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Abstract OpenMP is an attractive parallel programming model for a chip multiprocessor because
there is no standard parallel programming method for a chip multiprocessor and it is easy to write
a parallel program in OpenMP. Then, chip multiprocessor systems can have various architectures
according to target application programs. So, we need to implement OpenMP in different way for each
system. In this paper, we propose the implementation and the effective translation of major OpenMP
directives for a chip multiprocessor without using OS to improve the performance without using
special hardware and without extending the OpenMP directives. We present the experimental results
on our target platform CT3400.
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g} mix et Z2AA7F 88 #al ‘done_pet++'E
F337] A7MA YA L2 M= ‘while(done_pe <
PES) k& & wjEd di7|geh. 22jal vpxe Z24
X7} ‘done_pe++'E F3sAE v Z2 A7 S
7] Ao g Z2AMMELS ‘while' FEZE HH]-X% Us
F 93 I F 0d ZEAME M B F e A

A4 ‘done_pe'E %713} e BFS AIT F+ Utk

semaphore_lock(Sem.p);
done_pe++;
semaphoer_unlock({Sem.p);
while{done_pe<(PES))

_pe_delay(1);
ifimy_peid == 0)
done_pe = 0;

semaphore_lock(Sem.p);

phase = (phase + 1) % 2;

ifidone_pe[phase]+1 == PES)
done_pe[(phase+1)%2] = 0;

done_pe[phase]++,

semaphoer_unlock(Sem.p);

while{done_pe[phase]<(PES))
_pe_delay(1);

(@) 71& A9 wigle] 78

(b) Agtal= wj]o] 7+

¥ 4 CT3400004 9] =felo] geeln F@3 W] o
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Baxy FRFANA Z2AANZE HEHAE Fs=
Ae BT 4 glon=E vixgt Z2AA7} 8 ¥
‘while(done_pe<PES)'E %7}3}7] ol ‘my_peid 7}
Ql ZZAA7} ‘done_pe'e] %713} S FHste
T 7Fssith olEA HW OgE TIEAXELS ZE
FHE AL & F AAN Ao Z ‘done_pe'E F7F
AR ZZAME ‘while®S X WA U2tk o]y A
o] 3 HASAE FAT AT shsAo] A o
Z Z2ANA9 T2 ¥ 474 H(non-deterministic) ©] 2
2 ZA "9 BAY JOJ% wpA g Z 2 A A 7E
‘done_pe'Es ¢17] Aol 2713t AYE FITF AolmZ
a8 Aglo] dojuA] gxE Oy 4(h)¢ e 7S
27t AASY, WA 4 Z2 A= 04 19 ke
7o} 71d 4 de DEHSF phase’s o] &34 A%
g wigol5s FESH A4 Z2AME gs FE vt
o dA ‘phase’®l &%= ‘done_pe'E F7HA171a A
o wpAE ZEAAZE ujElole] ZEStE vE o
‘phase’®] Hjg]ojollA] AFE3 ‘done_pe’el S 0o=2
z713}8it}. o] w] o}& #A ‘phase’el = ‘done_pe’
S FVMRIIA @& AFelEE UmA Z2AAES
o5 ‘phase’Z @o7bA| geth g o] whA
ZAA7} #AA ‘phase’?] ‘done_pe'E F7F Al7|H EE
ZE A7} ‘while' &S do] 7FaA g ‘phase’?] Hj
gol7tA] JPgiet. o] FANA = wiAT ZEAA 7}
‘while' & 3317 el o2 Z2AXEo] o Al
gJojo] =Fs|T|etE ‘phase’7} BEEZ 217 SukEA
e A Y F Aok

3.4 = ZHf C|3E=

‘for'’ YHAE]BE 2¢] Eull(work sharing) TIFER
9] R ‘for’ Fxo BHX AQGg for FZO WHE
3l4(iteration) & o] ZEAMAMAA UdF= 4& &

