ f&‘ﬁﬁué A3 &0 bitstream data - buffer #1 £2 buffer #2 p|

H2cl MB#merg & chf > e Pend 79 » 57 @4 F & pack &7 unpack

7> Fpt A B buffer skl g E4p e o0 @ & B buffer node FAL £ 4 2KB» ¥ ¢
32



% 7 Input buffer 2= ¥ % DDR2 > # 4 i buffer ¥ ¥3c % % /&2 % - local memory
(% on-chip memory) > *x % # local memory & F] % #ic48§ i¥<h pipeline # 1§l 4
pipeline 4% > &% #4775 F4L(2 intermediate data) % i+ - on-chip pipeline registers » i
¥ A% & memory bank(# ¢ £_on-chip SRAM & off-chip DRAM) » F]t i B f 5
#F system bus > @ 7 % cHE &_system bus ¥ i § A H © tasks £ device controllers i
*om i sy b B Flgt s FoR e B 4 local memory BT 14 S #F system bus

bandwidth & * o
4.2 TLP 2 ires e

Pipeline-based video decoder iy & 2% #rig >> = i pipeline stages <L ffr > ]
% & @ Macroblock f#rg4Fse R (v E 2L % P &g e 970 (RER A * F 2en stage
partition % if |31 % % ¢ load balancing> F]* 28 f* 4 &% & B pipeline stages 2. &
4e » FIFQ circular buffer » ke dcF] 2 MBs #75 # b f&#4F e & #7ig & eRjf 4 > ©
TR R R RiTR E > FP AP AR DT S 48 Dynamic pipeline partitioning -
E o M ET RE & & ,T.%(l)Static pipeline partitioning ~ (2)Dynamic  pipeline
partitioning using Macroblock mode = (3)Dynamic . pipeline partitioning using

monitoring buffer = 78 % Tk /i & -

33



1) Static pipeline partitioning
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Figure 34. Static pipeline partitioning for the P-MBs and 1-MBs of H.264/AVC
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Table 3. Macroblock mode distributions and performance (use static pipeline partitioning)

Sequence Bitrate Intra MB (%) Inter MB (%) Skip MB (%) Speedup ratio
512 k 14.4 62.8 22.8 2.54
Crew
1.5m 15.4 76.5 8.1 2.63
512 k 4.1 66.2 29.7 2.56
Foreman
1.5m 4.2 80.4 15.4 2.74
. 512 k 0.5 73.1 26.4 2.47
Mobile
15m 0.5 86.4 13.1 2.72
512 k 1.4 29.2 69.4 2.31
News
1.5m 1.8 46.4 51.8 2.74
512 k 3.0 59.4 37.6 2.29
Stefan
1.5m 3.8 72.9 23.3 2.54

The percentages of the macroblock modes are computed for the whole sequence of 300 frames.

SKip MBs 2 5zie e FI A i H 0 5 @Al ¢ — i@ B o skip MBs ¢ 2 = ED
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5B w‘»‘ijﬁg ¥]% buffer j&{“m @ & 328+ FIFO circular buffer H Ao & R A%< A%
o IR ¢ ¢ % ' local scratchpad memory s % € FUH 0 A 5 T fRAae R R AR o
#4417 Dynamie pipeline partitioning °

2) Dynamic pipeline partitioning using Macroblock mode
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% # {7 SaveNeighborForintraPred » H # it £ &5 p o MB 84 pixels - ¥ 5 Intra
prediction 1% F41 > @ SNIP & F H 2 el - 3w d2 F R F &3 H SNIP F
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35



(@) First mode

Input Buffer buffer #1 buffer #2
Core 1

MB; [ MB, MB, | MB, Core 2 MB, | MB, Core 3
i . ED+MVR+I ce S

bits | bits :> +|T++MP+J{,§ :> data | data E> SNIP [> data | data E> ILF

(1) P-MB decoding steps
Input Buffer buffer #1 buffer #2
Core 2

| MBs | MB, Core 1 .. |MB;| MB, . |MB,;|MB, Core 3

pit [bits [V EDHMR D" | data | dats |2 QUTHPVR )| it | data Dl i

(I1) I-MB decoding steps

(b) Second mode
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Core 2
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(1) 1-MB decoding steps

Figure 35. (a) ~ (b) Two kinds of different partition for dynamic pipeline partitioning using MB.mode

% 7 3K MB types #258-F {7 - s it { 7 % #L72 & > 4o Figure 36 ~ Figure 37~ Figure
38 {v Figure 39 “77& » % = f& software pipeline decoder(static = dynamic pipeline
partitioning schemes) 4 i +v » @ P|3EAR3 5 Crew 1.5mbps {= Stefan 512kbps > +
T {% P A ey IR bits BT £ e frame £ speedup ratio 5 #F & <7 bits per sample £
skip MB 5 %= B 7> § 12— ) e % Figure 39 i&ﬁ % Skip MB #ic b 2 (%
%) ¢ ¥ T $0K chspeedup ratio> @ 7 Crewl1.5mbps 338 4 5 5y gL ) speedup ratio
ez 4§ R e bits per sample = & X § 4R % number of the intra 4x4 &z 4§ o
@ Figure 37 #7757 » Stefan 512kbps ¢ skip MB ‘* € e & » { Mz iz 2> IRl
Feoskip MB v £ 8 > Flet i g 2§ A P4k dynamic partition B 0 2xit OB F
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Figure 36.Top: the speedup ratio of the dynamic (use MB type) and static pipeline partition decoder for

Crew@1.5mbps. Bottom:bits per frame of the video sequence
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Figure 37. Top: the speedup ratios of the dynamic (use MB type) and static pipeline partition decoder for

Stefan@512kbps.Bottom:bits per frame of the video sequence
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Figure 38. Top: the speedup ratio of the dynamic and static pipeline partition decoder for Crew@21.5mbps.

Bottom: the number of the 14x4 MBs
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Figure 39. Top: the speedup ratio of the dynamic and static pipeline partition decoder for Stefan@512kbps.

