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Abstract Business process execution language for Web service (WS-BPEL) is an executable XML-
based and process-oriented service composition language. Due to unique features of Web services,
such as dynamics, loose coupling, and open deployment and execution environment, it is an important
issue how to assure the quality of WS-BPEL programs. Although mutation testing has a strong fault
detection capability, it fails to be widely practiced due to the large number of mutants, the long
execution period, and the high computation cost. In order to improve the practicability of mutation
testing, we investigate how to decrease the cost of mutation testing for WS-BPEL programs, and
propose two kinds of optimization techniques from the perspectives of second-order mutation and
prioritization of operators. We also develop an integrated tool named uBPEL to support the mutant
generation, optimization, and execution of the proposed optimization techniques. Finally, an empirical
study has been conducted where six representative WS-BPEL programs are used to validate and
evaluate the effectiveness of the proposed optimized mutation testing techniques. Experimental results
show that the proposed optimization techniques for WS-BPEL programs are able to reduce the number
of mutants without significantly jeopardizing their fault detection effectiveness and thus improve the

efficiency of mutation testing.

Key words WS-BPEL; mutation testing; performance optimization; second-order mutation testing;

prioritization of mutation operators
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Fig. 1 Procedure of LastToFirst algorithm
Bl 1 LastToFirst 834z gl — B 48 5 Al 72

MuSOM $i i (1) = i A48 5 A L BR AT -

1) 445 & WS-BPEL % P/ pl— B 48 7
ﬁi BEMESEES KRR M, = (M, M,, -,

b FRAT A R — B AR S A AR Y I X A R A
@J’Fﬁﬁ?@ T~n(n —Kr 28 SRR S50,

2) ¢ My, i — B 2R R AIRE R AKIRA A AR

Subject Program

First-Order
Mutants |

T

Second-Order
Mutants

AR E S A SR ES N M, = (M,
Mz.n 19M% 29°°° Eﬁiwﬁ% ’I gﬁ'hﬂﬁj‘jl Iﬁ—ﬁ%i‘/
n i —BrAe j‘:f'rﬁiéﬂéiv%@]#ﬁn SR ML GRS

2 5%5 R n—1 W —ERIEAEGHEE MR
&M, 450 3 595 R n—2 ) — A8 F ik
HERB A TR M, o DUEHE A il B A
SRES. Y 0 HAFB G — S Mo, 5
Mo, v 1 A R B AR 1A
2.2 ETEREFREZNMEAIEAR MuPri
16 AE S A e AR S B A R AR R AR T
u%ﬁéﬁkzswl I H A (R BET) A e AR
14 75 S A L RE A R Bk A 0 3 0 A T — e
xﬁh«m (14 75 S A 30 B e 4 s 1% 4 4810 4 A T IR
AT 5] 46 A 58 G T IR 2 2% ) I R 1 AE S
P ST DL A AR FRATT AR AR BT 1Y A
P b — i T AR R RO A g AR S A P Ak
AT S FH AT LA 2 A T A S A AR ST
SR J5 T P 7= A 0 A A S AR 1) A S BT
BT VRN AR ST 7R A R AR S AR T ) e S A
JELBIAERE R RS XY PN
M) WS-BPEL #2 7 ; TS Rl FI 4. TS= {1, ,
Ly s sty b FoH 2 R R 49 4 rh B 0 A D H 49
n A3 ) 4 64 A9 2 80 MO 7Rk WS-BPEL #y
BB FHEL  MO={0,.0,,-,0, ), Hh O, £R
Wi NEFET RN RET SEL
WA R AT U

NO;

Q _1—NO EFDR(M,,TS), (D

Horp, NO, &R O, 28 558 7 77 i AE 55 A8 = 14
B RN MER B Lk g SO AR A I 2R (fault
detection rate, FDR) # 510 . i & & I 2 FDR
E U DN FH 50 0 A2 S A 1) LR A8 i R A
2 FH 51 B A s A 0
FDR(M;‘,TS)z%,
Hrp M, /R O, BRETFIE j BRI, NCM; ,
TS)FmRAHAR SR M i H 6% H. FDR 14
AR 1 B G B 4 TS K 92 AR S A 1) A 56
KR TR 5 B R . o — 2P W, AR 5 B
e Q, A, W T LA I % AF S e AR 1R AR SR
E’J{Wﬁkﬁﬁfﬂ@/"Jx%@iﬁ%?éﬁﬁﬁgtﬁ%

