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Generation Method for Test Oracle Based on Sensitive Variables and Linear Perceptron

MA Chun-Yan, LI Shang-Ru, WANG Hui-Chao, ZHANG Lei, ZHANG Tao

(School of Software and Microelectronics, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Test oracle generation technology is one of the hotspots in the testing field of software engineering. There are no historical
test case sets available, which are common assumptions about existing test oracle generation techniques. However, this assumption may
not always hold, and where it does not, there may be a missed opportunity; perhaps the pre-existing test cases could be used to assist the
automated oracle generation of new test cases. In the case of the existing test case set, an automatic test oracle generation method for a
new test case based on sensitive variables and linear perceptrons is proposed. Firstly, the statement coverage and memory value set
executed by some known test cases are collected, and a set of test cases with high similarity to the execution coverage information of the
new test case is computed. Secondly, the memory sensitive variable set solving algorithm of the program at a given breakpoint is given.
Thirdly, the known test case set as the training set and the perceptron is used to solve the threshold value at each breakpoint. And on this
base an automatic oracle generation method of the new test case is proposed. Finally, 129 fault versions of seven programs are used as
experimental objects to generate test oracles of 14 300 new test cases. The empirical evaluation shows that the generated test oracle can
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achieve 96.2% accuracy on average. The results of the research can form the “snowball effect” of the test case set construction, and
iteratively automatically generate test oracles for new test cases.
Key words: test oracle; linear perceptron; sensitive variables; test cases; memory value

BRI DRAIE BR AT 28 8 o 18 25 B 2l AR BRI IR0 00 1 2 O T 8, e — ORI W R P A
28 5 PRGN B0 BAT 45 R A5 75 A TRUYT 0 5 v UK T 5 0 5 e T 3 5 i Uk 0% 30 B4 A 2 PE AR R S 1Y
FU H AT, BRI 61 g T 20 8 S A Bl N A 1 AR B R B R D T 1) AT SR 4 A A
SR AU e dg e e 1 ) 2 — T,

DT T A0 P 338 SR [ Re DK 05 A BRI 500 DA 2 1 0 T A RS 5 W s A 2R (81 iR
A WL I Fr 32 55 A0 55 AR 95 72 T 12 (317 R AH SR AR SC) « 6T+ & B o (81 o SRR ok SRS L K
PERAT IR LA B P A A 55 B TS 22 RV (245 T OGIR ST) 2 TR s 35 1) S D A4 e
BT (76 R AR OG IR 30)IX 3 28,5 1 I BB IT AN B sk B3 4 AR IR sCUAL R B A T2 5 10 T
PR, T 3UA HUAR 8 I i =2 LR R AT 4038 AN A T 55, 2 122 75 126 T I PR B R b 0, 8 2 9 s il T 568
1 SRWIF G I K PR, 1AL SR — NS BRI RIE T 7 1], 32 BERE 5T G40 3 T RS 3 W g e 1 2590 0 ik s 2 T
PPV SRS (240 75 0 AR DKL 5 T SRS (1 e 2 R 2l 25 20 M 75 05 A S T L8 2 20 (K vk 48 iz R S
(¥ A sy R LA 4 B B IR A BN TR B (K28 A 3 A 532, 0P o B S TR 2 5 3 SR N T A A 2 (B
XS A TR S R 1K) I FH i L ) A

BB BOARAE I TS A2 1977 T 1A I I R AT B WY 1) 22 B SO i, H BRI 98 R ATDR B 2D, B3R SR 2
MBI 7B 1T v I 78 0 328 28 T 46 B BE AL B IR 8 AT AR SCH A g 3 JE 7 N 52 T TR 0k 3
5 BB TV A B 7R TR R A A A AR A R, R P M B AR B 2 2] S MR LA D B
1 30 2 o PR A R WA 8 2 DMK P A8 PO 1 ) 7 e AN D BB e AR ) PA) A 2 i R FC R 4 5 S B A5 R DI,
REE B0 DN P B SR AT 100 R ) 72 i R P A7 3 B S5 A R R 2 DM P 491 A [ T i AR R BT 45 B i 2
IRISGHEEAT 00N, B 30 7 BT 5 A SRR wT LATE B 49 41 £ K 32 1) 3R 5 BRSO, AN IS AX B 30 A i
I P 451 s T = 0 A8 £ AT

