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A Preprocessor for Detecting Potential Races in Shared Memory Parallel

Programs with Internal Nondeterminism
Young-Joo Kim' - Min-Sub Jung™ - Yong-Kee Jun™

ABSTRACT

Races that occur in shared-memory parallel programs such as OpenMP programs must be detected for debugging because of causing
unintended non-deterministic results. Previous works which verify the existence of these races on-the-fly are limited to the programs
without internal non-determinism. But in the programs with internal non-determinism, such works need at least N! execution instances for
each critical section to verify the existence of races, where N is the degree of maximum parallelism. This paper presents a preprocessor
that statically analvzes the locations of non-deterministic accesses using program slicing and can detect apparent races as well as potential
races through single execution using the analyzed information. The suggested tool can deterministically monitor non-deterministic accesses
to occur in OpenMP programs so that this tool can venfy the existence of races even if it is used any race detection protocol which can
apply to programs with critical section. To prove empirically this tool, we have experimented using a set of benchmark programs such as
synthetic programs that involve non-deterministic accesses, OpenMP Microbenchmark, NAS Parallel Benchmark, and OpenMP application
programs,

Keywords : Parallel Programs. Races. On-The-Fly Race Detection, Internal Non-Determinism, Apparent Races, Potential
Races. Synthetic Programs, Microbenchmark, NAS Parallel Benchmark
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void main() {
int i, temp;
int account = 100, rate = 50;

L
2
3
4,
5.  #pragma omp parallel for shared(account,rate) private(i,temp)
6 for(i = 0; i<2; i++) {

7

8

if(i==0) {
3 temp = account + rate;
9. #pragma omp critical(L1)
10. {
11. account = temp;
12, }
13. } else if (i==1) {
14. #pragma omp critical(L1)
15. {
16. temp = account - rate;
17, account = temp / 2,
18. }
19. }
20. )
21.
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[ account = 100, rate = 50 [

T1
L1~
temp = account + rate
account = temp @P..
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temp = account - rate

account = temp / 2

if (temp == 50)
account = temp +50
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Private Variable: temp

(38 3) WFH HIZZY0| 28 =R 2e



12 HEMelEg=2X A HT-AE H1=20102)

A Rtk Ty i Zaagd e wARH H2
Aol @ HAH Aol EAT 5 deme FAH F
$e g5 QA= N BEe) m2ad feo] Bas
. 42 Sof, (29 oIM T1 2d=e] AAFGe] 59
@ ol T2 2d=e] QATo] £ANE Ao T2 29
co aAATde] +UY Fol TI 2d=g AT 4
A2 ALY FYE BE neislolort A% 43
o 7V,

3. MY Zg Xl X2

B AHo|HE OpenMP #HE TRy 54L& 1%
PDG(Program Dependence Graph)[171& A4stx, Z21
dq ZetolA 7121 AHgsle] FAA ZAge] Hle] HE
B 244 HIARS gAsE Z2ade AAFE HAE
7bsstA ate =70 sy dEd

31 YR g Z2Hd 24

AAH A A7 9384 OpenMP B2 233
o] A #Es fdgrst F73 ddgEE 19
OpenMP-PDGE A443tx, 44€ PDGE °| &3t T2
U Zeto|Ag drt o] FAAA did Z2aPe I
ol =g EAs WEH wAPAHE FEste 2R
9 QX2 gA ) olEF BAE ¥ F Ue EHETE
(2 4)¢+ 2t} Variable Collector® OpenMP 2130
A F458 7HsAl 9 AG9usy AGUFEd dE A
BE $3A8E 28Ot A9use F9oE dHeolH B
B A4de g AR, FH7 b dedAE £33
i, zgla Ag¥se ASdE dE FFeddN FL
o|l2oz AQE AGWF7t EAY F YoER ¥F7t A
A" 49 1 F57t EAEE BdEe o FRE
z7}q 02 43@rl Variable Collector 28 OpenMP-
PDGS A&A A4S M AREAY ddol He ¥y
Suke Agsy] g Aotk ax ol ¥WMeE EE
He 2 A€

o2 4AY ¥ Y2EG YANZE=EE o) 83q PDG
Generator= OpenMP ¥3d Z21d¢& sl 2239
o] gPo] EFol} ZAAL =58 FAEW, =319

Source Codes

dolg &AL Ao EA4E AAste EEolt %
PDGE AAs7] 9% R dA e Z2adedA 4 ¥
APz ALgd W g ARE FHs, 1 oE 2
e Z2ae] 4L J1FeR A9 FHd L
U2 Predicated] td FANZE Feix, A7 o Fd)
2 % 9 BAE = Successors 7T viAGog ¥
0] A}2 AX Predicate BB, 183 Successor BEE
ol g3le] PDGE AA T Wsd g A8 FRE 73
7] YN & 4 E£E Predicate B$12 =5 AT
i 23 Z xed2 A9 ‘="g 7|FoE FHHd gl
A2 A9(definition) 2] 2Ed] AFs $Hdl Qe A
# 3 (reference) 2 2E0] ARFct £ Predicates 2
As7) 8N Z g 2AE 2 n HEE i
Life ScopeE ZAB £§, YATY ol 24T H2
AREL 2 ¥ O FRE MDAk doje] 2
o] ZAE} WHEEJ YEH Q& Ao 2 =UE FL