TS S SO, FRATT R — A T AR
ﬁ%?ﬁtf‘ﬁ%ﬁﬂ’]ﬁﬂk&ﬂi(ﬁf’ﬁﬂﬂ MuPri) , i 1 £y
AR ST R, O AR ST E I R e . HLAR
SRR E S AR WS-BPEL 8 7y i 4748 5
B ARG AR e 0 4k &5 SR B AR S A G o, e TR
Jo3 i B e BRI R L HE Y B A AR T
FE AR S D b A3 e A v P P S 2, o o 25 Y A8 SR B
F o3 B HAR B P 5 G, B 422 AR AR S 58 L 2 L )7
18 S AR SR A

B 1L R o HE T ARk

WA SLHIRT PUAESEFES OCA B
WG TS={t, 12,41,

o HE Y S B9 48 TS .

O MO hEHEEHTP MERTFEEOP;

@ XT()PEP SRR T R e 2R HE Y

18378 S E T F5) OP.OP, ,OP, ,+++,0P, ;

©) é\iZI,TS/:@;

@ WHILE <»n DO

©® AW OP; M —KZERIKES MO (P)=

{my ymy s eee

(2)

NISE
WHILE MO, (P)+#() DO
A Im—A~ M ) ¢ 3 TS
FOR ALL m; € MO, (P) DO
PL s PR AT m 5
IF m; #{“#&%L” THEN
M MO, (P) il 5 m; 5
END IF
END FOR
END WHILE
i=it1;
@® END WHILE
@ B4 TS .

SESNFESESESNCRCNSNC)



NE Z % 117 WS-BPEL 2 7 #9748 5 I L 0 £k B AR

899

MuPri AR AT DU A2 52531 9 0L S 9 A
S 5T e 144 e B AR U S A B R e AR
Jot AR 3 T AR 03P 451 B R T A4 B0 e e A 00 2k
T ey 0 3 ) 4 & ik 2 0 5 T 810 40 S 9 T
MuPri 5B I ] ) HE 7 (9 1 2 5 ik 1 .

3 %# I A uBPEL

FERTH TAE RS AT L T — A i) WS-
BPEL ¥ iy S5 ik 3 #¢ T. 2 pBPEL, X 5748 7
A B4 A o 0 3P £97) F AUA T 0 0 5 5 SR 06 iE. AR S
Y pBPEL 3 — 25 3 5 A SCHE 09 48 S kAR
REAR. K 2 #AR T uBPEL T.HM R G454, &4
AU DIRefiaR T

D) AR SR . 758 FFill WS-BPEL £ )7 4
A — B B B R A

@O WS-BPEL f##r. f##r WS-BPEL F2)7.

@ BT, BEXT R 5 A DT S
A o 52 X R R 7 A5 Y A8 S b 2

@ XML 3R/ . 71 58 WS-BPEL #2 % 3
(R332 A AR S A B o

@ A SR A . AR S — B B B AR A

2) AR, SR SRR LR B AL,

O ZHECE. B F A B R A AR AR
LA IR AN AR S A0S 7 LU 481

@ 7R SRR M. AR AR A S AORS AT LE A, LS S
RS & v Bl AL AR HORE 1 25 B 1Y 78 S AR

Test Case Generator

3) W 1 2R B AR 4 WS-BPEL Jst i 304
i 3 30T B A 00 3 1. AR A A I R T 2 A
FE A i TR 3 e ) A 0K WS-BPEL #27%
Wl A5 o PRI R 1 25 7 1) B o o D) 2 R 3 3 S
AR 5 BEHILAE 1) A2 AR 398 FH P g A B 29 SR 26 1 Bl
HLAE JRC A 25 P A 3 491

4) A8 S A AT AT A 0 O A R
g
O AT 5L AC E. MR8 WS-BPEL A9 it & 5
SR WS-BPEL il 55 1 3 115 Fl #2444 A C B
AT IR B

@ TP R Gl A B SR AR L AR
ARG T2 Fr AV S R 7 SCAF

@ FI 5 B 1 I A B AR R G 0 X T 48] 5
AR IBOH B g A7 B B 2 20 BCH A B 451 A KR
FER.