ATCH 1 SEE A 5C g SORMMECBE 78 LA 25 H SR AR 087 o5 A B0/ AR B4R ) 5005, OF I T e P I S L
B SR PR W7 5 A RS2 Dy B A AR 4 1 1D B, i R A S I I 35 A i B0k 30 2 W S AT 1118 5 3 4 th

SEIO R BN TR AR 4 T S0 S AT R AN G AIE. 5 6 VK A BT TAREAT B4 IR S A SCTAR
HEAT XS EE A BT

1 MAMS BNERTTE

11 HHEXEX

AR SCIRR T 5 A B 2 F B s LR

FE X LGN B t, 0t BIFBTAE Sim(taty)). WA H] ta 7t AT HITE AR S 7000 08 AGL T A0
TEIAN A B(ILTC FE AL EB)JANBIE 7R A 5 B ACHE I TG 3 AN W to Rt (R AHBLE 52 R Sim(ta, ty)=2x|ANBY/
(IA]+[B[) €[0,1].Sim(t,, tn) I EL R K, t, Tty 1 AH L5 788 - 1 SR A=B, W) Sim(ta, to)=1,t, FH o EIAHALLIE 52 575 41 S AnB=
@, Sim(ta,t,)=0,t, F1 t, AIARBLRE 5 i

EX 2(AETR). WAAARE A sk [var,val], Hi var %7538 & 4 val % 7~1% %8 B [11H.

EX (BANHRGFETEHEE). WA NAEZE Fvar,val Al [var,,valp #1452 HAY 24 var,=var, f val,=val,.

EXAFAIANELZEES M FANBZE). HANALRERES M AN RZEILE MAN,ESXCH M 5 N
R S K A7 AR IR A

EXS(ANMAFTLTEEE MM NBESE) WMNALESES MFN FIZEEILE M-N,ESCh 5 N 4
RN AS A AN 1 MR A7 R A1
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EX 6(BBATEMEX). —MRURAZE t 2 ADWARR " J0 t=[sv,v], I sv ZoRBURR R4 T v
N R AL .
1.2 tHXRER&:

AR R e B AR 22 56, A S 1 SR AR T R iR R AR st

o B LARRAR MM R AA — 2 R g

X5 T e AR ARLEE AR X A9 (R SC 1) T Jaiy — AN ST &, ZERFAN W i A, St o PR FAG AT 1R A e B
0 A AR 1 2 4 0 R P AT AR S D 3 R U 3 R A — 5 BB s fE

o MR 20N [T A A AR e AR R Dy A £ 5 s i ) AR TR

A] Ay g i e A R e ) A oz L A A 9 0, T A R R I, A A 0 ol By e e ) 48 7R
RE 78 A5 B 5.
1.3 MARSEMREZE

AT — MRS — AN 4 A B 25 I B AT ol s R I PR A R, A Sl o 7 o e o At R B
03 77 VR ML B A 0K T A9 8- W7 Ak 1) N A7 R A R AR 78 i £ A DA DI 4 A% R A0 i 0 3 P 8 1 A T
VSR T e b R R AR AR B I I e M SRR AN L SR 05 v S A2 DB s AR R AT SR W oy M 2 ) 1T BRI ; 7 e T
ARG T MR T WA A IR TS B B A O R, RIS A R I B AT R R s AT AR
S I I SR IBCHEAT TR, B Bl 25 e S (LR SCARE: 1) T e R AR SO H A s AR R, R 1 4
TEHIETDW ROAT 5 2R B L Sk

