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Implementation of Pixel Subword Parallel Processing Instructions
for Embedded Parallel Processors

Yong-Bum Jung' - Jong-Myon Kim"

ABSTRACT

Processor technology is currently continued to parallel processing techniques, not by only increasing clock frequency of a single
processor due to the high technology cost and power consumption. In this paper, a SIMD (Single Instruction Multiple Data) based parallel
processor is introduced that efficiently processes massive data inherent in multimedia. In addition, this paper proposes pixel subword
parallel processing instructions for the SIMD parallel processor architecture that efficiently operate on the image and video pixels. The
proposed pixel subword parallel processing instructions store and process four 8-bit pixels on the partitioned four 12-bit registers in a
48-bit datapath architecture. This solves the overflow problem inherent in existing multimedia extensions and reduces the use of many
packing/unpacking instructions. Experimental results using the same SIMD-based parallel processor architecture indicate that the proposed
pixel subword parallel processing instructions achieve a speedup of 2.3x over the baseline SIMD array performance. This is in contrast to
MMZX-type instructions (a representative Intel multimedia extension), which achieve a speedup of only 1.4x over the same baseline SIMD
array performance. In addition, the proposed instructions achieve 25x better energy efficiency than the baseline program, while MMX-type
instructions achieve only 1.8x better energy efficiency than the baseline program.

Keywords : Multimedia Specific Instructions, SIMD Parallel Processor, Image/Video Processing
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FTRG ool 49 Fo A J-FY AYE 2
T87] wEol e, AAFHe HEm o] Aze] ojgt
gaAo] EolA L gk

AAZE MH 28 BFAF]7] 8 71E9 BEuid HE]v)
tjo] 7]71o] ALEE HE vlolaARZ2AM] AT T
T4 Fare o A AT, TRAM FAHH S
o] ZlstaFH LR FrletEA ZRAA Je @A o]
3 Fag9 1RSI ohd tee TR AHME FHsE
HE| 0] F& wjyse] Z2AMNE 7] BHo] o]Foz
i 1] HEm o] ofjEefAolde E&HQ AE 9
g 14% Z2AAM 2d Fo4 SIMD (Single-Instruction
Multiple-Data) 718t W& Z2AA o}7|d 47t F33 o
oz Rzbsgjm glcH2][3). H#Ho ¥ (Instruction-
Level) olut 2gl= #Y (Thread-Level) ZE2AMEL A
2|2 W4e FEEXE #A2¥ 3Y(multiported register
file), #]¥1(cache), deep pipelined 7|5 4 S22 Al43}
= ¥, SIMD H8 Z2AAE F3 719 Aujd Z24
4 2% E(processing element, PE)E& o] &3t 4%
£ F7sta FAd AZFxe) dlojy 4 &7& HAs
371 918l PE ¢ dlojg dEYH S FTYAA wixFez
N ARY S BN 53, SIMD7|% WE ZeANE
A% 3 (locality) o} 7724 (regularity)e] A& 229 AE e
oluj x|} Hlt]Q HA Helo] glojM HAH9 ZT2AM F2
o] tH4].

£ =FdAe ZEridojd |AF F48 dojg |
¥ @4 (Data-Level Parallelism, DLP)S &ddo2 A3t
F 9l SIMD 7|ut HE Z2 AN o} dHE AT ¥yt
ofdeh, H4 MBS= HEAY PHAE A¢std HEw
to] AHelolA DLPET oflelt AMH= #Hd HIEA
(Subword-Level Parallelism, SLP)& F7#2o 84 14%
& 4z 3o Atste G4 MBA= WEAE FHY
= MBU|E "o|H A o7 H oA s} YAAEE 47)
9 12H|E FHe FU3a 7 12H|E 3t gH|E H4
dolHE AZstn FAld Hgezm 7|&E8 Hevir)o
A4 H#Ho] (eg, Intel MMX [5]% SSE [6], Hewlett
Packard MAX-2 [7], Sun VIS [8], Alpha MVI [9],
Motorola ALTIVEC [10DolA HAst= W EZ$ (48H|E
HA2E & 6709 BHE FHoz ¥¥stu 7} BH|E Fit
of SHE HAE AFsta HFozM L) 2 o] F 3
Asl7] 9sll ASHe AEd H7/A907 FHold g
o= 48 48 + Aok

