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B IE—FE PR NAE IR B, A IR 7 2R A S N, BERE TR R 45 e 1) B AR g4 Bl
1M 2 B AR a2 T8, MHEA B2 4 HARIR AR, [R5 21 7 051X Lo B A% 1 s 14,

HATIRF RIBE S A AN FATPATIHRZ AR T . AT T B A R mE M. Thaess K H
AT S, B, 1R 2 KRR 7 el TR B, il DR . B AR S5, LSRR TR s, IR
FAFEATRE T S8 O, BAL B AT RE T & — R EE TR, B A —efEiGEEe), AT
R M85 B, W BARBIAT R AAAE A e 855 1), MR EREPAT T AT EE. |
THEREBAT T A e M, E25 A FIAR P RIS OL R, T B IEIATRRIF I 2 ET, Be 3
AR 7E SR B 4. PR R A B R il RE AT . B LR B, FEAN R BE 7 20, B8 4278 o5 A s
AR E S FEEEANTR 1O T2 MR 78 o R ANk, 25 E — 41 B ARERAR, InRAE — A DA7E 5 KB 8
H AR ESAR U BE 7 41 T AR 2 427 e AR, B4, B3R R K PRAIK.

ST, TR AN E B E TR ) T BRI TR, SRS YRR B A, IR e It e
VARE P 51 T AR 8 55 P H bR AR PR, 2 AR FE 7 21 1) A B v 22 B A0 7 i I i e 1) B 2
WA R, ARSCE W B S AT RE T 2 B8 AR 78 ma A A Bl 1n) R, A 700 BE P A HE T 73, T
HE7 5 R B P A4 &, AR di BT A B AR AR il ol 8. AR R w5k, AN REFAT, LA
AR MAPATR T, AR A28 S HE R, ARG, X aEs% BARERAT, 20 it 55 B AR 7 o 46 P
HHARE SR ERAS AL, AE AN BRAAH AL SE R R 28, kT IX SU PR AR AH AL B B (R AP IR &, 1P T
AN RE, FEAE TR FE P FIHE T e, 2R TP AT 5, A BENLRAE, A s 2 s 7
ST HARESAR, R BEERE I 2 b (average percentage of faults detected, APFD) $8HR 1A%
WEEF AP 4R.

ASCHI TR EARIAE: (1) 5 H T 284878 s NN I BE R BT 77325 (2) 8 T vl TR BT
FIHEPAR, S 73T R FE A S 1 22 B A 78 2 DI B AT LR AT A BT V2.

AL 25 2 WIFRA R TAE; 28 3 15 iA4e 177, AFEBRATA LR SE R A s R
FFAIVEREVAN AIHE P 22 B84 78 T AR A8 5 VP AN 58 4 15 R iU B e B AT R 7 1 R FH AN
XTECSREG; 5 5 1S54, Hde TR A — P R ) 1) R

2 MxXIfE

AT AT, S A AT R AR, B IAT R I LU A AR 7 s . eI
fifi_b, 51 AT RIS

2.1 FHITREFMK

Bianchi 2 7] ARAEHAT IR Z 022 B IHLE], 01T RGN 2 25 LR BALE R4, 78
HZ N RGH, $ATRIE I V5 W — B2 P A7 38 B e B AL 1E R, AT TE L A
HEAZHAE. Su & BRI N AE RGO LI SRR SR o R B T g STV R AT
HEE 4K

BRI LI I R AR P S, A3 SO UL 7 (R BE 8 R KR iR 7 B T Sk, ik, Cai %5 19)
2 H P = B A I R AR AR Ui, W R E BB W R AR TR, e BT RS
S AT LATRUA 5 BOR B A BB . O T BRAR A AT AT I A 2, i 25 DO 3@ —Fh o iR 705, It K
FEFFH Petri WRZRAE T 0 i g 22 /N T HERE s AN BAL 5 5 A) A B RO E AR I 4%, 3 4 0 A2 A
ZEFEANAR I RFLFFIIFESS. N T LS Pthreads #1 Dthreads 7E TR AEA . $U3E 35 4 A1 5% 4+ 54 114
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45, Fei &5 M 438 15 0Pk B2 M33E Pthreads Al Dthreads H45 52 APT o &0 A, i85t
IAEAIER] | Dthreads 7£7H bR EHE 76 F FFH1ESESE EAR T Pthreads. A 7 AG IS B AL 3 IFATHE 71
SEH, Hilbrich 55 121 4t —Fh o0 A0 OB I B35, bR EE T B 163 N B0 IRSHAL, HTK
FURLAGL I B A% 356 JFAT R R AL