UE)ioHr‘b‘

]KI

t} o] w ‘reduction@E A A3 WIFE ZEA AR
g Wl Uik 29X (reduction) S s
Aoz 7t ZRANY WF e shtr Aok

o' Tl EelN FHY FES meAASOIA il
Fe Age SQAA Agelnu BaFd guglol
2o 2733 $E 20L WolN 7 ZEANTL 4
PG W2 e we ARe 2ogH Fr 202
s oz T8 s

=

rr

ol

=g AQse 3 tEAe Ad 2FAAS
AgIE BREAA DU Qe Aeshe dwe
e gm FHUF AUA W gaske sl
AW e SAAAE S e FPFAAE
A WTh FHAGTE ohd BENFA A9 TE
e "az Bk @ A pde A9a wge g
2 YA AT FHESE AP W F2 o

Alz=" B o]& Al M A Al 4 5(2007.4)

AW gAY 7ANA 2HEE ALEE o} w3
waolw 71& AF[79]9 YA FERE AIHer
H| 251t} 7 Z2AME 2 o g ZHS g

Y4 ke Faska, BE ZAMSe] JU4 Ay
o uhAY Y FRuse g 7 ZeANY 597
9 A BEusd BANFORA AP WE @
o Agge ATk AT o] WA wHPe @ =z
A7 B AR EA ANe st B e =z
ARES e 7] AN Jlkelol stee Z2AA
S Seo] Ads B Holg tE Wye ¥

dge ANt ge AZY AXNE AR
Ao F AR FAEY 4 BE ZRAME 7
7o) gl g@sHs gE A" AA ge 7A
&3 AT o HHEM AE s e Z2A
A7} e AR AL sty Loz ZF TEAA
Eo] T WEARFEH O ZAAEY Y ¥

S e gl AFHY Y4 AAPE Tk ol

PAe Fr FexHg ge Pz HHEelA

WAR ARG $AL AgSE AT uxd R 9

N A A6l A2 wele e e Bask o

D2 gg Rt AT HasHn APd Aae wa
.

Ao g P& 4 Qlrh= Aol Utk
a8 55 ¥ 29 oA ZE WA ‘4pragma omp
for 2 S8 FES CT34000] 2HA WY Aoz 5
Al tisliA ‘sum™e] YA Ask HYE 2
AUtk WA for’ Fxe] RHE 355 I A|A )}
Zt =2 A M7} s for £ 2713 £8
2 NE OE ZoBEZ HFE A2 HAAdsA AN
A= ‘static schedule’'?t A P2z A ‘for
o ZV|%3 T8 1S w5 UHES E g
Akl B9 Z:ﬂ%kg AHEEEE U] W EA g
dAg Fo] v oy
JaljoF stE R O]g— 4‘_ W
ZZAME A ‘for’ YHFE
| Z=2 ti'9 ‘tnol FE]'E} v A "Fﬁﬂg}i
Z2ANEC] F7E DFEEE Hlgo s S
o] ek ‘for’ TFEEY YA Fo] AYATHAE ufo]
g ole YA Aiks AEgith 4 Z2AAeic
g wWg R FERAQ ‘reduction 0349 WS
‘tredeol] A Z2AMATL ‘for FEE Y3 ARE
ARSI ‘reduce TS TEIA HFYA AEE T3l
shte] HF Aggez veET 9714 ‘reduce 0
=5 "é]olur H4 2L g9y Aiks Fste 5t

2
>
"
ox
(o
i)
_p
&:i
tlo
E

alt

n 2
X,

re mkﬁ
_O|L

k1

N 2 of 1T U o N R
Jo
N

B A | ;L ri

r

o
R
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111 r
m{n
oo
A ¥ peod

ER=R 4312 3= ‘reduce’ e AA AN F
7HA Ho oz Fdo] 7l53t a1 6L FuAd TS
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int_t i, _ton,i

int _rdf sum = (*(_t_shared->_sh_sum));

int sum = 0

int _rd_sum=0;

/i,

for(i= _ti;i<_tn;it+)]
sum +=i;

1
i

_rd_sum=(
_rd_sum=_rd sum + sum;
{ reduction_0_t_red;

_tred._rd_sum=_rd_sum;

* rdl_sum=_rdf sum+ _t red._rd sum;

1
i

barrier();

/] #= 2703, $8 24, FE W5
int * rdl_sum = &(*(_t_shared-> sh_sum)); // 2|94 3 3'-} g
//E9d A =

_tnell A ZRAME A9 FE Wy A
/1 AA for F3x

/1 E9A A A 278
[ A ZRAAMe A4t Aa} A

/] ERAAZE shared W ol A3} A
reduce(& _t_red, sizeofireduction_0), reduce_0);

/1 B9 Az Eelset.