Table 1 Notations and their meanings in this section's algorithm

R L ARNWEETW KI5 AR S S A

45 4 B FSLRK o g
P Program T
n NI H 1 109 46 A {[t1,01],[t2,02],[t,03], - ., [tn,0n] }
ST Set of n test cass A | AN N 05 A2 B T SRR A I BAT 45 R (R 5 R K0, 00 A 0, 7R
G PAT RIG0i 0 1,388 6 AT T AR A B TR i AN IR
SB Set of m breakpoints FEF P R BEE I m AT AR A {ba,ba,bs, .. o} o TR ES i AN
SSB Set of all sensitive variables BFPHm /]\%ﬁ,ﬂiﬂaeig?-‘&%%%ﬁjhiﬂq%%{SBhySBbZ,SBbIs ----- SBom},
for m breakpoints SByi F N | AT AT by AR AR RS
oo B ﬁ%*’l‘ﬁ*bﬁﬂﬂﬂﬁwﬁiﬁ D’d%ﬁiﬂﬂiﬁﬁH@[t,o],t =l RN,
0 4 0,7 t PUAT KMo 2 1K t AT HLTh
PP, 'ﬁﬁmgﬂxgﬁgf Py BT toew S 7E I(Li<m) /M 26 by ALHRAT RN I
PP Propobility of passing for they TR tnew AT LT I
STty S o TR ST U115ty LIS 1 5
SPTtwew | Set of passing test cases in STtnew RN STnew T8 B I FH 151 4L e 10 4
SFTtoew | Set of failing test cases in STtnew FEIR STtnew T AR T 90 41 B 42 5

1.3.1 Bk LR TS A
2558 P,ST,SB I toey MR N ¢, E ST ST 15 they BAHLIK IR A BIEE S STtoen (L TR H L 1 41
T3 14T ~58 20 47) K 3R15 1) STtnew 23 4 FoAH AL B3 FH A9 £ SP Tty F1 2 U038 FH 51 412 SFTtnew, AT 5
SCELVE 2 VAL SB P REAN T AR (0 BB AR B4R
o UIR SPTtye# D, SFTtney# D, SKAF I BUB AR 5 1) 5 SN AITE 5 toew AHARLLE A0 52K FH 451 0 25 IS0 3
B (R IAT SR, T R 5% 1) P A7 28 T IR, S o 5 0, B A R Ay g i R A
o IR SPTthew D, SFTthew=D, K A3 U AR B 1K S INITE S tnew AHBLEY IE A0 61 (1 40 AT KB
IR A 1) P A7 A0 A S 7R S R 00 T SRR AR O T R AR
o IR SPTthew=0,SFTtney# D, K13 U AL T 18 SN ITH 55 toew AHABLE 2R WO F 91 (10 04T SR
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F R E RS LE A MIXTRE AR T &

AT I I HER PPy, PP,,PPs,...,PP,,.
5 K F P PPy, PPy, PPa,... PPy, FH A% 2 7 B A S o TN &% 5% 1w BT v BB, 29 B2 ag,8,83, -+,
& ZEBHN A 220 d=(ag—ar)/(m=1), 7] PLR A5 %55 Z 5050 i T ay=1/m—(a,—a,)/2=3/4m, H & %0 A a=a+

(i=1)d, MU B AT RE Y P I IHE %l PP=PP *a;+PPy*a+... +PP*ap.

VL L D AR R s (35 147~ 86 17).
&% 1. GeneratingTestOracles.

Input: P, ST, SB Fll the test input of tyey.
Output: Test oracle of tyey.

1. temp<—tpen

2. STtyen<D

3. While (STtpen!=92)

4. Cd

5. MaxSimularTestCases« <

6 Largenumber<«0

7 for (each tj in ST)

8 if Sim(temp,t;)=1

9. C«Cu{t}

10. STthew<STtpew'UC

11.  end for

12.  if (C=Q)

13. for (each t; in ST)

14. if (Sim(temp,t;)>largenum)
15. largenum<«-Sim(temp,t;)
16. temp<«t;

17. End if

18. end for

19. endif

20. end wile

21. SPTt,ey«—Select the set of the passing test cases from STty

22. SFTt,en<—Select the set of the failing test cases from STt ey
23. for (each b; in SB)

24.  SByi«CalculateSensitiveVariabls(P,SPTt,ew, SFTtnew,b;)
25. Endfor

26. m«0

27. for (each b; in SB)