£ %t happens-before 777225 5y B sl AU 75 G BREA I i) B, Cai &5 18] 42— Rl e A RN sh 5+
AR, FH TSI A8t 58 1) s 5 S R A, 380 e e T REAF AE IR AT Y happens-before X RER, FFE LG
30 PR B 5 S R B 38T 23 A R AT I B BT 5 SO F AR R BB OC R, Samak 55 D14 S H — BT
FE AT R, TR 2 A2 A2 7 (0 J5 - R, Yin & 091 2 — Rl R TR L R R
ATV, T A P AT R AR Y B0 AR Sk, 75 g A R B B 2 A SN il i, IR TT R T AR 2 &
FEFE P IOE TR, Yu 55 16 @& 555 P AT B RUAT G, 16060 1 BH ZE AN {EBH 28 1815 74 B 16 AT R
Fe, PR T EAFET /53T B BRI IHT R F I IE T A.

BEAh, FE AR BERTIAE I AR e PR AR Fh R AR FEIN 1. DA 7 A7 R R AR I S B A 00 ey I ) 3
FE, Wang 55 171 4@ H— P T2 Fp A AR AR SR AN 7 v, ARSI — 28 I S k. 1277 VA8 P AL o
HoR M, JHEA RSO N ] T A2k, $RBNFT5E R HOFF?, 2T i SBOF R BREE R KL T
i R R R A U 5 R O R 4 2 5 S s X DA B 1), Wea & 180 B W — P R AR AT N AT AL
T3k, GITIERRAS I MIERIE AT N, R R Bt R LK, BB TSR = 04T 0 0F H 51 At
AR ATEEERAE. A T RIRBESE S I R AR /i SR 2%, Qi 55 19 R w7 20 T HOR, e T
FE PP Al A B I KA U1 7%, FECRAIEV) A RS FEANZ A0 R I R4 T 2 e & U R0k, it —28, BT
A TA PRI ASHE SR AR 3 B 2H 5 SR, Qi 5 (200 2 th I R R P AR i B P PR AT vk, ARAIE T R
K gE S5, AR 1 R e 8 BB, FEAE R 2B 00 T 4 1 ki ).

ATLAE tH, HATR T AL R G MR TSR D, A IHAT IR A 98 T 224 rp T L = A7
ARG AW O R B IHATIEF, XA BT+ 81 B L3 R G Mot 7T,

2.2 BREBZMK

BEAR T A AR G A A P RN 7e 0 VEAE . 882U ARG sh ATk, DLRR KA T5 %
K& 3 PRSI w N 2R O V. TR TR Y W b, AT EPUTR Y, WS
PAT R (RIS, ORI, A% 5 A T IR, G4 ARk A B M AR P 8 2. 1%
Gl TRl SR APAT R PSR, ML BT RE RS, A Sah & TE Rk
mAE, RMEAAAE IR, 1205 E A RAE SR B

JR R TR R g AR S i e R A A B B B B . Liao Y AN AR
e, AR i H R ER AR I B, RS N T RET 790 B KT A%, e RS0, (A2 550%
FERF RIS« JTh 3 % SidAa e M 4 07 Tl 4 B LRI, O 1 SR K PR e D PR ], Liu 45 22 42
o A WSS R A 1 % (AL S, RO PRI IS SO P, IR RENEAE — AR A i R Bk Y R A
fi#. Huang 55 (231 48t —Mhlcdk i 70 8 R S0, AR K& B AR b B A, DA a5 R T g
Z %1%, Panichella 5 P4 $2tH —FhzhZ5 2 B bR 5%, 5T HIHGBIE R IR G 2h 35 i B8 o5 H
b, FH T G5 6 7 55 IR 491 A Fs il R Sy 7 IR T X 2% 40 B % 5 D FE 461 A s AR S A T s P B G,
Arrieta 55 2] JHI 5E 4 A HFR R EOFBHAN R AE AR R 557, S —Fh 2 F AR I 5126 A
AT, MR ok i 25 3 R 4