2 =AM SIMD 74t 88 Z2AA ofF|dHE o
&ate] At P4 MEg= HEAMe] wg@o|s} ojnA
Az ofZFe]A ol A (performance) B &E (efficiency)
M ofd J¥FE v A Hrlsta, E£F 7)€ FEY|
tjo] 4 W#Holoe] A% HAE T 1 $F4L o
Fataz ok FYF SIMD7|v HEZZAMA B
A9 A3, Agd P4 Muge gdxe go] Ayt
Z2PL 7129 baseline T2 aPR} 238 A% 2 25

vl 94 B& FS B W, ALk dEAH FE
uto] A4 BHod MMX B3]l B ol baseline T2
2R @A 148 45 2 184 JUA] EE F4E B
At ol F AFEL AL A MB= HIAHE A
Bol7k dEH Yol ZrAMN HEd 3L, 43T 4%
R AYA E& Fo| o]Fo d Aoz 7€t

& =T ggF 2o FAH Sl 23dAE #d
ATE M, 3B E & =RoM At 4 A
HAE WEAe BHE 7|&dct 4FoME AEYA
g7 diste] AR, 5FAE Agste Y4 HBY
= H3Ae B9yl 4% 84 2 ddAte] dEFH 3
Elmtio] A& FEold MMX E§] WHolgte] H5& o
ngch o2 6FAME o] =9 ZEL Weth

2, B A7

21 H& onjo|a=2==2MME HE|o|Clo] M8 HHO

HE vlolARZZ AN AZIA: HEvto] o) EEA
ool 4eE A7 A3 HEvito] HE FHE
159 instruction set architecture (ISA)e] Z7}sbsict,
<E 1> 71EY vlolazza AN AZIAlM Bxd
dejujte] A4 FHoo F2EE RAFI 1] olF
dEnde] HH@ele Fo FHEL sy wWe AL
(8 Eo] 64 H|E Z& 12| E)e] o4& 749 ZFe do]
HE AZstn FAd Aoz A5E FPAAH2
g1 3=z

opt op2
1ebit | 16wt | | 16kt | 16bit

[ 16-bit l 16-bit |

(38 1) 288 AU 7Is B4

A Zz3|Ake] B ojZ2]Ao| Mol mf2} o2 g HElv]]o|
A4 gHolx g¥sit}. Motorola AltiVece 713 B2 F
o Zdgute] AL BFHe (162718 71 e ¥,
HP MAX-1& @] 8719 gnjtje] A§ HHE 7}A)
3otk oo HEr o] g3 e (AMD 3DNow!, DEC
MV, Intel MMX, Sun VIS):E 64 H|E 226 & Al 43}
£ whd, Motorola AltiVec#} Intel SSEE 128 H|E A2
HE ol &3k 7k FE5E 9 o9)s MIPS MDMX
1 o] Waol:= o w9 dile] 93 ANE HHa}
A8 shte] HE Far1E ZHXla Qi) ol F ol
FA O E E78ta Zzte] WPl 553 5L 71A
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Multimedia Extension MDMX MMX VIS MAX2 MVI
Company MIPS(SGID) INTEL SUN HP DEC
No. of registers 32 8 2 3 31
Register type FP FP FP Integer Integer
Subvord Mions | ouevis | oo | W6 | opT
Unsaturation No Yes Yes Yes N/A
Saturation Yes Yes No Yes N/A
3 operand Yes Nol2) Yes Yes Yes
Parallel multiply dor8 4 4 None None
Multiply-and-add ng_b?t 16X16=32 8X16=16 Shift and Add None
8X16-bits
Vector-to-scalar Yes No No No No
Address manipulation No No Yes No No
Parallel shift Yes No No No No
Parallel average No No No Yes No
Parallel compare Yes Yes Yes No No
Pack/Unpack Yes Yes Yes No No
Interleave Yes Yes Yes Yes No
Permute No No No Yes No
Motion estimation No No Yes No Yes
Block load/store No No Yes No No
Parallel FP Yes No No No No
I gtk & Bof, MAX-2: 43 #43 A3 gA2H A 714 R
F ArHEEe F14< sEslolE 82 3 v Wy, SIMD7I¥ #WE Z2AMe  F1H W EA(spatial

