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A Labeling Scheme for Efficient On-the-fly Detection
of Race Conditions in Parallel Programs

So-Hee Park'- Jong-Jung Woo'' - Jong-Min Bae''" - Yong-Kee Jun™"

ABSTRACT

Race conditions, races in short, need to be detected for debugging parallel programs, because the races result in unintended non-deterministic
executions. To detect the races in an execution of program, previous technigues use a centralized data structure which may incur serious
bottleneck in generating concurrency information, or show inefficient time complexity which depends on the degree of nested parallelism in
comparing any two of them. We propose a new labeling scheme in this paper, which is scalable in generating the concurrency information
without bottleneck by using private data structure, and improves time complexity into constant in checking concurrency. The scalability and
time efficiency therfore makes on-the-fly race detection efficient not only for programs with either shared-memory or message-passing, but
also for programs with mixed model of the two.

7|9 : ABZEHM(Race Condition), +HS EX(On-the-fly Detection), HOIME (Labeling), ¥AH(Scalability), &M (Efficiency)
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B gy AEo] A8 &4 FUEREE AT #A
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Fholn, ATERTE oA Fardxn A +3PAa AL
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2.1 MPi/OpenMP =213

AR Z2ad 399 gEHA o= MPISIH A
I, FHHEE T2 FHe] gEHY e AW EF
3l OpenMP[5, 1317} Sith MPI= E4wizs 74 7b
o2 Aes, 7t xEo guRe] ARE AR F-
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d4¢ e 2203 FPA o FA Fgo] v E &
3[2-4,10,16]°] At} OpenMPy Fdo] 43, && w9
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Aol Eg&HolA W, FAMEY #FFE stez fuso)
AR AzagdA Agg ¢ gl ax2]e] ok

#define Comm MPI_Comm_World
int il, i2, i3, i4, myid ;
MPL_Status st ;
MPI_Request rq ;
MPLInit() ;
MPI_Comm_size ( Comm, &numprocs )
MPI_Comm_Rank ( Comm, &myid ) ;
#pragma omp parallel for
for (il = I;il <= 2;il++ )
if (i1l ==1){
MPI_Recv ( MPL_Char, myid, 2, Comm, &st);
MPI_Isend ( MPI_Char, myid, 1, Comm, &rq);
for (flag = 0, flag ; ) MPI_Test (&rq, & flag, &st) ;)
else if (il == 2 ) {
# pragma omp parallel for
for (12 =112 <=3;i2++ ) {
MPLIsend ( MPI_Char, 0, 2, Comm, &rq) ;
for (flag = 0; 'flag ; ) MPL_Test ( &rq, &flag, &st); }
#pragma omp parallel for
for (i3 = 1;i3 <= 2;i3++)
if(i3==1){
MPIL_Recv ( MPI_Char, myid, 1, Comm, &st);
MPI_Recv ( MPI_Char, myid, 3, Comm, &st);}
else if (i3 == 2)
#pragma omp parallel for
for (i4 =14 <= 2, id++)
if (i3==1}
MPI_Isend ( MPI_Char, myid, 3, Comm, &rq) ;
for (flag = 0 ; 'flag ; ) MPL_Test(&rq, & flag, &st); } }

MPI_Finalize () ;

(38 1) OpenMP/MPI2| E&HE ofx| =23
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MPI_Recv() &5& AM§gh

Haz2aded FyF AEE EAseE Z2aY
T3 FH EAL mesool ) o) 9§ Z2aY
T3 Fof LAMEE EE FYPAPE e =Y &4
AE Bastalol il ofed =8y @A &£AME POEG
(Partial Ordered Execution Graph)[6]o]&h= w3k Hi¢@
agzz Jehd 4 A (29 28 (29 DY oA =2
el g8l ¥yH YRE Y4 d2E POEGLZ B

gy
e

2
p

r

ol o

H

o £ N o oo op

2ot A¥(vertex)S WE 2d=eo WA F{E oulst
Y, 4 HHEZRYH F¥ss PHarc)e I AN A
AE 2d=g et 28 =39 e F7)3E JEh
H B =FdA FEse TEIYGNE fAAS 9
# 57188 e 7} 28z oig ARE B =F
A AR MEE dolEd VY 2¥= AYxE B
AoZA, 3dHNA A3 Mydich POEGS WEE=Id
& FYPE o 2H=E e BEAHA FM(partial order)
TAE JERN] dEo] HE 2 =E7ke] @A F(happen-
ed-before)[6] BAE ¢ 4 AUvh F 2E= b HAFE 7
A7 Qs ¥ 2d=s £A31¥9(ordered) A 0| AL
SAE AAV AFEA %dE F 2d=E W88 (concur-
rent) @A)}