T IATRF IR B LR, A 05 TAE. Hwang 55 PO JE T 04T R F AR 2P 1E, S8
BUF R REFP AT ST, JHEEH 75 2895 e ot — MR IFATRE PP B 3 e SR AF B R AR 20
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Feol). XXM E R MIATIER, (AT SHATE, &5 AR RENE. v T k% 3, Ding
5 7 B TRE R R SOM A TSN, A e AT R PPl ol s, FRAH & IR S B, ZE O ATIE 1Y
AHHE. Souza 55 28] IBHR- H — MBI R & J77%, 207 ARGE S i B 28R P ), o s e i it
51 A2 Fr A1 )k . Wang (6 25 18V AR IATRE 7 AT B A0 e 18, & 1 —Fh i 7 211k 4%
Jrik, MR — 2% BiRAe, FEVERER AR EE P 2, AL B o iZ B AR Ol 2 T IF AT R
Fr B AR DL RGE LRSS B A%, Tian 48 290 8 5t — IR AT R P RSO 2 A AR BT 15, 12071
RE S i R IR . eAh, FRATT B30T SRt — MR A S A% I AT R PR BE P A A T T ik, AR
TP R RIEFE AR LR 81, J3E T B0 T B 50 A IR B, DA vy B A 8 e M 000 A2 Rl )
R, DL TR 16:20.500 AR TE T AN E M, (EASR AT X BB AR R MK, T AR ST FE A 2 2 B AR T
R, O T A RERAE AT RPN L A RCR, Siegel 55 BSR4 7 — AN EAL 2 JFAT R 7 i 3 4k DU
PR PR, R ATRE )2 B T B AR AT R e st

Hil, Z BB s KT SR D, N 7 AR TR 2 B A7 o DX, Ahmed 55 M 5 UK LT
AFAL % HARTEAL i B, DA A= o o 2 2% H AR B AR DA, 41X Ahmed TR0 A mi A i)
R, Lv 45 B2 3 — i T A8 50 2 10 22 R AR 7 e Bl 2 0T 12, ZE B LANIABUR 2 5, 2k
il P 050 38 50 2R 2B R OISt Dy 1 AR U AR B IR AT 2 B AR A2 M A, Tian 55 531 Kt
7] R AL R — L5 2 BRI AL )RR, DATR]IS A2 p i A7 S0 28 PR, BRI 5 8 T AN e
PE2 R HARERAZ K GBS, SRR TS AR RS, (B2, BOA ISR S PEREXT H bx
BRATHT 5 Xk 5 2L 2.

FTUAE Y, T, E3R m i BRI AT R 2 AR B e M A A BRI, R BOA AR AR
FERF BRI FEEBEAT W T, ASCRT FU R BE P AU HEFP 7 ik, 33k RE RO L R 81, I A /b Homs P RE 1A FE
Fe 3 T A e i AT H bR A2 1 I ot

3 RUEMREE

AT I T R AR AR LR IR B R AU HE T 732, H B 5 THEF o R 7 90 AL i % i 4% 78 a5 D
REE, 1 mMREE A AR, Bt ik B AR 1, EEANRERSR, DA REEIRE T
HINPATREFY, A2 B DATE 55 B8 A2 NG 3R B T8 a5 45 M, A8, BP0 2% AR 12, it H S kA 7E
s PR RN R FIARLEE, 53 2 4N DA AR AR R o0 2 I B AR AR UL R A R G, B T IX ek 2 AH
TUBERE B FORRAE &, VEAN VR BE P B PR e, R3E T Ut R B 7 S HE 7 e, ST A &, 5
T4 N A EHLRAE, AR 2 B840 78 20 MK, JFAEH APFD $84n Pk 1 B2 7 21 HE 46

ATCUE Y, B AR ARU B R R 2R Al R B R AU MERE VRN FNHE T, DA K 2 B A2 78 o D A5 A i S5 07
i A2 BITHE 7V I DG B, TEZ5 A B AR PR SRS 2 11, O T8 T30 B A SCIR U I 732, el i —
3.1 EEREE