AltiVec2 3oz H2¢ 23 {FUE 2a7¥4

22 SIMDZ[8F =2 MM E&A AT

HEjn|tie] ofE A oMo dig dlojg W wHEA
(Data-Level Parallelism, DLP)o| #3% A& aA F 719
AT aFez Yo Ak (1) A9 SIMD HHE o
43t 4% A7 2§ (1211310415 (2) B8 =
BZAME ol8dtd AFe A 2% 2131015 B
2 AT 2F L JR1EC] HE volaARZRAMNA E
Ejujtio] ofZa)Alolde] g SIMD ol &E&Ael
3t EA sk (121914 UltraSPARC Z2A|A oA o]
oz g} vt e Ao tig VIS Hole &g 71&38
At} 4-way out-of-order LEMAE single in-order £&
MM R 23074209 A5& FFAFL HES VIS ¥
Holx 11vi™42ule] AeE o AT [18]dAM=
DSPs} HE|vjrjo] of Zz]#H o] Ho] tigh MMX H#Holo] A
5 H71E 7)€ MMX B3 81%9] doluy =
HolE #AAA Hi 5599 AF FAE HAH. oHE
Ao H B uiel o] SIMD W#HolE H3% w7 4
g A AT dElute] oFEe Aol de] WA
g A dolg HHEA L AR E3y] i U ¥
gio] dEjnjtojol s aFEE 43 ¥ 4% 878 ¢

parallelism)s 2&8st7] Hs A8 749 F71gE Z2A4
4 (processing unit, PE)E& AH&&d) o FUEL s
o Ao FUoZRE FAld AFHE LT A BHE
N2 o dolgd distd FaAFozN HFE FAAZ
t}, SIMD7[% ¥E Z2AMEES A 30d F< <oA%}
22 224 dolg AHelolM AFHoR AlgHo] AL
%719 SIMD ## x2A4A (TMC Connection Machine 1
[16D)e VO HAaz2Ad o3 A=Atk o] F2] SIMD ¥
g Z2A4¢ TMC CM-2 [17]¢} MasPar MP-2 [18]& &
W P8 23 ojdole] AHE-& T3 o3 AFE FH
AT HE3  o]FA  (portability)E ZAsAth
Fine-grained ¥ Z2 A4 MGAP [19)¢} ABACUS [20]
= olA# o]FA ol E FAstiaAY, 189 4% 10
Y (bandwidth)®} #¢ (latency)el 23] #l¥=|Sich

olgg SIMD7I4t W& Z2AMs} T2 A, £ =FlA
oA E S §8) AHES SIMD Pixel Processor[3]E ZZ A
Aot AMe AHA dA4E F8 VO dg9 #AE A3
3, £ FL golojo] Ao 2 WA TL&H A
AEEL B B =FdME o] HEZ2AA o7 dAE
o|&3te] Aotste YA Aug= WA HYold o
A 2 dyA Z&E $Hde 1 $54E A5
ia=
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3. ojojzj/HICi HME T4 MEYE H XM
dd0

olrjA/ut e A fEHAJEAA clvlAe z H4
< BHE @92 TAH0 QU metA 48H]E HlojE X
ol7|E oA HIE =7]¢] HA L shE 4BHE A LH
of At Asts AL YA 08 EY FFHHET} A
HoEN A ezt 2R, ol @ EAE 323
A8 71€9 M vo|AZEZ2 MM AZIAHEL HE|L]
o A& ¥R (MEAE=E WIAY 7I¥)E F7I8t9 84l
E9 JAEd #L o7 749 AL dHojHE W HAX
Hol st FAlel APz deutold 458
FAANAG. AL BHE Y= GHY YAXE AH
48] BHIE MHAES dA HASE 44 749 gHE At
& =Y fHES 58 A7) MEAEES HEE AYFe
2N e EZ97F BASH H1, £F o|F s 4
o d3e #7/AAZ PPl (28 2 FR)E AHEHeR
AW AdsAste] 9le] A