(<1,1>,1)

(<1,4,2)

(<1,6>,1)
(22! 2) POEGT DV ol@alel 2¥= HE

22 THE ZAEEX

zzae] uAFHA F8 ARE opATE T2 ¥
19 BEge AsHY(L, 6138 WA 4G 11]ee FEF
o A8AEE HE2 FYPHE AY=Eo FAY ¥18
glol FfrEge Hx st ojde %7 Aldez ¥
Aol H2dte Aol s, AR EL 2dss 7
o AR AN AAAH EAEE BYsA) g ¢
of WAgT A 9% Zaafe wAAH Fy&
Zzav7t sty g AnE xYPseg UuAe
H8 w=a) grsojol gt o) AL 8 Fo &
Agte] Busy] g /YHe AR TREEY ERE
2¢ AL A W E 2= =8HA HPY AR
& wdshy] o Wad AR X Jbez pAd

FHdRe e A Age] EFE Z2aPo z8H
&g g8 9% ZREZL Dinning TEEZ[6lo] ¢
on WAAHEE §A7] A% ZZEFZE Netzer T2



528 EMZ(ST=FXI A HIFAR X45(2002.12)
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7] S8 4 24928 YT @ WA Fns Sl
of 31, 3 Fol FHA Aol 7Heder @t

FAF AR 1HY A& HAAH R PG A
AHe B34 Fae HE ZHoeg ve £ ook H84 A
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E4E AEE BAE HH FASA He ARIF LS
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ZHEJEE /AT 84 AR AN FH ARTR
g AHgEte A7 HEERE SAAAE BR6lelAY,
ME AET2E AN WA AR QA Ao HEEY
& HAEA AT HPA AR H Gl WEHHEAY A
To g&Ese vEEHY NTEREE MAE FHll
o E3, 2y zEad A9 MP/OpenMP7F E8€
zeay 248 AYsA] 2o, B4 Z2aW {Yow
HE M5d ARHE A 4F B0, YA (time-
stamp){7]& ol &3 71WE A dRE HolEH 7
HEL FHMEE 29 OpenMP Z2IaPqANT HE
7Vssict. st 28 Foff 2 2HSE A= MPI-
281X e WY gRl2dE JYE AME 4 ok F, 7)
&9 #ol8d 712 OpenMPS MPI9| &Y =213
& AQEA @] Ao FHoRe By 2
9 BN AP e Ye Aol

3. DV #Hiolwd¥

2 ddqMe F9EeE 719 OpenMP 221337 o
AR A 7jke] MPI Z2 YoM E RF: H& 7l%sin,
OpenMP/MPI®] E£3e Z2agdAiE HE 7158 A2
& DV #o| 23 71\8& A3

(@) 2718 ¢neE

DV_Fork ()

s = 5%XU;
t=tp+ (I - DXsy,
if (Mpltl:= &) then
vi=1l,;
else v i= Mp{t] +1;
m:=max{m,t};
fori:=1tomdo
if (i=t) then
Mlt]:=v;
else if (i < m, ) then
ML) = Mp (il
else M[il =0,
endfor

End DV_Fork

(b) == Y &z F

1 DV_join ()

2 8= g,

3 =ty

4 ift=t then

5 vel v+l

6  endif

7 if (m £ m) then
8 k:=1;

9 elseki=m+1;
10 me ¥ m;

11 endif

12 fori:=k tomdo
13 if (1=t ) then
14 MIt] = v
15 else Mc[i] := max {M[i], Mc[i] };
16  endfor

17 End DV_Join

() 2d= ¥F ¢85

DV_Send ()

vi=v+l,
M[t]l:=v;