2R 8358 A9 Predicatez AR AT
R0l FHE e AFde M e E3E
Predicate® $t}. 234 %4& 24 1 #39]
§t4=ol A|ZH2 Predicate® 7}t Successor?
o 27 o)Feo ¥ 7540 e BE EFES
34 @92 7%k OpenMP Z2IYoA HE=Z 53
5= 2ds] A9 A7) HER FY5E AYE EF
Successor® 7YAok @t} §4 G2 Successorg T3
g Agwigo] i Successor’t FEEA ¥t mebA
B =B ME manitse AFelNRH Fad 979
z23¥d ¥4 35 IANA 2 Z2ado| +3d
F 9 438 £40 U FRE FHU <F DL FF
Koz AA® PDGE uehd Zlo|th. Data Dependence®
AARsE e WEE Aot o diste 2l
Successor FolA WTE AR 3R F1 ALY xEE
& dAgAEZ 42311, Control Dependence® AA 8=
whl e 2A L Predicate® 3 EE =EF 3% 4
A g~E2 A3t 223 Global Data Dependence:
MM so] tf$h Data Dependence 2| AEE F3 & 7lot

Access Location Checker: ¥ W&o Auet YA
© OpenMP-PDGE ©]£3}9 Dinning®| #|¢tg Forward-
Slice &gl Z[10)& ol&3te] wARA HIAA 9AE

i rir

Shared

Variable List

H v
Source Codes Shared
Variable List

v .
PDG Non-deterministic
Access Location

(32! 4) Program Analyzer: U5 HIZAEY BMEE



(E 1) OpenMP S4dg T2{3t PDG

No Index Data Control Global
Dep. Dep. Data Dep.
1 void main() NULL | 2345678.. | NULL
5 for(i=0; i<2; i++) { 6,12 6,12 NULL
6 if(i==0) { NULL | 7891011 NULL
7 | #pragma omp critical(L1) | NULL NULL NULL
8 { NULL NULL NULL
9 temp = account + rate; 910 NULL NULL
10 account = temp; 15 NULL NULL
11 1 NULL NULL NULL

HAlskes EEolth (2% 5)2 PDGE o|43te Forward
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81 | temp = account + rate |83 | temp = account - rate
T 1

(82 | account = temp $4 | account = temp / 2

3? | if (temp == 50)

. i ) account = temp +50
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o] &4 FUsA FHIEE AYTezy 3 F AF
g2 ZREZ 9dd ZYe HFo /HeEeE o
(2Y 7)& OpenMP 43 Z2aYPo] doj&3y PAZ2E
Z, 27y JdFe] F7td AL B2 Aot 3W F| U=
NR_Forke 2# =9 AL oujss #Hoj&d dxlo]x,
78 Zo] gl& NR_Add_Locks 4ATFIE oJulstes £
B deltt zelx 84, 9 o] dE CSR_Checker:=
A7 HEAE EHAZREZ oFelm 17TH Fo] Ue

1. #progma omp parallel for shared (accountrate)

2. for(i=0i i<2; [++) {

3. label_mainl = (Label_NR #*)NR_Fork(label_main0,i,1,0,2,1,7)
4, if(i==0) {

5.  #pragma omp critical(L1)

6. |

7. NR_Add_Lock(label_mainl, "L1", 10);
8. CSR_Checker(label_mainl, SV0, 12);
9, CSR_Checker(label_mainl, SV1, 12);
10. temp = account * rate;

11.

12. ) else if(i==1) {

13.

14. if(temp == 50) {

15, account = temp + 50

16. I

17. D_W_Checker(label_mainl, SV0, 24);
18. 1
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7] A% A3 Al2d 2aF BAFE F o dEHH
2 3d 9o 43d #F (A)E Program Dependence
Graph #22M Data Dependency, Control Dependency, =
2|3 Global Data Dependency’} #H5doz2 AAE AL
Bl Zo|t}, (B)= PDGE |83ty [23]¥e] v AAH A
SARES AE 298 B Rtk (O)g (DE 3%
AREAE fA A=Y A4 FAIET 499 E
#}&E 2 Aot (D)ZEE s e #o]20] “Report
Area”%el] g Mt gk