Ry A, A
R, B, ~ B
» P N * 4

R Truncated | Truncated | Truncated | Truncated

¢ B, B, A, A,

la)
R, A, A, A, A,
e ﬁ'./

R, A, A

(h)
(38 2) (a) 2! (packing) HEHO,
(b) oim2! (unpacking) H&oi

olgig EAE AN A & =FAME SUE £
THE 128 ER FFsto] J4 AHYEES HAZ AY
7Fsd WH@olE At oj2@ A NH=E HIAEY
FR@olE BHE dHoEH 2 o7 E A4 4BHE A AH
€ 19 128E FHo EEET 4709 BH|E JA do]
HE A4 R A Aoz 71Ee dEvho] A&
ol LA LHEZS 9 HF/A0A Hol9
TE B33 Y 7 A AP J4 AHE YEA
? g9¥oe g% £ 209 aF () ¥E & - =49
(ALU) B9, (2) 5454 (Special-purpose) FHoj]22
THE.

31 HE@ M2-=2|(ALV) "ol
(2d 32 28d 128|E ¥E da-=2 FHY &

HoiEeh Y Ageel GRdE M, 24, 283 A
ZE yolsl gk 7MY Bl oWEL S B
4 @ Fola dold YolA g 2 geld e g
wgss Eo ANAE EPen gt olee e A
AWAE OMEL/L wAHA AAMANA B9oze
$2 oh 94 B e feath AZE Yol 7
A zee] A4E 2 ABYES FAo) AZE e

General Register File
47 95 23 " 0

|P1[P2[P3—[P4|

LPs | Hs [[P:]] s |

AT - 23 0

Ipton PS I panps I Paou PT pluﬂpB |

(33 3) 288 124|E B H& BHO

32 53 55 4939

54 5A  (special-purpose)
(absolute-differences  accumulate), MACC (multiply-
accumulate)) RAC (read accumulate), ZACC (zero
accumulate) 5°] lev] AT wolA 73 Hojt o
ol odF Se°l, MACCS dYA"d dHE (digital
filtering) =& ALFA (convolution)® #<& vector dot-
product A4HE F8sts DSP ¢ag]Ze] &3tk (13
QoA Biuie} o] F 79 A2 FA2EH JYe 4719
MBEE FA4 Aol s I A e ¥ T
A7) (accumulator)e]l A€l ADACCE ot &2
FAY e gueFol AHEET. vA Y F gHo] (RAC,
ZACOE FA71& #2ldles "yojoln)

HHgold= ADACC

L1 = 3 1" 0
5 > 3 > >
mp e e [ e ]

47 » b 11 1]

e | P | P | Py | Py

ACC » mul(Py, Pg)

o4 a3 mn 58 “w -] a3 11 o

wel  F 1 L T L T 1 |

(32 4) MACC Ha H3of of

4. AEoIM &3

41 SIMD7| 2t W8 Z2 MM Fx
g =894 ALS# SIMD7F 88 Z2AME (29 1)
3} 2ol 23] AzHmesh) 22 FAE PEoj#e], & do|
He &8 A% 24 vre 2 7 PEY dFY /Y
€ Alo)3l= ACU(Array Control Unit)2.2 FA 5o gtk
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/Neighboring PEs

] At
Comm. Unit
= 1 Logical Unit
Register File - MACC
16 by 32 bit
2read, 1 writ ; .
i) i ] shitunit
RGB2YCC !
YCC2RGB 15| Local Memory
A S
| SaH
:?d Jand | | [FE] %
= ADC
CFA ™
SP.Registers & /0 [ Decoder
ENNENNEEEN

Single Processing Element

(02 5) SIMD 7|8 W Z2hM 1=

Z} PES] o]m]A] AIME ojulx] ZyelozRE A j
A delHE FE8e 54 #A2g U AZFonH
I/0 g9 EAE sjZAdc}h =8 22 glo]ojo Algoz
E2 ALY 84 583 oyx 284S Mol

<E 2>E AHEE WY ZaAN oprEA mdo sl
HE ozt

(E 2) SIMD7|4}+ e == A|A ofF|elx miajo|gf

Parameter Value
System Size (# of PEs) 4096
Image Pixel per PE 16 (4x4)
VLSI Technology 130 nm
Clock Frequency 50 MHz
Interconnection Network Mesh
- e i 1/1/1/1/1/1
Local Memory Size 256 word