WIHATREF N S, it (6> 1) NEERRAR, i (1=0,1,2,..., ¢t — 1) DR S0 X ¢ NkfE I
THAT, S WTLARIR N S = {80, 8%, ..., 81 1 S A EN © = {21, 29,..., 2, }, FoH, 2y (i =
1,2,...,ns) N i MaANSE, BUEEEDN D,,, B4, o FBUETEEN D = Dy, X Dy X -+ x Dy, .
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* 1 THIEFREEFS

Table 1 Scheduling sequence of the sample program

Corresponding process Representation of
Scheduling sequence ng ng ng P &P P
execution order scheduling sequence
SS1 ng n2 ng S152.53 (1,2,3)
SSa n} ng n2 515352 (1,3,2)
SS3 n2 ng ng 525153 (2,1,3)
SS4 nZ ng ng 528381 (2,3,1)
SSs ng ng n2 $§35152 (3,1,2)
SSe n3 n2 nd 538281 (3,2,1)

MEEAR, A, p=pop1---pe_1 NIFATEET S 1E « VENHIN 78 55 1 %12,
10 HARESAEN p* = pipips - iy, © B EEEN p = pop1 - - - pe_1, IS4 BFRERIZFNTE 55 A2 1
FRAZFAACLEE 1291 Oy

t—1

o 1 p; Npi
sim(p*,p) = - Z _lpinpd (1)

t < max{|p;|, |p:|}’

Horb py 0ps| 3o pp 5 ps IHT S ESEAR [F] #9755 Ri%

K1 Fras IR R, FLThREE K 6 DREB I K A LM IR XN, U6 B2 51 AR
& GREFIE 5 AR, 42BN SO, ST, 8%, S% A St Bk, SO 4 6 MEEECFI K 3 A, Rl
kG St 52 A 83, St 5% N S3 it B K ALIEL, FHETHE A Rk SO ARG, SO HEERI AT
2 MR REG 54, 54 tMHBRKALEUG, IBIHRES R %S S0 &5, SO MM 3 Mt
SEEE IR S FMUR T B2 SR LR R A 2088, FRRTH SRS Al 2 i

ZIEE 1 BRI BB IATIEY, | 1(a) iB0) 2 H—MEEREIER), i H I AbR 224
ZPAN 1A 1, FOREGHERE 1 RIERREN 1 KITEE; B 1(b) ) 2 N R RERIGE ), bt A
FREESH A 0 A 1, FoRBPCR B3R 0 MbrdE R 1 WHE. T B 1(b) 15H4) 2 FIE 1(a) 154
2 MUCHEL, BRI, A s s lieUs & nE B

HE 1 a5, 72 SO b, BIGER) nd, nd A nd HE A Z4 MPLANY _SOURCE, Kl iX 3 44
S IE A AN E R USE ), BDREME ) nl, nd AT nQ FTLLRT ST (R IETER] nk. 2 MIRIEIES) n2 A
53 [RIEVER] nd AR RULHD. XA AR RIS A I AN g ULAC, (64570 SA% 28 I AT 27 I g RE AT
T B A AT . e, 5 nd A nd, nd A n2, w9 Al nd VLED, WIEFRESATIT A S15253; 35 nd I
ng, nQ F nk, nd F n2 VCEC, WHEFEHATIRE A S3S182. MM HEREHAT I Wi 2 F1 3 FioR. % 1 5
HT A RERS, R 1 IR EEF ISR, 5 2~4 51505002 BIE 3 AN e BGEA), 5 5 41
SRt L BE A AR AT IR, 55 6 B At L FE e 41 IR 3.