@ TFIFEFF AT, W H] WS-BPEL 5] Z 4K U
Ji 4 e e AR S MR PR 0 3 P 491 4 O A 1 2R

5) MK EE RIPAL. 1 T7 X i 4 R AT et
B o i S5 R GETH R A AR 2 B

@ ZERGETE. X AT AR [0 ] ] f) D s 7
IR S U B i 1 465 50058 — EAT XF L. 7 — B AR
[7] » 2% W 32 00 4 P 91K 78 S A 2R R B ad T
I 32 T AR U 5 28 S A B % iR 2L OF
GEAT R A 74 S AR ) A0 3P 1) R 5 ) A
ESEISE

@A BRI ARG S5 2R G Y i 25 R

A

Scenario-based Test Case Generator

. |Scenario Generator| | Data Generat0r|

Random Test Case Generator

| Value Controller || Data Generator |

Test Suites

Mutation Testing Executor

Results

i

|Environment Configurator

Program Selector Result Evaluator

WS-BPEL
Program
_— P e o oo

1
l Mutant Generator
1
1

| WS-BPEL Parser | | Operator Manager|

=1

> |

Result Analyzer

Report Generator

|
|
| Use Case Reader ‘
|

|Subject Program Executor

XML File
Reader/Writer

Mutant Generator ‘

Mutant Optimizer

Randomly Selected Mutant Optimizer

L 3| Mutant Sets

Test Report

i
el

Parameter
Configurator

Mutant Selection

WS-BPEL Engine

— Data Flow

Fig. 2 Architecture of uBPEL
K2 pBPEL T.H RS 45 &



900

HENMR S R B 2019, 56(4)

AR S AR I AR AR AR AR SRR R BEAE SR
PRECH Az S 2045 B

4  SEIGITME

K H 2 5 0 58 50 UE 5 P Al A SCER i T ]
WS-BPEL F#2 J3* ) 22 5 W 10 A0 A 1 AR iy 4 i k.
4.1 ZEXK

S H A R AL 6 > WS-BPEL #2 7 52 4]
SupplyChain 52 "% (P, ) ., SmartShelf =2 ] (P, ) |
SupplyCustomer 52 ] ( P, )™ | LoanApproval 52 {4
(PO CarEstimate 52 ] (P;)® 1 Travel Agency ™
LA (Pg). 31 RS K S 1Ry 5 5] Y B AR R
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Ps Booking of travels 9 543
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Table 2 First-Order and Second-Order Mutants of

N

WS-BPEL Programs
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M, M, Operators
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P 3 37 1
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Table 3 Test Suits of WS-BPEL Programs
&3 WS-BPEL XBIMMLX ABIES

Program [ T.| I T, | T:| | T | [Tel
P 6 10 15 19 30
P, 22 35 50 74 90
P; 7 12 18 24 30
P, 12 18 25 31 40
Ps 10 20 30 36 40
P 4 7 10 14 20
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Table 4 Equivalent Mutant of WS-BPEL Programs
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P] P2 P3 P4 P5 PG
M, 0 13 5 7 7 16
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. %r 726 73.1
= i —
L
S 60}
%)
g T
g 40 |
= -
20
0
Py P, P Py Ps Ps
WS-BPEL Program
Fig. 3 Mutation score of WS-BPEL programs
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o 2 s SR E (NED) S F1K 0,1 M, th 778
A ANEEM AR AR CINFR 4 TR FEIFEHE, 5 —
WA AR AR LG . AR AR A AT Z AR E R L BRI
TS AR TR A BHE R AT L . MuSOM 5 A&
e R Hi /0 T A A AR A B R (— B AR S
IR A AR AR Ll 28 %0) 4 K R B B AIR A4 AE
PR R ) T BT .