End DV_Send

@ HAR 4 ¢ndF

Wwoe 3O O WD

DV_Receive ()

vi=v+l;
m = max{m m};
fori:=1tomdo
if (i=1t) then
Mltl:i=v;

else M[i] := max (M[i], M:[i]};

endfor

End DV_Receive

(o) MIAA] £4 &xnedF
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£ 7t Atk A94NA, t= 4 28z AdxE 9v]Ei,
AE AdEE 24 2dent 243 g Jhg ve
7t 2= gz Ao dfF 5 2= WM (ver-
sion)g ojnjate, 2= 4% §F, a2 HAAAE
Aol 2= Adarl AALEE doik 14 FkshAl g
s FAo 24 7Msd Ad 498 2d= 9 2= F
ZHspace) & 2v)&n, 2#= Q1€ A9 ¢ gk(upper bound)
o2 AMgtt BB ojdd F3Pe xe=ste W
g4 RE HAE 9% HAHE (version vector)Y! M
o] st} ME& FA AAARA zHE7 &1 e RE &
=89 WA F& JehY, @4 AFAR 2d=0 ¢
Rl 29 g9 WA g 0] €t

DV #ol8¥ 7y ¥4 g At dnEH
e Are ¥ygy o8 E FAse ¢ugFes 74
gt WYy ARE AAsE %}3’-?47“"1% %713 ¢1g
Z 2= 44 ¢u3gF, 2de §F dngdF, HAAA
g Ale FA - FA daeE ol Uk (2Y 3)9 By
AR AN gugFoA ALEEE UFEY oldHA pot ¢
£ ZtZt B ¥ (parent)9} A4(child) 2= FHE ofn]sn,
r& $(receive) HolA 28 = JRE on|ch

(& 1> DV 3olEES| HEHE

Thread-Info Vector Thread-Info Vector
(<1, 1> D|[1] (<2,6> 4 |[3,601,01]
(<1,2> 22} (<2,7>, 4 (13,7,0,30,11]
(<1, 3> 2 [32] (<2,8> 2 11380501011
(<1, 4> 2)[42] (<4,1> 6 |[1,1,0,1]
(<1,5> 2([580,50,1,01]| (<4,2> 4 |[1,4020,1]
(<2, 1> 2([1,1] (<4,3> 8 [[1,4030,1]
(<2 2>6)|[12] (<4, 4>, 8 1[1,4,04,0,1]
(<2,3> 6)1[1,3] (<4,5>4) {[1,4,050,101]
(<2,4> 211,401,011 (<6, 1>, 6) |[1,1,0,0,0,1]
(<2,5> 4[1,501,01] (<8, 1> 8 [1,40,20,10,1]

WA, (19 e WY JRE 445 A% A8
WSS 27188 YadFolt st FAO B4 7}

@ A g4 2d= 59 2dE 30 waked, 27
# NS HEZ 9L w5 $U nE YALE,
te 7t 2dse Ada dused, 2718 RYAAE 2
w29 £9(ank)d r¢ YL Gek old, == &9
E0RH AR 1 348 &g Mt ve AgeR
AgsE 2dE A8AE A HBe 12 278

r rir
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me @A 29 vAdeg Mol AFE wAd $E 9
e, me el 3 ME FIA do 273 2g=
oA WA 7} 10|28 me& 1o Hu, wWANE ML
2de Az o] BAG 1THE 7HAA g dF B9,
(2 A 2713 2dz=g 29 FRE (<KL 1>, D
oli, BrHRel WAHNEE <& 1>dA9} o] [1]o]th.

(19 e 2d= PA(fork) FF 2AFo| g3l
WA JHE g ¥z A4 gadEelt F 29
= MY dugdF #YA B2 HYd HRE o] E3d
A 2¥ze B4 HRE YHsE Aok Us 29
= Qdad FEE guisiy, [T 9 sd=e Q9=
& Juigtt. d49 s@g T A8 50 UE F38HA
"l s, & o838l @A 2d= AEA E 7o, FE
2ge HANE Mol ol #Fse WA ol e A
2¢ A= AEA A4$E WA g vE 12 2789
ghol @A 2 AdA o] wE o] Mol loHE, M,
A g 2d= HA ge 1 F7HAAT me 84 29
= Azl o B 2= HAd 5 mps vlEste Hd
&g 7HAA "ok A 2= HANH Me maiE
Zt g Agzte] gid WA gEE HA Hed, 84
mpetHE Mpgtold WA gES 7t R veAE 028
HEA G0, dF 2= e HAE gE A4 2=
WA goz AR dE B, (29 DA 2= A
A dE (<1, 2>, 29 (<2, 1>, 209 2P =Fo|t} 2HE
e xe] ARG U = 20|RE, st 28 oA 59 14
A AP odgxe A3k 28 F3t9 F3 Aot o
714, (<1, 2>, 29 2= ¥ = 39 FPE] AN
of oa 1] 1, s ¥ APAHEHPLEE vE
1 37hgth (<2, 1>, 29 2845 Ada = 3 FI7Y
Al o N2E 2= Hdzal ) HIYLBER pE X
713 10 €t} 2d= (<1, 2>, 2)9 WAHE ME T3
71 98 me @A 2¥= ¥R ¢ = 17 FE 2¥HES
WA £ mp = 1% Badd AggE A H2E m =
1o] €}, HANH ML m = 198 7HA S, 94 Mgkl
Nom,=1%E Hd g 7HA3, 2ds Adx ¢ =1
o heh A 2z wdg 28 Qe WAy M
2 218 7HAA dr) AR, 2EE (<2, 1>, 29 ¥
HAHE ME 737 98 me A 2= A} ¢ = 29
By 2¥co WA £ m, = 18 823y Hdgke 7HA
A HBE m = 27 9. WAHE ME Mgld mp, =
1 9 ¥A ge 7MAem, 2ds A¥A ¢ = 2o W@
A 292 WA 12 AAsez 8dde M2 (1, 1]
& 7HAA gu 222 WAYE A4 oE <& >4
o o] AHE (<1, 2>, 2 [2lelx, 8= (<2, 1>, 2)
£ (1, 1]elt}