42 AgA )
2 =7 7HE REEL AF6 EA nEAH A
ZAEo] X¥E P4 T2, OpenMPorg EHNA

FAHog AT 9= Wixula Zzade EPCCY
OpenMP Microbenchmark[20] =223 223 QOpenMP
ZaPor PP ¢4 TaYPo T AT FA =
23%2 OpenMP Microbenchmark®t NAS Benchmark[21]
& #4% ZA9E ol &sto WE HEAY dAFE 7uty
7138 ol &3t AU F4E F4 EZaPe
NNDA, NNNA, NEDA, NENA ul 7} & 713 g
t}. o] ¥l 7bq Z29Y if, for, while 7|F2o2 £g5of
AAEAD <F 2> A¥ES AAAM A" g4 2oy
9 BE FHE B Aotk od7]4 NNDA-xv Ex#d

(B 2) HES fsiM XdsP| st B 2203 57/

Control 5
Nest Access Shodement Code Name
if NNDA-IF
Deterministic i NNDA-FOR
Accesses
Non-Nested while NNDA-WHILE
Models if NNNA-IF
Non-deterministic for NNNA-FOR
Accesses
while NNNA-WHILE
if NEDA-IF
Pelerdasisi for NEDA-FOR
Accesses
Nested while NEDA-WHILE
Models if NENA-TF
Non-deterministic for NENA_FOR
Accesses
while NENA-WHILE
Aol 2132 HZAY HI2AIAEC] 9lE Z233, NNNA-x

d

© HERZA ] 1 vl AR e] EAske Z27, NEDA-x
© WEHBA] 2 vZAY HIAR fle T2y,
NEDA-x= HEHEAC] A HZAY HIALdo]l EAst
€ Z2aYPolry, 222 OpenMP Microbenchmark T2
#2 OpenMP HHE B} HEL] go]HEE o] &39 “H
2 oo, FZ 2AEY, T8 dF eHs=
Z33E OpenMP oA FUg Z2aPolx NAS
Benchmark £221#& Omni Compiler ProjectellA] )33}
£ Z2IYPO M, NASAYA A F3h= NPBINAS Parallel
Benchmarks)& OpenMP C B{H ez ®A3 ol =3
OpenMP X&) #|F58}= Jacobi ZE 1L Helmholtz B
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(E 3 #ixjopF =202 M =2 T80f 3 HIZEE H2AR MEEn

. Shared Dependence Nodes Non-deterministic Accesses
gram ;
Variables Global Local Control I-VALUE I-OCCUR
NNDA 2 0 8 4 5 0
4 NNNA 2 0 7 4 8 2
z239 NEDA 2 0 8 4 5 0
NENA 2 0 9 6 7 2
Arraybench 3 6 37 14 0 0
EPCC =
el Schedbench % 1 5 19 0 0
Syncbench 52 16 67 26 0 0
EP 24 2 10 0 0
NAS FT 62 “ 3 10 0 0
A uh2 S 41 Al 15 4 0 0
MG 15 2 % 6 0 0
P Jacobi 2% 1 3 2 0 0
S MD 4 0 6 2 0 0

AL Jacobi HH4e] HHEEL ALSste] d|ZAstE OpenMP
ZzaPolr MD ZE12YL Velocity Verlet ¥1eEFS
AHgstd g B2 93 $5 TdE OpenMP 239
ojr},

<E 3> 41489 FHY ETE o] 43l FHAZ=IY,
iAoz T2 S48 T2l dig HFdAY HIA
Ao tigt A% AF}Folry, ¥o|A Shared Variablese 7
zZ2aRoA $83d FTHEFT}F 2 7HsAS e ¥F
o 42 uyeld Ao, Dependence Nodes= Data
Dependencet} Control Dependence® 7Hd k=9 & ©]
)&}, ohA] Data Dependence?] 7% Global ¥Fe] ¢}
%+ Data Dependence$} Local ®4=o]l 2]§ Data Dependence
g 7dslgch, Non-Deterministic Accessest H|ZA %<
#e 7HAE ==(-VALUE)S HZ23 3oz 24% 5 2
£ x=E=(I-OCCUR)9| & 97| 3t

<E 3>9 A¥AANM BXo] A Z2aYP FolA
NNNASH NENA 2dold ZAH Aol ENde Ae
AgsA gAAT ojRAe2 3| B =AM Atd
T3 REd ddy Ad4 FHL sk 2 At
g TS o] &3l At SLME FAH Y &
AARes sy YA FUd Wxvjz 2R
g ZzaPedA 4¥e sigd 2 A, ouY T2y
AT HZAREH HIZARE] LAEA fken FA:=
WA s ekt

5. & % &% By

=Rdq Adss E7E H2AY H2AAY ANE
7] slste] Z2ade] AojsEY AREF PRE 7R

Program Dependence Graph®t &gtold €ie|FS AHE3t
o Aoz AT delm EAE uZAAE HIA
93] HAEE o] &3 3 F AF FAAN2E JATH
o 43 st BAQlol B HEF FAZ=E AUES
ARL AP EN AAHoR EAT F Ue BR7HA
g5t} AgE EFE 84 OpenMP TlHE R 7|yhe]
zzadow HE 5 AT FFo] AR FHolHHY
7lgke] Z2aPME FAH AEE AT F =T &
Aol
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