Bottom: the number of the Skip MBs
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B P ¢ & B MB 5 variable complexity » 14 ¥ it § i = underflow
overflow » @ »cig FJp 4% <X 258 - Figure 40 5 Stefan@512kbps frame #1 % runtime
¥ buffer depth 3§ & /% - frame #1 & ¢* sampley - static partition pipeline decoder
¢ & 4 speedup ratio(1.99)= frame » ¥ 5z % — i FIFO & - ¥Rt overflow ;i
it %= B P E_underflow» @ 2t {7 & & * dynamic partition fr*ai'i I F -~ B buffer
overflow sfi-iR 44 7 2% % - sxav» % 2 3] 2.65 & - Figure 41 5 Crew@1.5mbps

frame #152 » ¥_:% sample 7 speedup ratio & i aframe » — 1% 5 APk (R EE 48 - B2
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Figure 40. The runtime buffer growth at frame #1 of the Stefan@512kbps for the static and dynamic (skip)
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partition pipeline decoder

Crew frame #152 , static partition speedup : 2.37
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Crew frame #152 , dynamic partition speedup : 2.69
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Figure 41. The runtime buffer growth at frame #152 of the Crew@1.5mbps for the static and dynamic

(skip) partition pipeline decoder
& o TN g J 7 % - B dynamic partition s o
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SFACLEH T v kiddr buffert2 2 f 4B B G B4 0 B BIERRIR T TER

simod 0> q ¥ B &tk B ] fine-tune 4 &% e 5 AR *0.8 ¥ 5 E AR *0.90

if (buffer_1 > threshold «) I o is TolalBufferDepth*0.8
dynamicMode = 1;

else if (buffer _2 > threshold B && buffer_1 < a) // B is TolalBufferDepth*0.9
dynamicMode = 2;

else
dynamicMode = 0;
Figure 42.The rule for dynamic partition using monitoring buffer
(a) Mode #0
Input Buffer buffer #1 buffer #2
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bits [ bits PP| EDoMVR [ dats | cata [0 QUTAMPHY B | ot | data = e

(1) P-MB decoding steps
Input Buffer buffer #1 buffer #2
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(I1) 1-MB decoding steps

(b) Mode #1
Input Buffer buffer #1 buffer #2
Core 1
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vits | bits | EDMVRHQ [+ oo |data []  SNIP data |data || LF
(1) P-MB decoding steps
Input Buffer buffer #1 buffer #2
Core 2
.| MB; | MB, Core 1 .. |MB;|MB, .. .|MB | MB, Core 3
vits |bits )| EDAMR B | cats | cta |- QUTHPVR ) - it | data Dl i
(1) 1-MB decoding steps
(c) Mode #2
Input Buffer buffer #1 buffer #2

Core 2
.| MBs | MB, Core 1 .. .|MB;|MB, .. .|MB;[MB, Core 3
vits | bits /| EDMvR " |t | cata | Y D | data |data || NOP

(1) P-MB decoding steps
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.| MBs | MB, Core 1 .. .|MB;| MB, .. .|MB; [MB, Core 3
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(11) 1-MB decoding steps

Figure 43. The decoding steps for dynamic partition pipeline decoder using monitoring buffer
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Crew frame #152 , dynamic partition ( use skip MB ) speedup : 2.69
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Crew frame #152 , dynamic partition ( monitoring buffer ) speedup : 2.77
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Figure 44. The runtime buffer growth at frame #152 of the Crew@1.5mbps for the dynamic#1 (use skip)
and dynamic#2 (monitor) partition pipeline decoder
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4.3 Memory usage of parallel H.264/AVC video decoding

H.264/AVC #p $i2 3 12 L egi2n fﬁéﬁf%i%(ar:MPEG-z ~H.263)F#&7 # i< 0 bit rates
H & F1E_F1* variable block size motion estimation ~ sub-pixel motion estimation ~
multiple reference frames ~ In-loop filter % % enz73is> # ¢ variable block size motion
estimation #p ¥f** fixed 16x16 blocksize motion estimation &’ 7 % 4%3| 20%:7 bit
rate » @ i€ * quarter-pixel motion vector g #& >+ half-pixel motion vector #% = 7 30%
kG > e B B ELES 3 40 7 345 B et B 22 memory access 4f fE R
sub-pixel interpolation ~ ¥ } 7 f2 48 8 & 25%¢0:F & £ [18]® variable block size v
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g Y o Be B {E & ik 4 - Ronggand Wang £.[16] 7 # 4= 484
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SRAM & register file % cache % £ 4§ = ciareference data % % " DRAM acceess -
P RlEET crew@1.5mbps f= news@512mbps 5 & EAR: 5 pixel €47 ST =
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compensation - - R ¥ 105 6 5 35%: pixels 7 § 4L & 48 %% 2 85%:h pixels
FEAEL - P oies BT AW %D sub-pixel interpolation € F? & 3% %
off-chip memory access =< # » ¥ *f j&_Figure 45 ~ Figure 46 ~ Table 4 » ¥ w2 gz >
+ bitrate 4% 3 - sub-pixel +* £ 4% & > repeated reference pixeld =% #cA% % - @ news =
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L E

% H.264/AVC baseline video decoder ¢ - 5 = i & #-% % & off-chip memory

access(DRAM) > 4 Table 5 #77r » 2% i* ¥ 123 3L motion compensation 5 f##5 i 42 ¢
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i & access off-chip memory st e »
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Figure 45. The count of repeated reference pixel for crew@21.5mbps
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Figure 46. The count of repeated reference pixel for crew@512kbps

44




100

Percentage(%)

4 T 4
normal sample
90 i no sub-pixel sample ||
MM
80 / \\
s‘/ ‘\\
oF
I A
S 60 i
Kt [/
(@) | \
£ 50 \
= [ \
3 | \
S 40 / T
\
30 3/ |
| \
| |
20 1 \
.
107 1
0 | \*\\~\ T \\
0 1 2 3 4 5 6 7 8 9 10
Reference pixel count
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Figure 48. The count of repeated reference pixel for news@512kbps
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Table 4. The count of Integer MV and Non-Integer MV

Sequence Integer MV (count, %) Non-Integer MV (count, %)
Crew 15mbps (22011, 8.17%) (247421, 91.83%)
Crew 512kbps (20066, 11.85%) (149316, 88.15%)
News 15mbps (132181, 49.73%) (133634, 50.27%)
News 512kbps (108556, 58.72%) (76311, 41.28 %)

Table 5. Memory access ratio of each H.264/AVC decoder module (W: frame width, H: frame height)