28.  Thresholdy«Threshold(P,SPTt,ew, SF Ttnew,bi,SBpi)

29. FCi«0

30. PCi«0

31, if (SPTtpen!=D,SFTten!=9)

32. for (each test case tj in SPTtpew)

1453

A RE R 1R A A AE S R A WIR L AR IR 0, AR AR B ROk b AU A R
SRJE A SCEEE 3, 0E 5T by AR 1R TTBR{EL Thresholdy, MR 48 513% 1 (K156 21

17~ 79 A7 R SETH LA I R AL RR
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33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54,
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

Journal of Software #:#F%73& Vol.30, No.5, May 2019

M<«—get memory variables set from the execution of t,e, for b;
Mi<—get memory variables set from the execution of t; for b;
XCj«—(M~Mg)SBy;
If (IXC;|/|(M=Mg)[>Thresholdy;)
FCi=FC;+1
else
PCi=PC;+1
end if
end for
for (each test case tj in SFTtnew)
M<«—get memory variables set from the execution of t,., for b;
M;<—get memory variables set from the execution of t; for b;
XCj«—M~ M SBy;
If (IXC;|/|(M=My)[>Threshold;)
FCi=FC;+1
Else
PCi=PC;i+1
end if
end for
else if (SPTtyew!=9,SFTthen=2)
for (each test case tj in SPTtpew)
M<«—get memory variables set from the execution of t,e, for b;
M;j<—get memory variables set from the execution of t; for b;
XCi«~MM;SB;
it (IXCj|/|(M=My)|<Thresholdy;)
FCi=FC;+1
else
PCi=PC;+1
end if
end for
else if (SPTtew=3,SFTte!=D)
for (each test case tj in SFTt,qy)
M<«—get memory variables set from the execution of t,e, for b;
Mij<—get memory variables set from the execution of t; for b;
XCij«=MM;NSBy;
If (IXC;|/|(M=Mg)[>Threshold;)
FCi=FC;+1
else
PCi=PC;+1
end if
end for
end if
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75.  PPi«PCi/(PC+FC))

76.  m<m+l

77. End for

78. d«(ap—a;)/(m-1)

79. a;<1/m—(an—a;)/2=3/4m

80. aj«—a;+(i-1)d

81. PP<«-PP,*a;+PP,*a,+...+PP*a,

82. if PP>0.5

83. returnl

84. else

85. returnO

86. end if
1.3.2 Bk 200U AR w A SR R SR

25 BN PSP Ttnew, SFTtnew LA S SB A58 i ANT AT by, B AN I I A8 5 ST Al ST

o I SPTtoey# D, SFTtnew# D, W4 ST1=SPTtnew, STo=SF Ttnew;

o IR SPTtoey#D,SFTtne=D, M4 ST1=SPTtre,STo= SPTtney;

o IR SPTthew=D,SFTtnew# D, M2 ST1=SFTtnew, ST=SF Ttrew.

A X=|STy|,y=|STol, 17 2 v 545 214 4 A7 48 B4 B {dj1, i, Oia, .. Oy K HLAE NG A 3K Dy, Horh di(L<<k<<y)fE
e Ay 2R key(ILAE djkey), 1% A A7 22 it IR CEAE b i 7 3R 19 value(id AF dj.value)

SR IV EEAS B x G A5 3R Dp1,Dp2,Dp3,---,Dpx,ﬁ“ﬁ%\%f& Hbi:Dp1UDp2U---UDpX1;H;I—|—I ORI R
FA Dpi(1<j<X|SFTtnew|) " key As[m] -5 Jf:;key AHIR], ) value AH .

B JE b Hyi 4% value {5 K EI/NHE T key {1 A 11T 209 1) 78 5 (X key 1B 4558 K (1978 B4 A UK AR 72 NN SBy,
SR B SBy;.

S0k 2 OV ARSI TR s (3R 1AT~58 29 4T).

&% 2. CalculateSensitiveVariabls.