3.2 BRIEMEIAERERESE R

KGRI %, MR AN Z RRAEE TR, B2 MEFRAL, iILh X = {X1,X,, ..,
X b, Fert m NREANEL A RS RS0 SS = {SS1,SSs,...,SS,}, Hf n NIREF
IR UL X; NREFFRIN, (EREEFS SS; FIsITREF?, DB S BRI ¢ ER—IHEFHIT,
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#include <stdio.h>
#include <mpi.h>
int main(int argc, char** argv){
1. int myid, num, a, b, c, d, buf[2];
int input[6] = {2, 4, 4,4,4,104};
MPI_Status status;
// Parallel environment initialization
MPI_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Comm_size(MPI_COMM_WORLD, &num);
// Send the first number and the second number to process 1
2. MPI_Send(input, 2, MPI_INT, 1, 1, MPI_COMM_WORLD);
// Send the third and fourth numbers to process 2
3. MPI_Send(input+2, 2, MPI_INT, 2, 1, MPI_COMM_WORLD);
// Send the fifth and sixth numbers to process 3
4. MPI_Send(input+4, 2, MPI_INT, 3, 1, MPI_COMM_WORLD);
// Uncertain receiving node, receiving calculation results from Process 1, Process 2, and Process 3
5. MPI_Recv(&a, 1, MPI_INT, MPI_ANY_SOURCE, MPI_ANY_TAG, MPI_COMM_WORLD, &status);
6. MPIL Recv(&b, 1, MPL INT, MPI ANY SOURCE, MPI ANY TAG, MPI COMM_WORLD, &status);
7. MPI_Recv(&c, 1, MPI_INT, MPI_ANY_SOURCE, MPI_ANY_TAG, MPI_COMM_WORLD, &status);
buf[0] = a; buf[1] =b;
// Send the first and second calculation results to process 4
8. MPI Send(buf, 2, MPI INT, 4, 3, MP COMM_WORLD);
// Receive the calculation result of process 4
9. MPI Recv(&d, 1, MPI INT, 4, 4, MPI COMM_WORLD, &status);
// Calculate the greatest common divisor of the third calculation result and the calculation result sent by process 4
10.if (¢

11. else {
12, while (¢ !=d){
13. if (c <d){
d=d-c;
}
14. else{
c=c-d;
}
}

// Output the result, logout parallel environment
15. printf("The greatest common divisor of the six numbers is %d \n", c);
MPI_Finalize(); return 0;}

(2)

#include <stdio.h>

#include <mpi.h>

int main(int arge, char** argv){

. int myid, num, a, b, buf[2];
MPI_Status status;
// Parallel environment initialization
MPI_Init(&arge, &argv);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);

#include <stdio.h>
#include <mpi.h>
int main(int argc, char** argv){
1. int myid, num, a, b, buf[2];
MPI_Status status;
// Parallel environment initialization
MPI_Init(&arge, &argv);
MPI_Comm_rank(MPI_ COMM_WORLD, &myid);

Figure 1 A source code of calculating the maximum common divisor for 6 integers. (a) Process S°; (b) process S*, 52, 53;

MPI_Comm_size(MPI_COMM_WORLD, &num);

// Receive two numbers sent by process 0
2. MPI_Recv(buf, 2, MPI_INT, 0, I, MPI_COMM_WORLD, &status);

a=buf[0]; b= buf[1];

// Calculate the greatest common divisor of a and b
3.if(a==1|b==1){

a=1;

)
4. else{
while (a !=b){
6. if (a<b){

b=b-a;
}
7. else{
a=a-b;
b
}

}

/I Send calculation result to process 0, logout parallel environment
8. MPI_Send(&a, 1, MPI_INT, 0, 2, MPI_COMM_WORLD);

[

9. MPI_Finalize(); return 0;}
(b)

MPI_Comm_size(MPI_COMM_WORLD, &num);
// Receive two calculation results sent by process 0
2. MPI_Recv(buf, 2, MPI_INT, 0, 3, MPI_COMM_WORLD, &status);
a=buf[0]; b= bufl1];
/I Calculate the greatest common divisor of a and b
Cif(a==1]b==1){
a=1;
}
. else{
while (a I=b){
if (a<b){
b=b-a;
}
7. else{
a=a-b;
i
}
}
// Send calculation result to process 0, logout parallel environment
. MPI_Send(&a, 1, MPI_INT, 0, 4, MPI_COMM_WORLD);
. MPI_Finalize(); return 0;}

w

EE

©

(©)

Bl 1 K6 MERNKRANIEIRIERF

(c) process S4
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Figure 2 (Color online) Corresponding control flow graph Figure 3 (Color online) Corresponding control flow graph
for the process execution order S1S5253 for the process execution order S35152