471 A% W

+9

/I ZEAMZE 2 H A 74

I3 5 CT34002 93 ‘for Y EIB9} Treduction'e] T+& 3} H3lk

semaphore_lock(Sem.p);

phase = (phase + 1) % 2;

if{ done_pe[phase] + | == PES }
done_pe[(phase + 1) % 2] =

ifi done_pe[phase] =
memepy(reduction_buffer, buf, size):

else function{reduction_buffer, buf); // o] 2] &=

done_pe[phase]++;

/s E

semaphore_unlock(Sem.p);

_pe_delay(1);

1
i

void reduce(void *buf, int size, parade_reduce_function function) {
/1 ZF ZR2AAE FHockyE FFth
/] E7188 A us AR

=0 // A E‘iﬂ Z2AME 9d FAs 2713

Ffeeel BYA A £

while(done_pe[phase] < PES) // 718k BE Z2AM7} B¢ W& 7|

memepy(buf, reduction_buffer, size); // F 294 ARE 2} T2AHME HA}

a9 6 shiel P94 B4

ZZAME AFtEAE o 83iA s Fa fYgd 2
A3s AT YA T W5 reduction_buffer’ $h&
E3dAog Atk Ad A g FE Z2AANE
219 HYd 2Ags gy IR wkol A%
Al Z718F star, 2 9o ZRAMEL & FoW g
A el A7) AAES function’$HE 0]-8-3)
AL o] A4S mAE YA
HeEE HE3FHQ g9 Ak AAgs 2 H
Z z2ANE AT AR AV 23 e
Foll EARBIA AR = A gk
a9 7S Z ZRAAMutt Ff dEedd
XS F31 WAIA] F(message queue)*H
AEShE W9 ‘reduce’d4 FEZo|th ‘reduction_
buffergt= YAl AF AXZE ‘chard2]e] 4KBF7HS-
ZZAA ANFRE IR wEel ZZAA
HSE o]&aix 7t =AM A Ao HIsI=

[T ol Xx 19
o
oo
rot
)
!
e
]KI

X

gsha

WHEE ARSe

2ol 9] ‘reduce <4

= Atk 4 Z2AME ‘memepy’E ol&I;MA AL
YA 2HUE A AR X BAlGTh BE 28
AXZE BARE whlEA wiE]o] AAkE o] &3fA Fel
& F A A AN HE Z2AMES] YA
ZAPES ¢ol FF H9A 2% A

4. &9 3 2

A|tet OpenMPHE 2 78-S OpenMP HE7]E ©]
EaA oA Z2aWs Mkl 9 H thE Z2A A
B9l CT3400004 ARATE ANt =43 Z2Z A 74
F5 =97PEA AAS OpenMP F@F ®E W]
S EXZ 7+ OpenMP HHEHE] R&Hover-
head)7} @rht =4 WIXlZE o] &3|A FRlgth

4.1 Alg il-?_j’ al I:IH:H

2 =FdX AA OpenMP 33} #g-S A
7] Y= CT34002 $13F OpenMP #HE7|7} 2

o NI

/‘é
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int i;

semaphore_lock(Sem.p);
phase = (phase + 1) % 2;
ifi done_pe[phase] + 1 ==PES )
done_pe[(phase + 1) % 2] = 0;
done_pe[phase]++;
semaphore_unlock(Sem.p);

/] && Frh

pe_delay(1);

void reduce(void *buf, int size, parade_reduce_function function) |

memepy(reduction_buffer[my_peid], buf, size); // #7] Az} & AA A3 Aol HA}
/7 Z2AME FHock) S et
/1 E718E A9 i Ae

while(done_pe[phase] < PES) // 713} BE Z2AM A7t ¢ dE 7|

for(i=0;i<PES;i++) [/ BE Z2AM A dfsfiA
ifl PES 1=i) // AH& A 9§ voja] ZEAA e
function(buf, reduction_buffer[i]); // A3t &S A719] A3 &2 A
} /o dEESd B4 it