Input: P, SPTtyew, SFTthew, and the i-th breakpoint b; in SB.

Output: SBy; which is the set of sensitive variables for the i-th breakpoint b; in SB.

1. if (SPTtpen!=0 && SFTtpe, =)

2. ST1<SPTtpew

3. ST SFTtpew

4. else if (SPTtyen!=F,SFTthew=2)

5. ST1SPTtpew

6. STy¢SPTtpew

7. else if (SPTthenw=3,SF Tt en!=9)

8. ST1SFTtpew

9. ST« SFTtew

10. end if

11, je1

12. for (each test case t1;, from ST;)

13, k¢l

14.  for (each test case t2,, from ST,)

15. M<«—get memory variables set from the execution of t1;
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16. N<«—get memory variables set from the execution of t2,
17. if (ST,!1=ST,)
18. djxe—M-N
19. else if
20. djxe—MnN
21. end if
22. hashMap D;(key,value)<«(d;i, the cumulative number of times of dj, appearing)
23. k++
24. end for
25.  j++
26. end for

27. Hyi«—DpUDgou...UDy, different keys are merged and the value is summed for the same key

28. SBy«—selected the top 20% from the sorted Hy; according to the value in the hasmap

29. return SBy,;.
1.3.3 B 3 I e M I AN LS SR AR A5 A 1B s b 1] BRAEL

2 E RN P,SPTthew, SF Ttnew,bi DL SanﬁﬁE%ﬂﬁfﬁ’f‘Kﬂ%@m FRAE — 4E 4 temp[][]j‘J O, YE BN KEH N
SPTtnewt USF Ttney TR FH A 200 T SPTtoeu ISF Ttnew T RE MK I (1 <K< |SPTtnen USF Ttnen|), Bf HoAEH
—ANET IR ), 23 0 T B temp 1S k AT 7T 3 MR I W TS AR BUEVE X T SPTten USF Tty 44~ I 128 H 41
(L <K=<|SPTtnew USF Ttnewl), 5 HAF 24— AN B MR F ] ey 1 550455 A0 22 1T FRLAEL R S0 o Dy 26 % temp Hh il Ul v
Bf 3 35 K IR 1] PRAFL A7\ Thresholdy, 59 45 3,32 [1] Thresholdy;.

S35 3 IO ARRS R BT s (3 147 ~56 34 17).

3% 3. Threshold.

Input: P, SPTtpew, SFTthew, bi, SBhi.

Output: Thresholdy; for b;.

© 0o N ORE Wb

10.

12.
13.
14.
15.
16.
17.
18.

MaxX<—|SPTtpen USF Ttpen|
temp[max][max]<«0
for (each test case t in STtew)
if (SPTtpen!=D,SFTtpen!=9)
for (each test case tj in SPTtpew)
M<«—get memory variables set from the execution of t,e, for b;
M;<—get memory variables set from the execution of t; for b;
XCj«—(M~Mg)SBy;
temp[K][j]«IXCjl/|(M—My)|
end for
for (each test case tj in SFTtyey)
M<«—get memory variables set from the execution of t,, for b;
Mi<—get memory variables set from the execution of t; for b;
XCj«—Mi" M SBy;
temp[K][j]«[XC;l/|(MMy)|
end for
else if (SPTtyew!=,SFTt =)
for (each test case tj in SPTtpew)
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19. M<«—get memory variables set from the execution of t,e, for b;
20. Mi<—get memory variables set from the execution of t; for b;
21. XCj«—MinM;NSBy;

22. temp[K][{]¢[XCil/| (M My)]

23. End for

24.  else if (SPTt,e,=3,SFTtpen!=)

25. for (each test case tj in SFTtyew)

26. M;<«—get memory variables set from the execution of t,, for b;
27. Mi«—get memory variables set from the execution of t; for b;
28. XCj«—M"M;NSBy;

29. temp[K][j1«[XC;l/|((MMy)]