DA — TR ISR T, e 13 2 LAZE 5 MAR N TO R IR AR FE  FEL B, 08 Q, R4,

q11 q12 *°° Qqin
g21 22 " Qon

Q= : (2)

dm1 gm2 *** dmn
LT AR R RIEEN Q* = {¢, ¢, ..., q ), o | NEREBAERIEALL SR ERERE ¢,
1% (1) 1M ¢f 5 gy PAHEBLEE, 1258 simf;. X T Q MFTH AR, B EI sim], AIC R B ARAR U
FERE, 10 Sim®, A4,

sim¥, simf, --- sim},
sk k ok
Sim — simg; simgy --- simg, 3)
ke k -k
sim; ; sim, --- sim,,,

A AR A AR T BSR4 Sim, T84, Sim = {Sim', Sim?, ..., Sim'}.
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3.3 FHEFIIMERETHN FIHEFF

R AR R Sim, SRR J FITEEN 1 VKL, 8 o, o Bk, T4, R
R SS; T, X LA £ (RSO T DA T o F AR B2 g, DRI, SR TR 91, A ok e
BRI, RIS SS; HUMEREI, BT o 2 4h, EHE Sim 5 ST, 100 of. of
MOk, T, TEVIERA SS; T, X 0TI BR B M 215 FRRBR % g MMM, PRI, JEF%
FEA, A e B s 5.

P 7 B PR B RO MR, B o b o S STk, R MA(SS;), W
VRS SS; X T HARERER qf fOTERE,

M*(SS;) =a-cf+3-ab, (4)

Hrp o fl g ANERE, B 0<pf<a<l,a+p=1.

Ha0 (4) AIRL, ME(SS;) ZREHBRE T o M ok, HAZAEBOKR, M4, fEREFS SS; T, Al i H
FRE&AE g WIAAECHE (1 sl Dh 28 8 sy WS 5. % T B B B AREs AR, RAFaFs M (SS;), VAT 41
SS; HItERE, A4,

l
M(SS;) = % S ME(SS,). (5)
k=1

Bk (5) WA, M(SS;) RIS S, WA H bR 2 A 1 P30 ME, BisEmk, WA, 7
R SS; T, AR T EBRER R T MR RISk ELEA . AR, 1 = 1 W,
M(SS;) = MY(SS;), M HI B0 B 1 8 36 VL F 91 VPR FE b 191, 7 55 7 Hh, I 40 Y FRO AP S b 5
ik [6) FOHET™, STk [6] BUR AT, 30 T FA IR RER 51, RIS (5) 773, BEUs MBI 10T
s, e M, B4,

M = {M(SS1), M(SSs), ..., M(SS,)}. (6)

CHER R R P AR R INER 508 SS'. N TR ENIZEEE, B, B M Koo R WREVMEF?; 28
Ja, FHRHEFR Ja B0 E N B FE R 51, FFHAZ IR0 8 B PP 1 HEFE

3.4 ZHREBZNABIBERS T

X T R S N H AR AT, W ReRR BAE T 2 AT, A ReE 55 A H AR AR, DRI, Ak
TR B R A R B B 8, AR UCK I BEALRAR R A il i s, BT HAr e yE o, J
VCSRAE RN FE P 51 T 7 55 HAR AR A4, 188 vy (5 =1,2,...,n), FHER APFD $8F5FAh R BE 7
FIHEF 4R,

B UL, 15, T T AHE TR 1 MRS SS), BENLRFE Tter RARTFHIN, BICK
FEJG, EBEF A SS, T LLRFEIAR M ASAT AR 7, & 34 BAR A a2, W oy 00 1 JFHE7E
i) B R ER AR AN B AR AR SR T N B, 7 B AR AR AR, s Lk B, BT B R S R — A
WEEFA, EE LR, B HRREENT.

SRIG, CLHEEFF I I LGy o i, DABRARZE o5 308 o i, EPTLZRIE, Il 4 PR, R RS
HeFP 4R, 287 s5 T A H R R DR R 1 APFD (HEDAIFEL S o BhER MR, 575
3 (7) Fror, 0, APFD FJHUETER N 0,1 — 1.

l -1
APFD:Z:2ZZ+Z:Z%. (7)
i=1 =2 j=1
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Algorithm 1 Path similarity-based scheduling sequence sorting for multi-path coverage

1: for each X; € X do

2: for each SS; € SS do

3: Execute the program with input X; under SSj;
4: qij+the covered path;

5: end for

6: end for

7: for each q; € Q* do

8: for each ¢;; € Q do

9: Calculate simffj;