Module name Max memory access bytes Ratio(=)
Ref. picture store W*H+2*(W/2)*(H/2) 10%
Motion compensation (W/16)*(H/16)*16*(9*9+2*3*3)*2 75%
In-loop filter (W/16)*(H/16-1)*(16*4+4*4*2)*2 5%
Display feeder W*H+2*(W/2)*(H/2) 10%

% TLP video decoder ¥2 DLP video decoder 7z 2+ # »motion compensation i 7% %_
B AR % 24 B~ off-chip memory =% » e TLP % Static pipeline partitioning » motion
compensation # T & % = 3p AT B (70 @ {7 i j< spatial locality & {8 4% = = reference
data st j€_cache » JE @ » @ * & & % i system bus %k access off-chip memory > dynamic
partition 4p &> DLP 1% 28 53 $&> & access off-chip memory =< #c -

%%t DLP ¢ TLP #7# * ¢roff-chip memory = fF » 3 & £ 8 & 4% DLP % intra
prediction data > 7 & (W+2*(W/2))* (H/16) bytes % & 5 7 #L(W: frame width, H: frame
height) » m TLP B| ® % & W+2*(W/2) bytes - ¥ ¥ 12 3c ¥ # local memory # (%] 5 7
TR JIEFeE 3) F|pt TLPvideo decoder k3t 7 2 { & 8 okl anid * &R

‘L system bus i * Hp I o
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I ~RE%REF
bipB RS- B4 e A8y BT 5> 2 35 Xilink XUPV5-LX110T
development board 12 2 Nexus 7 2013 - % 5.1 & ¢ 4 %5 2% & Xilinx vertex-5 FPGA
BT H ek S o w53 &4 % At 4T o software kernel - synchronization
schemes > @ % 5.2 &R § A A4 * ¥ ¢h— Bp[ET 5 NEXUS 72013 5% 4 o 2
fgo2vip g i * e 4 Xilink & & b7 184 &0 DLP video decoder~ TLP video decoder
B AT T i H.264 R AR A GE {7 ama b do AR T EpzER R (CIF)E 2 kb

bitreate & {7 >y 1R » B APIREIE 1247 R B 5 (SD)H L 7t snig R o
5.1 Xilinx XUPV5-LX110T development board

Xilinx XUPV5-LX110T[2] €_FPGA ¥ 5 4 > 3 3% 1 T 35

Xilinx Virtex-5 XC5VLX110T FPGA
= Two Xilinx XCF32P Platform Flash PROMSs (32 Mbyte each) for storing large

device configurations

Xilinx SystemACE Compact Flash configuration controller

64-bit wide 256Mbyte DDR2 small outline-DIMM (SODIMM) module compatible
with EDK supported IP and software drivers
= On-board 32-bit ZBT synchronous SRAM and Intel P30 StrataFlash
= USB host and peripheral controllers
= Programmable system clock generator
=  Stereo AC97 codec with line in, line out, headphone, microphone, and SPDIF

digital audio jacks

RS-232 port, 16x2 character LCD, and many other I/O devices and ports
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Figure 49.Xilinx XUPV5-LX110T Evaluation Platform

B A de =T

XUPV5-LX110T board

1GB Compact Flash card

256 MB SODIMM module

SATA cable

XUP USB-JTAG Programming Cable
DVI to VGA adapter

6A power supply

Xilinx XUPV5-LX110T Virtex-5 FPGA # i & 59 (BB 8 ~ & A5 B Soc 33+ -

*# < & * Compact Flash card i® 5 42.5% ¢ @?] )\,%E?ﬁ;f]:". TAleRE G KR o
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5.1.2 Application Processor Soc 7 #

Hardware mutex

Application Processor SoC

| On-chip shared SRAM | | Peripheral controllers |

e e e e e e e e e e e e e e e e ———————

A Biak v o S0C HAE R & B [14]05 P

Y

Software-pipeline &34 (7 { 3 x5

WEH o A ER

| 1/0 transceivers |

System bus (PLB)

FSL FSL
FSL FSL
2-port 2-port 2-port 2-port
Local Memory Local Memory Local Memory Local Memory
| | | | I [ [ |
IPC controller )| IPC controller g IPC controller IPC controller
ILMB] DLMB ILMB] DLMB ILMB DLMB ILMB DLMB]
PLB X PLB i PLB X PLB X
‘— Microblaze 0 Microblaze 1 — Microblaze 2 Microblaze 3
s ) = Es
xeL]  oxcl ixce]  oxet] ixct]  oxer] x| oxci]
8-port memory controller (connects only to the cache links and DRAM)
]

| DDR2 memory chips |

Figure 50. Proposed architecture on a Xilinx Virtex-5 FPGA

SMP i#% % 3Lt o

i B} 2 4 RISC 7w eh 241 % Xilinx Virtex-5 FPGA # %47 i& (7 4 59 1F

2% » Xilinx Microblaze processor IP?"8_#* 3% i¥ 5 RISC $5w » ¥ & 3w § =

s

3R

e SMP(Symmetric multiprocessor) multi-threading %

%,

» ¥ pipeline program # ¢ & * %7

LT SRS

Iy A
e
wuZ

4 SR

° iz -+ - (Figure 49)'% 7

N

Re & 7

¢k e system bus

iz

instruction/data ports » % — =41 * Local Memory Bus(LMB)¥ — 5. on-chip memory

TIPE-BELETE - FERF-FVHUEAFRY B L 2B IP T 2
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bank i & > % = = p] F ¢ system bus(PLB)#uid 2 - % = %% i Xilinx Cache
Link(XLC)%2 DRAM contorller :& % - @ d * Microblaze IP 7*24]% > i¢ {8 415 SMP
F2E fﬁ'f Microblaze processors #5472 [ ;2 5 % 3% coherent data cache » %]y* 42
VM HER L R p o7 e e cache validation function %z if& % cAF 4202 F cache
coherence R 3% » #* {7 5 € i =% ProCessor core =iy ™ "% » F]gt * K e 4] *
ik gt (flag) £ 2 g3 § & ¢ 4% cache *Tiff & ek FRa @M @ (R~ 7 dp R &
DDR2 memory chips) > @ ¥c % 4 483! 353 3| B Xk o. ¥ #7771 72 0n-chip shared
SRAM?® » % d*% 14;2 4 coherent data cache s %5