(29 3o 24= EiGon) BF Fdd s8] ¥
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4 ARE V=E A FF dnFolt. F 2d=
&5 ¢18F FYA R HY94 HRE o839 F
A gz Wiy ARE YAsts Aotk A 2d=
g9 FH2 Q8 A4 2g=E 2d= A4 o)A 29
=g BEASER ok BR AYEY 58 208 7MHL,
A4 2Y= AdA 5 FE 229 & Al 7HHE
o A4 2d= gzl WA @3 v @A 2d8= 4
Wzl ¢} ¢t 2 AT A4 Y=o A g vE
1 271700 A4 2dce WA ME mol mEH
A0 2od @4 24 ¥z HAYeE adE
AAT, A 2d=e) Adate] disA vEtE AAs,
Uz Ade e Agigtes fAF xR mol me
Bt ady @4 AFGAN BHE M JIdHE FIL ome
ojF o] ~d= Ay Ao W WA FTE HAuFe
Z fA8 8 o, (7Y 244 2d= ¥F 4=
(<2, 4>, 2)8) 2d ot} s ¥R 5, = 28 20E 7}
AA Ha, 28= Adz L B2 4 = 28 2dE 7}
A}, A4 2d= ¥z WA g ve 84 2HUEE
(<2, 3>, 6)8F (<4, 1>, 6) 23 (<6, 1>, 6) Tl @A
2H = 19 = 27} T Al vgke 1 FIHTIRE,
#9 2d= iz ¢ =29 WA g =38 1570 4
2 71, 24 AFE (<2, 4>, 29 WA M 84
2H 57t (<6, 1>, 6] m = 0] FIL, mt 2 BE 47}
522 mgol mEt 37 Bl A AHelM 4AHE
WA ME g F3, molFe 8= AEA o
g WAy e Aoiger g asReg, &4
= (<2, 4, 29 HANE 44 ot <E 1D>AA ol
(1, 4 0, 1, 0, 1]oIt}.

(29 NdE HAR AgAY $4 gngFoRA, FA
AR olFe] WA ARE PG FAMAR o Fd
= g4 2d= Adate wAS 13720 F HAdNH M
A g 2g=e] BAag AR oF £, (2™ 2
A FAMAR olFe 2FE A e (<2 3>, 6)9 28
zolt}. ol 2FE (<2, 2>, 6)dA WA gete] 1 F7H
< ¢ $ ok BEdY 94§37 2d= AEae] Hd
gratol 1 27198 & &+ Ak 2¥EER, 2YE (<2, D,
6)9) HAME A dE <F 1>oAg o] [1, 3Jo|th

(28 3e)e WAXAY A9 FA gnFORA, F
AuA A o]Fe] WY ARG AP dANE A
~4=z2H 398 m3 M-S ALEA €t A4
2z#= qdxe AL 1 F/HAT Ay M2 g
g m3 @4 mg uvimse Hoigk wFe] WA FEE
AgaA Hed, d88 M3 dAAE FA% 2=
HANE] Me vzde HAFgEE FAEH 48 &
o], (1g el A FAHAIA o} F o] 2d= A dE (<],
3>, 29 2dg=olty A =M 8l g 157H
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