I 7 A AR ARE HAIA FAE ARSkE el A reduce’ FH4

H OpenMP ZZ 7238 Ql@oz wkm oF oA A7)
3t OpenMP &3 W3] o3 CT3400 ZHE A
AFshe MvtEo] APL 58 o83 BHE Z2afo=
Hsh= 2H4S 4303tk Omni C ASA 51014 A
Z3te C-frontZ2 1AL Czaads A3 i
Eg](parse tree)E W3l I v EZHE CEZR
aPe Agste 2= A7) FEE 23 Joerg b
kol

S A

Ao =& =83 F£i1E AT

t}g-© & Inspector Cradle Technologies, Inc.ol|A]
AZE CT3400RE=2] A EFolE Z2aW oz Alo]F
@9 e] A (cycle accurate)S zr=TH7,9]. HEOA
A= HAT G5 FHS AlolE DE Ao
T F A3 A F AF HYE H8A 71E dATE
I w7 E AlEE olE oA AP

Agoll AMESE dlxl= koAl A7) 0ol A 999971A]
gate Z2ads £ T2 Iy CT3400 N =
Tl B Nx A de] ¥4 Z2 ool o
d H tF Z2AAMA OpenMPE AHg3te %9 of
7 fFEshd Wixeia Z2ado] gl AFE §53)
22 gAY gAYy 7AG FEEEE 9 Wixvt
3 Z2aRE AESAY g8 FA4 T2 AHE

ste A97F ATH7,91. NPl A AlFshe FE FA
z2a8e Na A 38 A¢ BE F3iA a3E Col
AZete rdet T2 ook NoJ a715 AR
A AdEFE =
xz2agelnz Ay vurt rhsditde FHol
ZZAA g NE Agske 3E {4 29
AA A8 e AMSIIESE £oF A4S PF
ZRIOWE AFsed Z2AAN g AE AR
ZIa¥d] OpenMP YHEIRE F718iA AF iy
oMo At PF FAL YA ks
3R] o v F ‘reduction'S AFESIE dA ZEaY
2 a9 29 094 9999714 HEe TEaYWS AL
Aot oyt AGguge] JF= o] AP 4 3l
‘int data[10000]’°]4} ‘int *data’*]d HIAIS A
3t ‘sum += ihAl] ‘sum += datalil'E AHES)
Y

EPCCl13]E o8 ZFAFNA OpenMP T EHE]
BIE 4o dHAvlaE 9d FH oo ZZA|A
A OdE R JaE SHste WAvtar gleEg
A SAGHNE = DA AbelE D92 FAEA
AR 7129 wlge]l FEL V1€ =R2([79]d v
I=E U E FEsta Blagch

4.2 Mg

¥ 2% CT34000014 24x24 &8 FAS 343 274

otk WY FAe APAFE FH VY ANE B

daty] i 71E AF79]eA ARS3
et

o K

>~
ol

bl

¢

it r@ oo o o M [H oz

bt

— 3£ 2 24x24 ¥ F{AY S8 AR (&9 AlelE)

’a 98 (9= ) WY (ez 7)) OpenMP (2.2-3)) OpenMP (-3
(BHED) (BHED) SHEY ks THET A8
3,664,513 3,653,761 5,221,225 3,674,336 1,081,775 847,907
i s 1,827,537 2,622,901 1,845,050 549,432 431,722
T e 914,127 1,320,474 933,549 286,282 226,760
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AeZ BE AFA Z2AA A Frto] wet Z=2 QoA AR ‘cragec” AL/ M dlogt 4

AA Gl wlElekA =3 Alzke] o] £k Jol YA WFES 58202 AL = Q7] v
‘D7 ‘HHS OpenMPE AMESHA] @il o= o Yebd @ldolt