2) £ R FH A A1 0 0003 FH 461 1% B0 R 5 B AR
I Y 78 S 4543 1 R 100 %6, 1117 — [ 728 S5 9 3 f 72
SIS FTARRE. Ho PRl Py Sz g AR A5
R 100 % 5 Py Py SEfBI 14 25 54543 43 0 S 97. 1%
H197.5% 43 T 100 % 5 P, #l P, SEA ) A8 545 4
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F1HEFE. 38 6 b HE ) E S B I 4R B APFD
WAL MuPri 8R4 30tk BARAERA 3 4.
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R & A EAALEEU, ELL, EMD, EMF, AFP, AIS,
AWR , AJC, APM, APA, XMC, XMT, XTF, XER,
XEE; 28 5§45 7 ECC fl EAP 7= 45 (19 1 hy 25ty A8 S
PR BRI W6 FRATTAN B A S B 1 1 A2 S5 45 03
RIS B AL ) 48 (225 SCRRL9 D

%5 P T Al E AR BT S Ry 4
R MK AL 2B T BUR QW SF S (E L X R A
P If o B Yo gt e S i KR /N, 3R % AR S+
ERIE R S

Table S Priority of Mutation Operators
x5 ERETFRER

Q, of Program/%

Mutation Average

Operator P P PP 1% Priority
XMF 100. 0 100. 0 1
ISV 88.6 88.6 2
ECN 82.9 71.9  77.3 3
CDE 50.0 54.7 50.0 75.8 50.0 56.1 4
CCO 50.0 54.7 50.0 75.8 50.0  56.1 5
CDC 50.0 54.7 50.0 75.8 50.0 56.1 6
ETU 59.4 50.0  54.7 7
EAN 59.4 50.0  54.7 8
ERR 40.0 49.7 58.0 73.2 40.0  52.2 9
AIE 41.8 54.5 50.8 50.0  49.3 10

ASF 29.1 11.3 24.6 88.6 0.0 42.9 32.7 11

AEL 30.9 32.0 48.1 30.5 0.0 32.3 29.0 12

CFA 30.9 32.0 27.9 12.5 0.0 32.3 22.6 13

EIN 0.0 9.3 24.6 57.7 0.0 18.3 14

ASI 14.6 14.5 22.9 0.0 0.0 18.7 11.7 15

ACI 0.0 0.0 0.0 0.00.0 0.0 0.0 16

2) WK A 1 4 HE Y. & X WS-BPEL 2 )7
P9 e g 548 S 454 100 % i 3k FH ) 42 TS, fif
F7E S B F 1 e 945 20 HE e K A Bl TS, 4
S5 B 4 TS Ffn TS i APED {H. DL
SupplyChain F2 7y 5 , & 5 %1 th 73 H #9248 = 5
Tl 56 9 )% %1 K. CDE - CCO — CDC — ERR —
AIE—>ASF—~>AEL—>CFA—>EIN—>ASI>ACIL % H
I ) HE e o B (B 3k D X SupplyChain 5241 9
D3 1) 4R AT HE Sy . A5 R n 3k 6 TR, 3R 6
“UFRRMAA B TS this 1 AR ROk
FE 0 9. d 2645 200K H B S TS 1Y &
“T,—>T,—>T,".

Table 6 Results of Executing Test Suite (7S) on SupplyChain
# 6 SupplyChain 2 F TR MG TS &R

1D of Test Suite (TS)
Generated
Mutants T T: Ty
1 NG
2 N,

1 N

Applicable

Operator

Priority

1 CDE

2 CCO

3 CDC

4 ERR 3 N

AIE 1 J

ol

6 ASF

7 AEL 4

oo
N N N ESes

8 CFA 4

N SN s

9 EIN 1

10 ASI

Do
NN F N S

4

11 ACI 1 N

Note: “~/” means the first test case that kills the mutant.

it AR 5 A DX B4 TS S5 34 HEF 1
WS RES AR WME T PR Hph Y FRE 1A
A SRS R BB 1 3K H ] Location 3R 7 i FH 4
FE TS Wy 8, X7 KR I R je < R aE”
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AR SR~ FoR R F A BT AT B
APFD {8 J& 74. 5%. 25l Hb . 3 A7 v] LAFS 2 Ho Al
WS-BPEL #F b 589 APFD 4.