¥ ¢b Hardware mutex 84 Xilinx # £ 5 & i mutex IP> e £ 3% IP 2 i% i PLB bus
% {735 B> @ mutex lock 41 5 spinlock 7= X 1T #rrLE § R AR BN E
i mutex & {7 FBpF 0 € 1$ & & 5L 4 shared PLB § 4 M OERY & AR T R
FlM B F R A R R Fanmutex K B R aJE thread synchronizations mutex 5% ¢ 2
64 2 32-bit & P erfyx 0 & - B ALY kT mutex Bk AN 2T
threads i* 5 @5 - @ % processor Z & mutex lock/unlock p ¥_i% i& Xilinx # &
FSL(Fast Simplex Links)*®® bus » #& = Z & % & clock cycles T+ = & & ¥ » ¥ %

processor core #& mutex lock %4 i (spin-lock loop)p » ¥ ¢ } * p ¢ e FSLAE % >

%8 Xilinx i 7 # # Microblaze % # ¢ RTL code

2 On-chip shared SRAM 3 uncached memory °

% FSL % 32-bits % # Microblaze + 14 & > FSLchannels 3 ¥ o ZE$f 2hendicdiy i 4 o
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Ao b A SRR EE TRk SL2E P non-coherent data caches® # 42 5¢ sy e
FAors M shared PLB f 4% > £ 7 7 F 3uend i JR € 3¢ & vat e g o

Vb f SRR Y 0 B0 FHET A BB threads % & # % 3 3= 14 (DDR2) ¥
HBHIEATAE A g $£ o Fpt & B processor core # - BT p @ ehscratchpad
memory bank® > & sz 48 £ % 4 on-chip memory . 3 B B © 2 & B cycles e
oo oo Flplag £l G ahg L o

Table 6. FPGA LOGIC USAGE OF THE PROPOSED ARCHITECTURE

IP (single instance) LUT6 Flip-Flops RAM
Microblaze®® 2164 2391 8+16KB
IPC controller 567 297
Local scratchpad memory 64KB
Hardware mutex 1103 568
8-port memory controller 6580 7836 2KB

The system clock rate is 83.3MHz.

Table 6.%77% e E G gt A5~ FR % % SLdE ﬁt‘ v A& eafic it id * e FPGA logic
w0 @ ow it A3k 3] e Hardware mutex %5 % 2 2 on-chip shared SRAM = 3. % ¥ & 2t
iz % Su7 g pipeline datapath e & ~ 2 » A k%4 5 p © ¢ coherent data

cache pF » #-7 W £H 25 B <2 o

3L 5= @ 3% eng_write through 4 -

32 Pipeline =% ¥+ - scratchpad memory bank size 3 64KB

3 % Xilinx #f# # 2 32bit RISC soft processor » 4 * Harvard % 1
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5.1.3 The IPC controller

IPC Controller at stage k

SEL
ILMB \}\‘

5 Data Read/Write Port A
IPCB o (to stage k+1) Conolla Two-port
IPCB i (from stage k-1) :/;:ralchpad
Register file Port B emory
src_addr 1
Address
Seiadce decoder
length
cmd flag

DLMB

Figure 51. Stage k 2 IPC controller 7 ¢ ¥l

all4]e s e T S b0 @ 2 0 = ke IPC controller(# B 4% < Jf fie & —
& controller) > 5_* 3% %7 =+ pipeline-based #%.5%#c { 7 »x5 e:& iv > | # IPC datapath
4= system bus #F T (A # © 45 502 PLB bus) » ® & i APl it i 4250 3K 31 Ak E
pipeline program ¢+ § ff 41 » API 284 T — & ¢ 2w 4 %2 - @ 1 pipeling & i stage
# & g - B processor core ~ — i IPC controller f=— & local scratchpad memory > IPC
controller % £ = Figure 51. 77 -+ IPC controller § § /a2 & 3 32 % 2. 7
scratchpad memory 7% #% 13 P~(random memory access) > = & if 4 pipepline statges
i * burst data transfer - @ ILMB #=3 memory port s % & A fE > L 4o % [LMB 7
% * memory port F - 25 B IPCB’s i {7 L A% > B¢ fain @ * £ % 1 memory
port = @ v+ i id 171 & e Ay i & pipeline stage buffers @ p+ > AJZE? 7 & =
PR A PR F F T AL & memory port i {7 fé@ﬂia?]ﬂf VRS BB TH e 1 (FeaniE

IPC controllers 5 = ‘& 32-bit controller registers » izt # 3 B L * kjf 3 3y T F
s R P v scratchpad ¥ T — i scratchpad » @ iz controller register 44 ¥ /& ¢

local memory i1t 17 OXFFFO ] OXFFFC -

52



5.1.4 Software kernel and Synchronization Schemes

0x00000000
Core 0 ISR, stack | Core 1 ISR, stack | Core 2 ISR, stack | Core 3 ISR, stack
and boot code and boot code and boot code and boot code
0x00001c00
Core 0 Core 1 Core 2 Core 3
pipeline data pipeline data pipeline data pipeline data
AR—— space space space space
i Unused
0x84000000 |
10 device address space
0x84410000
4KB on-chip shared SRAM
0x00000000
| Unused
0x90000000
256MB shared DDR2 DRAM
(program and heap space for all threads)
0x9FFFFFFF

Figure 52. The memory map of the system on an FPGA development boad
w[l4]# i egE g > @ g 9 — & non-preemptive multi-threading operating system
kernel & = 4 i * R B it 4 & SMP ZF 1@ £ ¥ @ F] 5 A% 3iRJT B | dasystem
kernel 7 % 3 preemptive multi-threading » #712 & 3f a2 B 7 it 7 H — 4% o 4@
Figure 52.#77 » 42546 .2 % heap space >z ¥ % DDR2 memory ¥ 4% i &I B i
£ 3% - m stacks 1 2 F k Fuikef fEPEE B R B AT (Ten boot code BIPRE A E op
fe 2 % 0 local memory e

ik SLZEAET o 4ok & ¥ threads £ F R B ARG AFES 2 F- A5
F1* hardware mutex device #1473 7764 * mutexs® & - = mutex ¥ 2 &% i clock
cycles ¥+ 8 — s 4z #a lock £ unlock =g 8% f5hes thread f8 lock © 544 2 # thread
g A chmutex ¥ 0 R € 38 » — 1 spin-lock loop > @ #4k mutex 7 < thread f24) 2
w0 3% thread & 2 € i 4= i = system bus #f % 2% &_data cache #g & - % = fale ¥ it 48
#18]E_i * on-chip shared memory 2z ¥ flags & £ % T »

system bus # $t = 3t

# * round-robin 4] > #7013 € 3 = threads A& P~ £ % 4L PR pF

3 % * int mutex_lock(int mutex_num) ~ 14 % int mutex_unlock(int mutex_num) API
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A 4 starving % o