42 Z2MA de2lHE 2x
(2% 6)3 Zo] 2+ T2 deE: o3 gL &
A& 714 RISC (Reduced Instruction Set Computer) ©}7]
)] o]},
<2567 48HIE Y= FAE 24 oy
« 167} 48¥]E 3-¥ E H& A AH
« 71 EAHQ AbE/i=E] A4S FE83E ALU
«HE HE 4be/=g AZE dAS F3tE wjd A=
E (Barrel Shifter)
54 2 47 (multiply-accumulator, MACC)
« A% YEE o83 Z PEES ¥4 ¢ ujg@AH AJe
Sleep 4

(38 6) Z2MY d2[BE 7%

co|f3t= PEER dojH EAS 98 NEWS (north-
east-west-south) WE$ A 2 serial VO &4

43 olojx| ofZal3ol

=X E Agtsts P4 A8 WAHe galo
o A% % E&E BYY] A8 <E 3> o] W 7A
o EAQ o|nx] Az YnZL Adsid FAHUG
el ofZg#Alo]4e Blurring, Convolution, Median
Filter, Moving Average Methodo]th. 2o A3 o)A o]z g
JEAJHEL 206x256 A E(resolution)e] o]v]x| &
AL-g-ste] FEH U
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(E 3) RoMES ¢fsf M=E 0[0|X] X2| ofE2(A0lM 22

oj =27 o)A v
-~ Aol A AHata] GAY 5 HEL
WHg AASE Wy

F Az AgE Uede @ Uye=
A3} N2 EHo2Ry EHULE

Convolution | S5 o = Nxrde AASHE Fotast
& o ALgSE W
oo Fiter |33 £821 olvlA 04 & 5A 7

e % goz dAsto sk WY

Moving Average | 1= wame o gste] Zests B

Method

44 HE YHE

(2% e A 7HA gl EAolA, o7 €A, HaE
22)2 FA50] gle SIMD 7|¥ WaZ2AMe 48 ¥
HE FZE BoFEr) ofEAA oA SIMD7]g
Wy zz L AY Alo]F(cycle-accurate) A B olEE
olg3ta] Alo|F g, T Wl NE, Ax{ o|&F
(system utilization) 5 A3 do|HE FZ3 Ut o}7]g
A dddXe RdyE oA g ¥FES AL
37] $1%] Chai7} A|okg SIMD 7]k HE ZZAHAME o|F
ol7lelx Rdy & A2l HAERA YA
€ Z o719 E%%"I HaE2A WF(latency, power,
clock frequency)E A4H8t7]  $18]  Generic  System
Simulator(GENESYS)& AH&-3ticH22]. vtA|ez Al #
oA 73R dojejo] A& Zgsle] 2z ZA$o dig A

YAIZH A oA &S AASAL
Application Level | TechnologyLevel |  Architecture Level
| ———————— 1
o]l | [ { [imee]
1
5 i
sh:lumlum GENESYS i HAM
| I\ A
| Desian 5 I
e | AR i

Area Efficiency
Output |Energy Efficiency
Execution Time

(T8 7) SIMD7|4! WY Z2A|ME 9I3 MY UYHE 7=

5. ROy H A B4

z} ol7|dlx BdYE o]&ste] FHEE ojEFeAlA H
239 Ay 2 A&S ZAAFHI 98 B =F2 cycle-
accurate Al E#H oM} HAsaA RdYS AT 74
sfE AL HEZZAME HEF o2 T3
o TR H71E S8 AgT G4 MEg= HENE] 9
go| 7luk Z2aY MMX B B 7|dt 22 %
baseline B#Ho] 7|yt T2 3P & WF dHolf A, F
g ANFAE 7T <E £t Z 349 4% Hag 9%
37FA] A E(execution time, sustained throughput, energy
efficiency)& ¥.¢o Ft},

1 Msgo 2o

(28 82 SIMD7|¥t HE Z2AAMAM F3d
baseline Z213 A% div] MMX R Altgh A A H9
= dH38xg we] 7y T2l %S HAFT A
ot W# ol baseline T2aPR} o 238 A% FAe
Hol ¥ MMX )8k Z2 8L paseline TRIWBC}
A 14919 H% F4E 2o