30. end for

31. endif

32. end for

33. Thresholdy;«—select the value that has the highest prediction accuracy in training set.
34. return Thresholdy;

2 REMERREWHZE

AR A SIR(software-artifact infrastructure repository) &1 iR PRI (1K) 5 AN C T2 526 46 52 A0 M TT- U5 199 32t
travis-ci L R PIAS C FLIF 525661 % expresstionParser Al sort(1® ik :https://travis-ci.org/swenson/), i i 52 5 22
R e B R AR SC 45 AT 5 B 20 AR 7 VA R0PE 3R 2 45 T S B e R v A (R REAS S 01 44 T
R R A IR A8 B8 A B LA PR A R R B A T A R

Table 2 Experimental objects

F2 WHENZ

T4 Dhhgfik W A KL MURENE R ARABATHL
tcas i R G 41 1500 174
print_tokens LG T A 7 4130 726
schedule2 L 56 i FE B 10 2710 374
replace it 2 32 5542 564
tot_info {5 B gt 23 1052 565
expressionParser ik R AgAT s s 8 1500 1251
sort i I A RN 8 1500 2512

Do TR B K P A R AT SR AR ST R T B L PRI SR IR AR B TR, TR T R I EE 2
Ubuntu Linux 10.04.4 T J7 5 SQLite ¥4 72 LA & GDB R4 8, A< SC R F Python i 5 A shell script 5281 T
B IT 5l Bh T 5 U5 A TestOracleGen.rar £& https://github.com/machunyan/LCEC 3l _F 1l LA JF 3%, TR 1)
F TR e R R
1) FRITAND AT AL AZAEER A7 BT 4 BT YR SCRE AR B T R0 5 D DR AT I AR v (AR SC S G I AR i
BRI s R SRk LA return A exit /F 45 A IRAT AR S5 50 4 B T B Ve P i B e SO AR ),
A FEFPHAT LR AT I FEH I GDB iy 4 3K P 77 B A5k 4%

2)  FRIPAT WA A ARG AT N T B, 75 R T IS AT IR SR A A R R BAT N AR AR
£, JF8 L geov FATIREUEEN M H Bl AT I IR 5 B

3)  BUIRAFAEATHR AR AR AR 3 AT SRR AR T PAAT 3 AT AR A 3 1) T A SRR AR 4 f BHAT
B A5 BAT B 2 AE 2 M7 A DU T 49 $h AT 78 56 B SR AL b 6k A [ 78 55 HEAT 4328, o 00 45
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Z R BRAT 7 5 IR

4)  PUEBEHAZBIIAR S A 3 AMBEBCHE K SRR 0 T R R DN A AT R R P BT A I
SRR AR AR A R LA B AT T )2 A R AT B 1.3 b (R TR A B SR e R 32 AT TR
BRI IS AT &5 RO A 2 SRR AT T

b
TP

ORI SR
ST |

SR
RIK IR S

Bt
i

_____________________________________________________

Fig.1 Assistant tool framework for experiments
B sess TH B A%

R FHAZ SR 56 H Bh TR Bk se 36 0 B an

1) B H S B EEAT TS AR R URE e T A IR S A

2)  FEMFE Y 19 ST AF e b ST output STAJE, FH T A TR (M AT 78 56 SC 1 cov_result A mod_classify
result.

3) g CUABAT 45 SR 0 A IR A8 A JB0AE SO trainset

4)  BATERWCERE T train.sh N S HO O 80 S5 5 00N B A SO AL . DIRRRR R 44
T i P RS o S AT S P PAA T 58 1 e WS 1 A 0 £ A T T B8 P

5) AT TUINFRJT predict.sh, R T 490 16 I TR

3 KRERRSM

31 TRWNRMIWERRDH

Tcas. print_tokens. schedule2. replace. tot_info. expressionParser F1 sort 3t 129 /> f& il 4.y 4 — 4l
B R A B T 100 /35 10 0038 451 (L v, B S R0 R M ) b 6 55 91 54— 550), 71 53X 100 NI 451 791 5 1E A
K 2~ 8 43 Sl v T REAR T T A WA RUA P T TE A 1A e P R s R R AR T (M RRAS S,
HNFE 7R 100 AN FH A FH A S IR 19055 18 0 A e 2 IO I A 1 A4