10: end for

11: end for

12: for each Sim* € Sim do

13: for each Sim? € Sim* do

14: c;? <the number of one in Sim?;
15: afethe average of Sim?;

16: Mk(ssj)<—a.c§+ﬂ-a§;

17: end for

18: end for

19: for each SS; € SS do

200 M(SS;)+7 i M*(SS;);

21: end for =

22: for i=1,2, ...,n do

23: for j=1,2,...,n —i do

24: if M[j]<M][j+ 1] then

25: Swap M[j] and M[j + 1];

26: end if

27: end for

28: end for

29: for each M(SS;) € M do

30:  Put SS; corresponding with M(SS;) into SS’;
31: end for

32: for j=1,2,...,n do

33: while iter<Iter do

34: Randomly sample a program input as zo;
35: Execute the program with zg under SS;.;
36: if one path in Q* is covered then

37: ri++;

38: Remove the path from Q*;

39: end if

40: if Q* is empty then

41: Calculate APFD and terminate;

42: end if

43: end while

44: end for
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Table 2 Basic information of programs under test

Number of Number of

Number of Number of
ID Program name Input space processes communication scheduling target paths
statements sequences
T1 Max_triangle [0, 10014 5 22 6 20
T2 Matrix [~100, 100]'6 4 12 6 20
T3 Including [~100, 100]2 5 8 24 25
T4 Creator_consumer (1,100])? 7 18 6 25
T5 Convex_quadrilateral [0,180]* 4 18 6 30
T6 Min [—100, 100]12% 6 20 120 30
T7 ASCII [0,127]10 5 8 24 35
T8 Index [0,127]% 4 12 6 35
T9 Integrate_mw [0, 272 20 76 720 40

EAE RS, Visual Studio 2013 ik LS B A w4 1 bR ifE S H 34 MPICH2.

L, B, AT RN, R e R R AT IA B AR T R H bR ERAR AR, CRAE A B I
REBITANS S, BHEWE 2 Fin. WEEFMAERNEREN m = 200, M2 45N EFEYLRFE
m X, 132 T RN

SRIG, S MT A — AR e, $RHANHA e IO R B A, A8 4, T BE 7 41 BN SR AN s 20
BRI 5 AN R IEIE ) AT P REVCEC AN I AH e OB AN BN b, WA SIS n = AP,
Hor, A Sy B AR AHES AL DU 1 FIORBIRE T R, A e BalOE a) N0 3, B84, TR
FFHIANEL n = A3 = 6; 3 NAHIE RKIZER) 7 BITERERE 1~3 o, B4, 1X 6 PP &7 5 mT LR IR
(1,2,3), (1,3,2), (2,1,3), (2,3,1), (3,2,1) F1 (3,1,2). LA 2 (REERFH 6], iR RS %R A
(1,2,3). AT AEH BAL B IATREPH UG 7 51 BT, R BT EHSGE R nd, nd F1 nd BIYEHLE
SRR RIS 1, 2 A 3.

e, R @) THEIEE RSN AR, BB o = 0.6, 8 = 0.4. ASCIEIE TR P SR HLHE
P AR AR O 5 BT A H AR B A IR B 1) 7 O BN T V. B SCHER [33]) SR MIRHATIR T 2 1578
A R E A O EAE RS 2 ASRTEG T, AR S EOE B AR RIS 1000, PRI N
200, KRB R4 715, B A8 SUBERON 0.9, B AR RN 0.3, FERRIL T I AL G ik

B, N T HEBRBE ML 20 S2 50 45 AR, BT A SEIGE A 100 IR, FHEUX L sLG 45 1) F5E
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Figure 5 (Color online) APFD values for 9 programs
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Table 3 Comparison of indicators of the three methods

Number of executions Running time (ms) Path coverage (%)