Table 7 Results of Mutation Testing
x7 TREMNLLER

Applicable  1P°f Test Suite (TS)
0 ¢ Generated Location
ra r T el el
perato Mutants T T, T
1 v ~ ~ 1
2 X X J 3
ERR 3 J ~ - 1
4 X N ~ 2
5 N ~ ~ 1
EIN 1 J —~ - 1
ACI 1 J _ - 1
1 v ~ ~ 1
ASF
z N ~ ~ 1
1 v/ ~ ~ 1
2 J ~ ~ 1
3 N ~ ~ 1
AEL 4 J ~ ~ 1
5 N ~ ~ 1
6 X N ~ 2
7 N ~ ~ 1
AIE 1 X J —~ 9
L v ~ ~ 1
z / ~ ~ 1
ASI
3 N, ~ ~ 1
4 N ~ o~ 1
1 N ~ ~ 1
z v ~ ~ 1
3 J ~ ~ 1
CFA 4 J ~ ~ 1
5 ~ ~ ~ 1
6 X Vv ~ 2
7 v ~ ~ 1
1 N ~ ~ 1
CDE
z X v ~ 2
1 N ~ ~ 1
CCo
z X v ~ 2
1 N ~ ~ 1
CDC
2 X N ~ 2

Notes:“~/” means that the test case kills the mutant; “X” means
that the test case cannot kill the mutant; “~” means that

the test case is not executed to kill the mutant.

3) MR B e K I 9 4R 50 Rk 3k 8 51

T &4 WS-BPEL 2 77 1948 5 8 700 4k i Je 4 1
KB R APFD.

Table 8 Comparison Between APFD of Original Test Suite

and that of Prioritized Test Suite Using MuPri
®8 TRETFMALBIEH APFD Lb % %

Program Prioritized APFD Original APFD
P, 74.5 69. 6
P, 80.9 71.9
P; 94.1 94.1
P, 71.5 52.8
Ps 50 50
Ps 70. 2 61.3

RS AR R -l MuPri AL H AR R 15
) I3 17 5 9 APFD {8 #8 K T 5045 T 14k
R APFD {f. MuPri P65 AR S 56 18 8 HE Bl A
00 %) A S B A AR S AL SR X R Y S AR
S A 4 HE e R LA A 80 i e A 0 A5 e Y
I ) L TR - MuPri £ A 38 i X 28 S 31 2 AT
DL e GHE Fe B e 1 D003 P 91 4 £ i I A 0 28 .

A SCE X WS-BPEL 8% 1948 5 I3 5 K 1
[, B T 2 A ) WS-BPEL ¥ 9 45 5 ) 3
A A MuSOM il MuPri. H i, MuSOM M 725 &
PRBSCREN 11 1 B OB B 22 S0 WS-BPEL il i 5
MuPri #8748 5 5 Tt A 0l i B A R
PR G dg 5 A8 TRl R F. JF & T T
WS-BPEL 27 %) 48 5 il 3 32 #F T. 2 BPEL. % T.
HA 7T AR B R AR, 8T X WS
BPEL 72 J3 ik 47 15 &4 4 28 S k. ), R 6 4
WS-BPEL F2 J3 52491 56 0k - PF Ak 1 5 A9 42 5 0 3
AL FE A AT k. e g SRR ARSI A B
MR Ak $ AR A K b FEAL T WS-BPEL 2 )7 (1945 5+
IR TT 8 $2 i T A8 S Y R

RFFAE 2N T/E: DS
A A 5G4 Ak 4 AR HEAT A8 AR T 4 1 fE Ak
FARBBE ;DY R UER WS-BPEL 25 4 . 55 71
o BT RBIPESE SRR TR D, F
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