T I A %

[

90 PR . e e K diaiiy
I 3 5 7 9 11 13 15 17 19 21 23 25 27 290 31 3% 35 37 39 41

R AR5

Fig.2 Test oracle prediction results of 41 tcas versions
Bl 2 Tcas 1 41 A FECAS AR TS 00 45 2R
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Fig.3 Test oracle prediction results of Fig.4 Test oracle prediction results of
7 print_tokens versions 10 schedule2 version
3 Print_tokens [ 7 ANiRA Y 4 Schedule2 1] 10 4~ F AR
I TS O & 2R s SRR TRIESES

VAavAs | *\r\/\/\\/

F o i 4 8

g A3
Fig.5 Test oracle prediction results of Fig.6 Test oracle prediction results of
32 replace versions 23 tot_info versions
5 Replace ] 32 M FRAS K Kl 6 Tot_info [t 23 /\H&ZL‘E(
PR T 45 DU 75 PO 45

U]~

i H L} 1 2 ] i 5 6 T e
L7 S fi 4 5

Fig.7 Test oracle prediction results of Fig.8 Test oracle prediction results of
8 expressionParser versions 8 sort versions
% 7 ExpressionParser 8 A1) Kl 8 Sort 8 AMA MRS
IR T &5 R T &5 R

F2I7 teas 2545 41 AR IR A, B AN BRASIZ AT 100 /37 1600058 i 481, T 1575 250, Gt B8] 2 s T 2 2R e 22 1 2
V39,91 AR A 1 T IE . V3. V7 25 8 AR A A 100 /3048 451 4= 358 T 15 741 A teas RO TS A2
R IE A 34 96.3%.

FEJF print_tokens 354 7 AN B AR A, BEAN BRASIZAT 100 AN 08 451, F50 00 155 50 2t P 3 BT s T 28 2 g
ZE 2 A V4,92 AN T3 491 T L it T 1 A A 2508 22 (R IRAS V2, T 1E A 95 A7 AN RCAS 3 Tl 1IE A
FH 93.7%.

FEF schedule2 ILA7 10 AN#Fa A, BEANRAIZAT 100 4S80 A0l H 46, T 45 e B 4 B s e R F
schedule2 [ T &5 R LU 38, 8 AN IRCAS TR LIE A 95 AN.10 AN RAS P 3 T IE A %6 4 95.1%.

FEF replace 3L 32 AN RRAS, 54N FRASIZ AT 100 A4S 97 H 08 451, T30 155 250 Gt P81 5 T 73 5000 2300 8 gt =
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B9 AR V16,93 A3k FH 457) 30000 1 ity 0000 1 A8 A 250 22 00 0 AR V9, TN IE i 98 4~.32 AN R AT ¥ T 55 IE i
KN 96.1%
FEFF tot_info 47 23 AN AR AR, SEAN R ASIZ AT 100 AN A9 I0AR 451, 0000 1% v 2 1 6 J3F 7o 0000 233 S de 2
PRS2 WA V21,91 AN IRk 481 Tl L fiff . T L A6 A 0w 22 (R A VB, VAL Rl VS, T IE A 98 A4~.23 ANhA
FRITRE I %0 96.2%.
F#)F expressionParser,sort %55 8 /™ fi AL, BEAN MAIZ AT 100 AT 133 48, oo o an 1 7 1 8 it
7.8 N RASE TS 1A 253 3l 4 97.5% 1 98.6%.
g b % 129 AU RRAS, BE A RRCAS TS 100 AN ISR 81,135 T IE A0 2600 96.2%, Ut B 17 AR 3045 H IR AR
TS A Bl AR 5 ik 100 (4 1 Rk
32 RWLEREHMBIAA LR LLE
MR LA 2% 20« BAT M0 A 1R N R B AT 45 SR B By B 3 AR SR DR TR S RN 58 4 A Bk 0 f B R
B AR SCARBL T A SCHR[3-5]4%. 5 b ATTAR L, A% 32 T AR At 34dn R
1) ASCNRAR B 2 K B, SR [5] 2 3K 2R WO s AN R0 R Th R A N & oy — 21, T FL s 2 oK, 78 5
B B A AN T AT