1D Our Random  Traditional Our Random  Traditional Our Random  Traditional

method method method method method method method method method
T1  2187.63 3353.94 67450.89 9.74 14.88 362.62 100.00 99.90 99.80
T2  1487.18 2236.95 5558.08 6.43 9.47 29.80 100.00 100.00 100.00
T3 23816.22  24000.00 200000.00 87.07 94.84 1374.49 85.00 84.96 76.56
T4  2039.84 3943.19 7432.90 20.03 32.98 78.69 100.00 100.00 100.00
T5  4517.17 4517.63 10486.54 18.54 18.91 61.10 99.37 99.10 100.00
T6 89365.24 111150.90 182321.03 864.83 1240.81 1664.04 93.70 93.13 92.90
T7  6254.51 19175.22 199631.86 27.97 82.45 1480.67 99.69 99.57 86.63
T8 2895.76 4562.81 3235.73 11.84 19.69 17.30 99.06 98.89 100.00
T9 80121.07 110431.28  190251.24 1144.67 1495.93 3224.13 100.00 100.00 100.00

x4 FBRER/EIER
Table 4 Non-parametric hypothesis test results

Number of executions Running time Path coverage

1D Our method Our method and Our method Our method and Our method Our method and

and random traditional and random traditional and random traditional
method method method method method method
T1 + + + + - -
T2 + + + + - -
T3 - + + + - +
T4 + + + + - -
T5 - + - + - +
T6 - + + + - -
T7 + + + + - +
T8 + — + + - +
T9 + + + + - -

(1) X T HAFEFPPAT B, AR SCINE LR EAME e3> B T T3 A1 T5, ASCT5E50E
WUNSEAERE P ZER L, @i s RATLE W, BR 7 T3, T5 M T6, A5k SN %A 53
ZESE. XYL, A SCTE RN FP AT DOV 8 LB L v /b RIS, A SOk 56 407 AR BUE
EARZERZ; WA AR AT UUE H, Br T T8, R ESEGUNEA RFER. XU, A3CTEN
WEMFE FPSAAT AT S BuAR G5 k1) A0 BRI, AR SO IR ARG P AT A S 2 0 T BT VA A
TG 75 .

(2) X FISATIS 8], ASCOTIE RN EAME ST ikE >, BR T T5, ASCTE S BENUEE SR
EARZERK; @A AR AT UUE Y, BR T T5, AL SRENUNEA 5 25, UM, A3CER
IBATIN [ W LU BENLTER I . RIS, ASSOT5 i 5 A 507 AR B EARZEAR K it i g 45 R n LUR
i, ASCTHE SR RE 2R XU, RSO RIIEAT N 8] B 2 teAL Se vk i 0. R, AR
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JHEAEIEAT I 18] B &35 I TR B A 5T .

(3) X T B AR &, A TNE SN IEME G TREMZEA R, BT T2, T4 1 T9, ATTELE
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coverage of parallel programs

Feng PAN!, Dunwei GONG', Tian TIAN?, Xiangjuan YAO? & Yin LI*

1. School of Information and Control Engineering, China University of Mining and Technology, Xuzhou 221116,
China,

2. School of Computer Science and Technology, Shandong Jianzhu University, Jinan 251100, China;

3. School of Mathematics, China University of Mining and Technology, Xuzhou 221116, China;

4. Jiangsu Automation Research Institute, Lianyungang 222061, China

* Corresponding author. E-mail: dwgong@vip.163.com

Abstract Testing is an important way of improving the reliability of a software product. Uncertain communi-
cation statements in the message-passing parallel program can lead to uncertainty in the order of the execution
of processes, which increases the difficulty of testing. Taking into consideration the influence of an uncertain
process-execution order on the difficulty of covering target paths, in this paper, we focus on a method for sort-
ing scheduling sequences in a message-passing parallel program to enable multi-path coverage and improve the
efficiency of generating test data for multi-path coverage. To fulfill this task, we first execute a parallel program
on each sample in each scheduling sequence to generate a path coverage matrix. Then, we produce a number of
path similarity matrixes based on the similarity of each path in the coverage matrix and for each target. Next,
we evaluate each scheduling sequence with respect to the characteristics of the similarity matrixes, based on
which we sort the scheduling sequences. Finally, we generate test data for multi-path coverage by performing a
random sampling of the sorted scheduling sequence set, which are evaluated using the APFD index. We applied
the proposed method to nine benchmark parallel programs, and compared the performances of the random and
traditional methods. The experimental results indicate that the proposed method has no effect on path coverage,
but significantly reduces the number of program executions during the test and running time.

Keywords message-passing parallel program, multi-path coverage, testing, scheduling sequence sorting, path

similarity
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