P By REG Jh A @ chlocal scratchpad memory b 5 7GR Bt B

I
¥

CE R GARF AR > 2 WA AR RIS A B K
Im_alloc( size_t xWantedSize) ~ vPortFree( void *pv )# it » %% XWantedSize _* %
ip AT F & «hlocal memory size - 1%  api kfe ¥ & fcd7F & o local memory
space > @ F £ 4 A ¢ * link list ¥4 %4 > @ 5 7 K3+ thin software kernel #7127 %
local memory management } # g 32 ¢k 3824 (external fragmentation) =F° 4 o

M & 7 p#E pipeline program X 3 i ¥ T ie 4 41 * IPC controller
e/ oo P ik B i H B (7 enr i void Im_transfer(void* dst_addr, void* src_addr, int
len) 2 2 “int transfer_status(void) » m %% dst_addr > src_addr > {- len €% % 3 /& HIER
TenF o BRf4 P g okihzyonz @ﬁ]?ﬁiﬁv«’ | s @ F ek ed |mtransfer
pEoe | o~ 2L g omd_flag o * X 3 burst data transfer o #724 = pipeline stage

F {1+ & ij Figure 53.#77% » @ Bt #r7n évbuf & — % circular FIFO buffer -

void stage k_thread(void *param)
{
extern int *buf[]; // Shared stage buffer pointers.
buf[k] = Im_alloc(64); // Each stage allocate its buffer
//  from its local memory.
while (1) // never-ending pipeline operations
{
wait_for_new_data(buf[k]); // Wait for stage k-1’s input.
stage_k_operation(buf[k]); // Perform operations on buf[].
wait_for_trans_ready(buf[k+1]); // Wait for stage k+1 ready.
Im_transfer(buf[k+1], buf[k], 64); // Output to stage k+1.
}
}

Figure 53. Pseudo code that performs stage k operations in pipeline datapath
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5.2 NEXUS 7 (2013 %%) =

Figure 54. NEXUS 7 (2013) platform

A= 7 ¢ 4 % H.264/AVD decoder Data-level parallelism(DLP)£ Task-level
parallelism(TLP) & {7 4 45 3¢+ » @ & TLP ¢h scalbility £.4p % & & memory
subsystem» &~ ¢ 3 * 7 4 0 # data cache subsystem B = w2 RFIFIR 5 oh
Lt R B- ared o AN T FARABERES T 0 TR ARENKEFE
IR ® - B~ Aog s cache 7 i 5 7 EM B BERZE > F)pt A PR E ASAT
e Nexus 7 - 4% + #7ip|:& ¢ TLP video deocder %~ & #icdz » ¥ it S 7 TLP %% & e
cache subsystem + 2_zxic ©

Figure 54 #77& » E 4% % Qualcomm Snapdragon S4 Pro APQ8064-1AA & * k2 % »
B PoedE S 5 156GHZ > @ L ®F = K <0 data cache(L0:4KB - L1:16KB >
L2:2MB) - @ L 4=+ 4 7 enie ¥ 5 %% Android 4.3 #§e Linux kernel < * &
3.4.0>a & * Android NDK r9b % TLP #23%> ¥ 1% Android Debug Bridge (ADB)

R S st L

% ADB i i¥3% & http://developer.android.com/tools/help/adb.html
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5.3 RIFEE

i ehi BOplRE R T £ Moving Picture Experts Group(MPEG) B "% 1k 3 e 3
AR SRR T 0 BRI R R4 R 4 W] A 352x288 ¥ 720x480 o plE R Y A
H.264/AVC IM reference software version 18.4[19] % B 45 » &7 B 7 & (352x288) 4 %] &
crew ~ foreman ~ mobile ~ news ~ stefan » # ¢ crew 3 720x480 trf#47 & - B *TieT B
R OREGT 4T Table 7 e

Table 7. The information contained in video sequences

Frame 300

Frame rate 30

Resolution 352x288(CIF) and 720x480(SD)

Format H.264/Baseline profile

Number of reference frames 5

Quant. param for | Slices (0-51) 28

Quant. param for P Slices (0-51) 28

Max search range 32

Bitrate 512kbps ~ 1.5mbps and 1.5 ~ 3 ~ 6Mbps
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® A EPIEENT L 4oT

(1) Xilinx Vertex-5 FPGA XUPV5-LX110T B % 4 » H 447

® Microblaze IPs : 83.3MHz , Microblaze core is about 1.2DMIPS/MHz

® Each Microblaze processor has 8KB instruction cache and 16KB data cache

® The local scratchpadmemory for each core is 64KB

® The platform has 256MB of 64-bit DDR2 DRAM

® The synthesizable RTL model of the IPC controller and the hardware mutex

® A hardware timer , a hardware debug agent(Xilinx MDM IP), a RS232 UART
controller

® Xilinx SystemACE IC used for dumping the decoding video frame to the FAT32
file system on a Compact Flash(CF) card (only used to verify the correctness)

® The soft-core IPs provided by the Xilinx EDA tools

®  The complete hardware-software system is integrated using the Xilinx XPS 13.4
and SDK 13.4

(2) Nexux 7 2013 tablet computer > H L% 4o

® A Qualcomm Snapdragon S4 Pro APQ8064-1AA application processor , running
at 1.5GHz

® The processor has three levels of data caches (L0:4KB, L1:16KB, and L2:2MB)

® RAM:2GB

® |t runs Android 4.3 with the Linux kernel 3.4.0.