130

i‘nm

3

'gu.ﬁo

- 1
g ‘ 2 & £ :
REERIEERIIEE]
Blurring Convolution | Median Filter lmmmapmelhnd

(22! 8) Baseline =273 CHH| MMX 2 X|otst Hado 7|8t
Zz 2o M Hm

T3 MMX 78t Z2a3e HiF 3629 Gops/sec?] A
gFS HA ¥, AL Wy Z2afge HT
37647 Gops/sec®] =& A FE BAYh <F 5>+ 409%
PE oj#llo] A|2€oA 3% baseline, MMX % At
g@o] 7]t Z2aPEe] A 45§ HAE

(& 8 8} XE 2%

Azt A% oA Af
(execution time) (sustained throughput) (energy efficiency)
O,pec * U N, oes U * N
tcwec = _-_CL Thsust = i nE s Oe‘rec = Gops ]
Fax Livas Energy Joule

C: Ael2 A%, fu -

29 394, O+ $98 A4 7145
U:Z2A4y 44WE 0|48, Npp: Z2A4 dedEs) 75
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(X 5) Baseline, MMX % H[otet Hado{ 7|¥t Z=T3e| d3 Bl

System Sustained
_— Vector Scalar Yo
Application 1SA Instruction Instruction Uhl{t;:juon ’I[‘hG;;L;g/:eD;t
Baseline 1459 372 100 20480
Blurring MMZX-Type 1,148 12 100 44457
Proposed 514 52 100 482.12
Baseline 1,233 65 100 204.80
Convolution MMX-Type 796 12 100 41475
Proposed 514 52 100 48212
Baseline 10,759 2,172 83.32 169.98
Median Filter MMX-Type 10,656 2,604 8205 177.77
Proposed 10,392 2,644 82.89 179.18
Baseline 1,219 340 100 204.80
Moving Average 3
Method MMX-Type 890 12 100 414.66
Proposed 530 52 100 362.46
120
¥ 100 - )
1" 7
£ a0 -
CProposed
¥ 60 7 EMMX
% %
g %/ % CIPIXEL
3w /
40 | % ,// / EIMASK
/ / 7 ]
% / I Z % L DcoMM
0 - % . /// — = /% % , COMEM
// a0 o
A A A W W D A A D Y
o o | © w k] © o | @ w o
£ 8 £ 8| 3| E| &% | &8¢}
L 3 L % | 1|5 ‘ S| 8| | B| 3|5
@ s | s & s £ s £
= | s s s
| Blurring Convolution Median Filter Moving Average Method

(28 9) Baseline =213 Chd| MMX ¢ H|ctet HElof 7|8t =130 HE HHO

52 Hetst 54 MESE HExe| Yoo olF

(29 9t WE Z2AMAM 3¢ baseline T2
tiu] MMX 2 AgHe g4 HE Az 9P 7y z2ay
o HE Hyo] EXEE BoFr} 7 v} (bant =2/
4 (ALU), #l®2 (MEM), ARFU#AlH 4 (COMM),
PE 5% HEE #4Y (MASK), vz %4 29 {4
(PIXEL), MMX, Proposed B#ol2 &3} "k 2y
B vpel o] MMX 7]¥ Z2 332 baseline 2130
vl ©x] 134819 WaHo] AFE FaAZ WY, At}
o] baseline T2 B} Hit 28589 W] A4
g ZaNZY odadE g2 Aoe HHolE Algdozs
ALUS} w2204 B2 FHo 7|8 EAh

53 oj{x] &€ ujm A}
(238 102 ¥d Z2A MM baseline Z213 tfjy]

MMX 2 Astshs g4 MBe= HEaxz] g8do 71w =
21339 JyA xHE BAEDS Z bt (bane 715 FH
(FU: ALU, Barrel Shifter, MACC), storage (Register file,
Memory), others (Communication, Sleep, Serial /0,
Decoder)dt=4lo19] oy BEE Jepdh Fdd 29
F394:(50MHz), ¥4 (130nm) 2 Z=2ZAA sebo)E o4
Z2aye] FYPAZHE o] Lulo] vl FcH23]). whebA,
Atk BHo|E o] 8dtd BE ¥ FHo L Alo]E2E
Z9082 A3E ¥9 &H JduAE Z2AZ F Sk
Aotg H#olE baseline T2 thy] HF 244uh] &
i ox & Z2A1Z] A, MMXE baseline Z21% o
o] @] 15749 A4 U E FAEAF 44F bz
Alorsk wWHolE Alggezx G F£9 ALUS
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