ZAF ZE2IAWOF CT3400 71 =T A|&3 = ‘OpenMP (F48%,2-3)'% ‘OpenMP (AT,
ZaHolth, &7} AZE OpenMP W3S o]-83A] -A)ye & v ‘OpenMP(EZEE 2=Z-3)3} ‘OpenMP

(AR F om-AYHTE o] AN 1 ‘FATY o]

W3 T2 ‘OpenMP'E 3X7)3H0h FAlo| A& =

she PHEES TH R FoAM - vﬂEBM] FOSHET R 450 ok F AQHSE FHoE T
A 2=Z-3 WEgd FeXd b ‘-7 ez B3 AL T MFE EYFes o wmE FH v
Hoz FEth Fg gkolr] Mg A”Jr o] A ol e AT IS de Aol oy 22 ¥
Heol M2 s gyl wet A8y T4 f vEIdE ARESUME A9 dojel 994 X%
Fog #®73T ‘OpenMP(HAEG, e Z-3)9] 7 HEE ARdyrt a8502 AP F A FoF
Loz A HH oY WH'H wsd 45 Hol A Be FFE 7HEA ste Zolth

A%k ‘OpenMP(52 &g, Q.3 -3) 9] 73—?— ol ol#fe] X 3, 3 4, % 5 ¥ 6 % 72 A7 PP
‘OpenMP(BA T, 0=~y o Hlg|A < 42% F=9 3715 4, 8, 16, 32, 6482 E#7PAAN FE FA 3
Alzre]l o Ze AL B & U Hels °1X1UJ ‘A 17HE 543 At} o] APES EF AYHSFE o
oA AYASFE FHEIsH 5207562 AlolFe] 2 -3 Wrge] Fi ¥ Ak EE -3 W=
24 OpenMP] “FHTZ -7 vl&d 45 A HE ARESE o] 2=-F HEE A3 A
35 AT F AT S A TS AFH HajA Aol A EXH79], 2-F wimge ArE
g vl e AHIE AL F ded olAL AV 3 riMe &-F drge ez-F MRy

3 3 4x4 qE FAY 3 AR (TS ALelE)
ZRAA g i OpenMP, 52&% OpenMP, AZZ&3
17 20,082 20,836 38,291 41,314
274 A s 11,270 31,120 32,756
473 AT e 6,437 25,413 29,233
3 4 FAe F8 AZE (T9): AtolF)
ZRAA g i OpenMP, 52&% OpenMP, AZZ&3
17h 143,378 144,552 208,399 164,922
270 g s 73,128 116,330 92,578
470 s s 37,367 68,174 56,983
¥ 5 16x16 FE FAo 3 AZE (F$]: AlelF)
ZZAA g =] OpenMP, 52w OpenMP, A&
170 1,096,818 1,101,424 1,564,136 1,118,376
274 ECES= 551,564 794,121 566,935
473 AT e 276,286 409,248 294,333
3 6 32x32 qE FAY 3 Az (TS AlelF)
ZZ2AA g HE OpenMP, 52&% OpenMP, A& &
17h 8,628,210 8,627,900 12,373,765 8,650,047
270 s e 4,314,852 6,198,865 4,332,926
474 AT e 2,157,514 3,108,500 2,177,484
E 7 64x64 AE FA9 S8 AT (B AtolF)
Z2AA 24 Ha OpenMP, Z# &3 OpenMP, ZAg3
17h 68,324,530 68,321,276 98,731,357 68,346,647
274 AF e 34,161,540 49,375,560 34,181,382
474 g e 17,080,974 24,698,132 17,101868
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¥ 8 82 OpenMP UHE|B 9] ¥3Hoverhead) (&9]: Ato]&)
Z2AA 174 Z2AA 278 ZZA|A 47N

71E 49 ‘barrier 1,136 1,698 2,848
MZE ‘barrier’ T8 1,404 2,128 3,581
‘parallel’ TJEE]H 1,645 5,094 8,109
‘for’ TIHE|H 7,340 8,933 12,039
‘reduction’d, ‘“F-FHG 1,713 8,790 14,028
‘reduction’d, ‘#| AR’ 1,713 7,805 12,631

o] A% Bt 23o] ofr] witolt
Abge] vF =
BE $£3Y3= {3Hoverhead)$} HIs=

Fold A4k Al7ke] OpenMP tl#HE]
3 4x40 <)