® The compiler used to build the wave front decoder is from the Android NDK r9b
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T oWy 2R3

Table 8 % baseline single-core decoder i P 1%L 5 1 chvzic » @ #75 #cdp d A4 (7
ZARLBTEE s d #idp b Vo Aesg gt T 5 o single-core decoder ¥+ CIF 82 7 f2
75 PF % i 7 real- time decoding(30Hz) » fe sV i B L e E fpt T 5 PR A AT
(71t H.264 288 BH seig it o

Table 9.~Table 12. 5 f[#* 3 3% 4y e IPC datapath 3z & Three-core Pipeline
Decoder > &2 X 3% 75 = %3¢ Microblaze ¥ » i€ ]2 % — #g & _* & j_SDRAM ¢ i3
bitstream 12~ NAL unit > 3 NAL unit & % pipeline f##5 » & % i RS232 % ¥

console % 7m T3 & F ende i #712 pipeline decoder F % f# & (Fh 5 5 = 4

I

Microblaze 1%~ - j&_Table 11+ 12 4 32 pipeline 7€ 47 $f ** single-core decoder +

BT R 0@ 5 0 BfEF § 0 rma & EF] 5 AP 3k A b datapath - Tt 3%
& 1. DRAM-based pipeline decoder > #icx Table 11 #77% » DRAM-based &3k 3~ £_7
P Static Pipeline Partition Decoder » % £ & # shared FIFO buffer ¥ < % & DRAM -
@ # Z_local scratchpad memory » @ % % gL 2% 11 H 35 40 44>+ single-core decoder &
7 #% = 1.83 & - 59 static partition £ 2.54 & = &_dynamic partition £22.82 & AN
B enZ JE e A E 0 2 % AP o0 [PC datapath = € 7 »%e3 4T pipeline-based video
decoder 4p #23* @ AL 5 & i IPC 48 4] cSMP 2 ﬁé - Table 13 & Wavefront Three-Core

Decoder » ¥ 12 5 1 H 35y 2§ 35 DRAM-based pipeline decoder » e #r i€ 3t 2% 7o 3% )

I

e pipeline decoder -
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Table 8. Baseline Single-Core Video Decoder Performance

Video Sequence 512 kbps 1.5 mbps
Crew 97.57 136.55
Foreman 86.33 118.97
Mobile 85.61 116.87
News e, 81.27
Stefan 86.39 119.3

All sequence are in CIF resolution and have 300 frames. The numbers are decoding time
in seconds.The test platform has 16KB of local scratchpad(not used here) and 64KB of

data cache per processor.core..Only one core is used to run the single-core video decoder.

Table 9. Proposed Static Pipeline Partition Decoder Performance

Video Sequence 512 kbps 1.5 mbps
Crew 38.46 51.84
Foreman 33.73 43.35
Mobile 34.7 42.93
News 24.76 29.65
Stefan 37.66 46.94

All numbers are decoding time in seconds. The decoder uses the proposed pipeline
datapath for decoding. Static pipeline-stage partitioning is adopted. The test platform

has 64KB of local scratchpad and 16KB of data cache per processor core.
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Table 10. Proposed Dynamic Pipeline Partition Decoder (use MB mode) Performance

Video Sequence 512 kbps 1.5 mbps
Crew 35.63 50.31
Foreman 30.91 41.17
Mobile 31.83 41.58
News 24.58 30.05
Stefan 33.5 45.35

All numbers are decoding time in seconds. The decoder uses the proposed pipeline
datapath for decoding. Dynamic pipeline-stage partitioning is adopted (use MB mode).

The test platform has 64KB.of local scratchpad and 16KB of data cache per processor

core.
Table 11. Proposed Dynamic Pipeline Partition Decoder (monitoring buffer) Performance
Video Sequence 512 kbps 1.5 mbps

Crew 34.60 43.96

Foreman 30.51 38.32

Mobile 29.56 38.43

News 24.53 29.91

Stefan 31.31 42.05

All numbers are decoding time in seconds. The decoder uses the proposed pipeline
datapath for decoding. Dynamic pipeline-stage partitioning is adopted (monitoring
buffer). The test platform has 64KB of local scratchpad and 16KB of data cache per

processor core.

60



Table 12. DRAM-BASED Three-Core Pipeline Decoder Performance

Video Sequence 512 kbps 1.5 mbps
Crew 53.19 70.92
Foreman 47.81 61.47
Mobile 49.29 61.67
News 40.65 51.50
Stefan 50.68 64.63

All numbers are decoding time in seconds. The decoder uses the shared main memory
(DDR2-DRAM) to store the pipeline FIFO buffers. The test platform has 16KB of local

scratchpad (not used here).and 64KB of data cache per processor core.

Table 13. Wavefront Three-Core Decoder Performance

Video Sequence 512 kbps 1.5 mbps
Crew 42.86 63.00
Foreman 38.86 56.24
Mobile 38.82 56.14
News 29.59 44.80
Stefan 38.81 56.87

All numbers are decoding time in seconds. The test platform has 16KB of local

scratchpad (not used here) and 64KB of data cache per processor core
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Table 14 {=Table 15 5 #% if* & 1 ¢ * monitoring buffer 4 41 s-ndynamic pipeline
partition decoder ~ DRAM-based pipeline decoder ¥ wavefront decoder e i b > 4¢
i# v % single-core decoder %% pF RY R BT fRAS E fR A 2=t
o L o T TR A > Hideg b 42372 > RRF Y 0 FL
system bus £ memory bandwidth %3 £2 IPC overheads > ¢ i& = 4vif bt i@ F E_i<3 =
M e e fE F e E s W o A ¢ e s o bitrate 7£_512kbps #% < 7] 1.5mbps
pF > Ak 41 en dynamic pipeline partition decoder # scic E P B e 1 0
bitrate & ¥ ¢ :z & H load balance - ¥] = motion compensation £_g i j2 78427 » §
i & infite » § bitrate # ' pF > Entropy-decode i s f g €40 404k § :;«Eli;fi‘u
¢ 317 fdF e load balance - o

e ¥ = 2 g > wavefront decoder ‘& Dbitrate 4% 2B - sxiEc ¢ T 'E o H R F] A
Entropy-decode #-% & H.264/AVC & % Jf & s 7 10 H & vk ¥ > § & Entropy-decode
% Bk frame i i {74 fie MBs % worker threads f#7#5 > § Dbitrate #&% p+ >
Entropy-decoder = § ? ¢4 B o Tl FREATa £ T E > M oins BG P AR
interleave entropy-decode @ i& ¢ & % entropy-decode = i 7 R R 0 i H 4 AR
entropy-decode task £ “75 7 MB-decode tasks ‘&7 5 i ¥ 2 % 5 sk > Fp
A v & AR 4 oo interleaving wavefront video decoder » % - f&% three-core
scheduling policy » ¥* % = %f % < row-by-row 34 { entropy-decode > = % — B {7 h
MBs #4 {7 = entropy-decode & » P3q 7% % — 3pe % = 3pi7 o 07 T PR b
F o BArH & & 3% P B3T3 MB-decode tasks w0 % - RERI A€ 1 B3

7 MB decode =7 i¥ o % = f& % four-core scheduling policy » ¥ % — 3gis B

s
&

{7 entropy-decode » -+ § — i {7 i MBs #4 {7 = entropy-decode - R § 45 %%

i

FEPos 2 $E 0 BArd - 3EP L7 2 775 MBs entropy-decode ® H i 17w iR
7= #t5 MBs-decode> R % — %f %< § i€ » busy waiting> & ¥|#75 tasks B & & it o

J€_Table 16 ¥ r @241 % » § bitrate 7 ¢ %512 kbps & 1.5 mbps F= - three-core
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interleaving wavefront decoder »< s % ¢ ** non-interleaving 4 * :#4+ > H ¥ 5 i F1 4
T ARG B AR A T %A 3R (variable complexity) o F]pt iE 2 A
entropy-decode task 22 MB decoding tasks 2. FF % 45 er=si 3T 7 4% o fe 4 K * 4-core
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subsystem F % A& coiRif (ko B2 PRV g stack *c ¥ & % i# o9 on-chip scrachpad
memory > * k> & FPGA T 5 FiEt i H e cache ®% » 2 5 7 %% cache
subsystem #}** wavefront decoder =82 5> 2 7 & Nexux 7 2013 T 4= F 34 {7 wavefront
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Table 14. Speedup Ratio of Different Decoders at 512 kbps

Sequence Proposed Pipeline DRAM Pipeline Wavefront
Crew 2.82 1.83 2.28
Foreman 2.83 1.81 2.22
Mobile 2.90 1.74 2.21
News 2.33 141 1.93
Stefan 2.76 1.70 2.23

The single-core decoder is used as the reference decoder for the calculation of the
speedup ratios of all the three-core decoders. Thus, the upper bound of the speedup

factor is around 3

Table 15. Speedup Ratio of Different Decoders at 1.5mbps

Sequence Proposed Pipeline DRAM Pipeline Wavefront
Crew 3.11 1.93 2.17
Foreman 3.10 1.94 2.12
Mobile 3.04 1.90 2.08
News 2.72 1.58 1.81
Stefan 2.84 1.85 2.10

The single-core decoder is used as the reference decoder for the calculation of the
speedup ratios of all the three-core decoders. Thus, the upper bound of the speedup

factor is around 3
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Table 16. Speedup Ratio Wavefront with Interleaved Entropy Decoder

512 kbps 1.5 mbps
Sequence
3-core 4-core 3-core 4-core
Crew 2.16 2.72 2.11 2.95
Foreman 2.11 2.61 2.05 2.83
Mobile 2.09 2.63 2.01 2.82
News 1.80 2.36 1.75 2.59
Stefan 2.07 2.62 1.99 2.80
Table 17. Speedup Ratio for crew 720x480 video sequence
Bitrate Proposed Pipeline Decoder Wavefront Decoder
1.5 mbps 2.57 2.28
3.0 mbps 2.68 2.20
6.0 mbps 2.71 2.04

The single-core decoder is used as the reference decoder for the calculation of the
speedup ratios of both three-core decoders. The decoding times of the single-core
decoder are 314.7, 382.1, and 468.8 seconds, respectively. The video is the 300-frame

Crew sequence.
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Table 18. Speedup Ratio of Wavefront Decoder on NEXUS 7 2013

512 kbps 1.5 mbps
Sequence
3-core (NIE) 4-core (IE) 3-core (NIE) 4-core (IE)

Crew 2.32 2.80 1.88 2.97
Foreman 2.20 2.65 1.89 2.81

Mobile 2.11 2.60 1.78 2.72

News 1.87 2.55 1.52 2.30

Stefan 2.16 2.62 1.85 2.75

The average decoding times of the single-core decoder for different videos are 6.44,
5.68, 5.66, 3.29, and 5.62 seconds, respectively. The 3-core decoder does not interleave
the entropy decoding (NIE) task with the MB decoding tasks while the 4-core decoder
interleaves the entropy decoding (IE) task with the MB decoding tasks row-by-row. For

the 4-core decoder, the first core is solely responsible for the entropy decoding task

Table 19. Comparisons of parallelization in various H.264/AVC Wavefront Decoder

Mesa[5] Schoéffmann[10] Baik[8] Jo[1]
Parallelism DLP DLP DLP DLP
Codec FFmpeg Self-implemented N/A JM 13.2
Architecture SGI Altix x86 - xeon CBE x86 MP
Video Resol. 1080p 1080p 1080p CIF ~ 720p
Num. of core 3 4 5 4
Speedup 1.98x 2.34x 3.5x 2.9
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*+é% A:Speedup ratio of different cache size
¥] % wavefront 2 & L3 ¥ % off-chip memory » # cache size ¢ &8 H »ziy > '
4 A 5 Pl3E 7 F cache size ¥+t wavefront decoder #xse 7382 58 » wavefront decoder
s~ % 3-core non-interleaving °

Table 20. SPEEDUP RATIO OF DIFFERENCE DECODERS AT 512 KBPS

16K cache - 64K cache -
Sequences
Wavefront Wavefront
Crew 2.27 2.28
Foreman 2.21 2.22
Mobile 2.19 2.21
News 1.92 1.93
Stefan 2.21 2.23

Table 21. SPEEDUP RATIO OF DIFFERENCE DEOCDERS AT 1.5 MBPS

16K cache - 64K cache -
Sequences
Wavefront Wavefront
Crew 2.16 2.17
Foreman 2.09 2.12
Mobile 2.07 2.08
News 1.80 1.81
Stefan 2.09 2.10
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*+4% B:Macroblock Mode Distributions and Performance

(Detail version)

4B 5 T T MPEG # % (' 5 300 3 frame> CIF)#73 7 Macroblcok mode +* £ >

22 static pipeline partition e4c i b o Crew % Intrdx4 2 Intral6x16 * &€ fp 430 H s