OpenMP "etﬁ% ALstaes RE AFA Z2AA
Mol Aol wHlEEHA 8 Azto] Fol=e RS &
SECLER wwol gl WsA o 2%~

31% AE Aso] Zow W'y wwIHE

4% ~52% AT A% zo|E Btk

ok 0.0

¥ 8& EPCC Wx|r}=2E o]&3l4 F2 OpenMP
e re RaE 43 Aotk dE {4 22O
Ho| A= ‘barrier 7} 23] ‘parallel’, “for’ THEIB= Z}+
1314 Fas=d o] EolA B 4 9dRe] ‘parallel' %
3hE tstH oF

‘for'e] R3+E Ut ‘barrier 23)¢ ¥
20,000 AtelE AHZo F3PF UeS

ol—_/‘,:

Atk

OpenMPE 335171 93l #AIS o] 20,000AF0]
Azl {il= ZE AP0 WHE FHIYD Al
o A= oF 20,000~I01F FEe] =Fole] lolH FH
g dA3

o A7 Z2AK S Al A jlo]

o] a7k Agl g% golmz Yhel =7t A

N
455

AR 8 AN R87E AASE HFo] FlEA
Ak mebd ALY B ARIYY A5 T

Ae7t AR ‘HZ 7o) 2ole At theo

o7 7]

& ‘barrier’ T8I} =FNA AAS ‘barrier THE T
et ST MZL barrier +HE AT
ofvzt ZAIE aldsty] Sl Fag AR V&Y &
2E R 200~700Ak012 FEe] FrhHel Ras)
Tk 22 A

PasAn ge tUebe HsAs

7H2dol

i*ﬂ/‘i ANNM = F 1400401 F

¥ 9+ 004 999971#] tele TS
lgsEE 98 Zzaye] AYan
o 0%E 99997Ke] g Agshe 2718 Aede
2 Fasa sw Judorn Fust PR
Itk HE 8RR 350,0004k01F FEE ZEA
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rlo
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494 Wmel gdel wel AAYY R FAYY
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sk YA @ P

*Wi ZAPch AAGF B 238 FHII
HlsiA 2%3P= =dH OpenMP WH7|e AGHFE
AHoz FFoTH AT P AT JEE Ay
deje A FHAR AAdert A F4E A 2
W Folt} Loz Z2AA7F 270U 470Q A ‘HIA]

27
Al SER el FHus WA aga
A=

R} 1,000~2,700~A 0]
Z239e ‘reduction’ & 3

U T PHS wEo A o

Auk 27 ekt kst

5. T 9T

102 9d F vF Z2AH A OpenMPE A&
371 fg J1E dAFEd B =#9 Haeth

Yoshihiko et al.[8] ZZAM|A]

5 e vd

0% Z2AM HEd Y gexeE Adshe @

L 79e 923 POSIX 2¥ =

£ o]-&3l4 OpenMP

S B F Atk vAGeE ‘reduction’ Y F 7HA W E AT F A Aok Omni AL E AAHE3IA
A& Fdsty A 2y dA AR RS HAA OpenMPH &5 Xﬂlﬁﬂbfﬂ W48 (embedded) A2~
TR AREshks BACHAA) o] st YA FHE Hox A8 AHE Fole HHIE nHPAT gt
FE AREste HA(FAHF)EDG of 10%3E A2 Al UAH q%iiﬁ] 1A T A
B2 BT Z2 A4 2700 = < 1000A}0]E, = OpenMP &3 wWH3lolmz -AJA A7} (e A4S
3® 9 AGHUFE o] 83lA 0FE 999971A4¢] 3H& F8h= OpenMP ZE13He] =3 A7 (Te): Afo]F)
ZEZAA T4 Y, FEe A &g, THES T4 @9, WA A g, WAA
174 1,678,840 1,706,669 1,678,740 1,707,169
270 1,014,402 1,028,935 1,013,134 1,027,983
470 680,179 694,081 677,409 692,457
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