%

B0 F o News 2 d# fu e ik - H skip MB - £ & -

. Intra Inter Inter 8x16 . _Pe_rfo_r mance
. Bit rate 16x16 Intra 4x4 16x16 or 16x8 Inter 8x8 Skip MB gam(_ln times) over
single-core
512K 8.52% 5.87% 32.14% 22.89% 7.8% 22.78% 251
1.5M 3.63% 11.75% 26.82% 26.84% 22.83% 8.13% 251
512K 2.15% 1.94% 33.43% 21.11% 11.7% 29.68% 2.53
1.5M 1.41% 2.77% 29.58% 25.31% 25.53% 15.4% 2.58
512K 0.11% 0.37% 37.51% 22.79% 12.81% 26.41% 243
1.5M 0.1% 0.38% 33.97% 27.13% 25.27% 13.15% 2.52
512K 0.34% 1.11% 10.53% 9.3% 9.31% 69.4% 2.18
1.5M 0.18% 1.64% 12.79% 12.39% 21.18% 51.82% 2.13
512K 1.14% 1.81% 24.83% 19.94% 14.61% 37.67% 2.26
1.5M 1.42% 2.37% 25.83% 22.38% 24.73% 23.25% 2.38
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4% C:PAC Duo Platform
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Figure 55. PAC Duo F¥ % 4
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C.2.2 PAC Duo SoC % vz #
Figure 57 % PAC Duo SoC & st2t *}#%} »d AXI~AHB ~ APB = i BUS #7% = >
H FE T 5 e shared memory 2 40T
® AXI on-chip SRAM : 128 KB
® AXI off-chip DDR2-SDRAM : 128 MB
® AHB on-chip SRAM : 256 KB
® AHB off-chip SDRAM : 128 MB
® AHB off-chip Flash : 128 MB
e Ba & EL = Bk suARM S % 58 s DSP & & Biqefii 1O F % st ARM
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PACDSP M4 £ 8% €% M 42 ~ F »xd 7 32-bits #ici= 5L L B 5w » PAC
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C.3 ~ Software Pipeline §

C.3.1 Issues with software pipelines for video decoding
i software pipeline 73k 3+ ¢ » 5 & B 1 & B 8% F AP 4L % - B &_pipeline

stage buffer 2= ¥ % main memory(DRAM) » @ x ¥ & DRAM #-¢ & = access latency
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unbalancing. > %8 ¥ i P et Ak ek i (Starving) o
C.3.2 The proposed software pipeline architecture
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Figure 61. The proposed software pipeline architecture for the H.264/AVC decoder
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C.3.3 Pipeline stage partition

. H.264/AVC video decoder f##5 /A2 & & = 7 %4 > VLD - Intra/Motion
Prediction ~ IT/IQ ~ Video Reconstruction (VR){- Deblock filter(DF) > % motion
prediction(MP) i %= ¢ » = ¥ 12 & = motion vector reconstruction(MVR){- data
interpolation(DI) % #% 4 o . PAC-Duo # 34 {7 DF #-£ - g ~ 2 P F » iz &
DFJp> 2 %8 -~ DSP a7 » e 515 PAC-Duo ¥ 7 @ 4 DSP % » Flpt 2V g 3%
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Figure 62. Overlapping of each core's operations. The subscripts are MB humber
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Ca-FiE*

At F AR 7B VGAvideo sequences 0 4 %] E_Keiba ~ Flower Vase ~ Crew ~

Race Horse {- Sailor - # & #2 # ¥ ¢ JM1.84 baseline tool #7378 -

C.4.1 Impact of MB type distribution

Table 22 % =+ 1 test sequence =7 m ES <73 o 34528 9 e % 0 sKip

MBs %% so peline decoder »x ; R, % skip MBs * £ 4% F pF >
fEA5 B e RS AT € R
o @ G T o
buffer
@ 2ok

00d load ncing °

MB type percentage

Performance
Video sequence Bit rate Intra MB Inter MB skipmp S (1)

core
: 1.6M 16.8% 37.8% 45.5% 2.03x
Keiba
3.6M 17.9% 47.8% 34.3% 1.91x
1.6M 18.9% 56.6% 24.6% 2.06x
Crew
3.6M 21.5% 65.4% 13.1% 1.98x
1.6M 6.2% 49.4% 44.4% 1.96x
FlowerVase
3.6M 6.3% 64% 29.8% 1.91x
1.6M 9.8% 55.5% 34.7% 2.11x
RaceHorse
3.6M 10.8% 67.8% 21.5% 2.01x
: 1.6M 2.5% 59.3% 38.2% 2.11x
Sailormen
3.6M 3.9% 71.8% 24.3% 2.05x

Each sequence is 640*480 and 300 frames per video sequence
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C.4.2 Impact of circular buffer depth

Figure 64 % buffer % Sailorman@1.6 mbps frame #78 ¢ * & (maximal depth %
13) » iz 3% frame < pipeline 245 :# & 4p ¥+ single-core - 2.18 & » A P ¥ 1 g R ¢
d 3 buffer overflow snfiim > 2R A F > F I FA T U@ s e P B o

Moy k- BEELRE > T g IR @ e skip MBs 11 pF > buffer depth #-¢ E

s H 354 overflow @ iR 0 ¥ ZE 4.1 &4 7)o
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Figure 64. Impact of the buffer depth
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C.4.3 Experimental results

Table 23 4 & v bt > AP T UF R G ARIEE S H b 2EA 2 A
e T it b T o AQES B A2 £ £ § %5 EMDMA ¢ #i7 DI> * &1
BEORMEALY o % - REFes AR A (7 task o Flpt A2 S 2 5 overlapping #rig & e

Table 23. Decoding 300 frames of VGA video at two different bitrates

Single-core by ITRI Proposed Dual-core Speedup Ratio

(in secs) (in secs)

1.6M 3.6M 1.6M 3.6M 1.6M 3.6M
Keiba 15.32 19.39 7.56 10.12 2.03x 1.92x
Crew 16.93 21.24 8.21 10.73 2.06x 1.98x
FlowerVase 15.70 20.75 8.00 10.85 1.96x 1.91x
RaceHorse 17.85 22.23 8.44 11.04 2.11x 2.01x
Sailman 18.82 22.89 8.92 11.15 2.11x 2.05x
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