2)  ARSCINIR TR 00 AR R Y S T S RSB R N, IR 3 AN SOk AR R R T S A 2R 5T
AR T IR A v i DU AR, 78 5 A B LA — 7 14D ) PR R At Sk 42k T A S 11 7 325 ) i
SRR A T MR AN PAT B A 5 AN AT S04 (4 P9 A7 78 et A LI (R 4 5 45 K3l 5 B 38
A8 B S g AR RS 7 R AT A, %o T MR e iy N AN BD L B NI AT BR sl R T AT 2 A T 5
NS IV 6 R AN WS 45 (1) N P R 3 0 55, A SC 11 1 4k B8 ml B

3) SO SZIERE AT IR R B b3 SR I 2RI 9 230 AN ) 0 R S N A T ke
TR B AT R IR A BB (B 129 JRAY) . BRI B (LU I AR A5 - RIB H AT AR .
AR, BEE VR, BAER. 2RI BRI )R =4 0 R TS 2w A A
1R S 56 T IR N R A

4) T BOMER ST T A SO s A A N SCHR[B] 1 S 96 45 R X 1401 Teas 1M =, Sir Z0 R FE
BRI A FIEL 1 500 A, H A R Th IR FH 6121 Y 85%;1% SCHk £ I W F 3 ) SE AL B XRiE T 1
500 AW FH 4 Sk YN i 4, FL TRV 2 2 98.729%:{H 7E 1 500 AWK B 42 (R Bk i o A 5 2k
TUC B N B0 FE 24 R 00, HL 000 A ff S 240 Sy 829% (S0 HH AR 4 WS T 1% Sir & IR IZE D 41 SRR A H 3k
AT 7 SE50, M AHE DDA T 5 7= A= 0 250 ). 0 AR SCET X Teas 1) 41 AN RAS, BEAS AN 4 2E A T 100 ANl
BN TR TS, 13 T ME A6 % 96.3%, H+p Teas 1128 3. 7. 15, 17~20 A1 28 iX 8 MR A 71l
DUAERG 2k 100%. SCHR 5] 1113 At 52 56 % 5, TR0 AL 1 23 Jee Ak Ay 84.66%. A% SC A ILAh 52 56 % G v 7
B YIS 1052 A MG BN, 0 HEAf 2 5K T34 4 95.1%

4 FETIE

41 FAEMEAM

ASCHR IR TS B B AR T T T YR AR A 7 2 1) P AR el AT AT T T T S ARE AT
A — i 2 2 4 5 0 3 T, VA R 3 T SR 28 R o, EL A AR 8 1) R 9 e 3 T 9 L AR S R T T vk
038 F T AL G FE TR =, B 20 Java AT C++1E 5 AT (HR A SCH NSt AR CIEE BT

LEFRAF PRI R v FR T D3 7 B I 0 PR 3 O Bl ) Ak W 3 sk 43 A R B 2 3 W a5 Ak 11 7 et B A
JEAJPAT P A8 bR SORAS W i 33 2 R 2 T A% O AT R T LA AR SO U 137 B 52 B 15 0, 3K — A5/ SR [6]
IRIRIE S Js S v .49 3] EHIE

B L AT b MIAR T S IO G 25 S5 A T A0 SEBUIAHSC, WURAE S T 8 St (o6 3R A, STk
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i 45 L HE R S 2 BRGSO T 2 BV BREES T A0 — & S AR 98 H
FIFEFF(C. C++. Java Z51E 5 8 F) (5 05, O0FT 23 328 while 7635 (1 30 I 4% £ 7T fig 5 S0 a0 90 04T 10 Bk A2 A
[, BT CAAE S BR SRAAE T A5 ey SATARLEO G0 51 4R St tH 2o 8 SV SR A O B SR

SO L AT RO AR T AR 3R 5 (0 2 28 IR AN SR T 0 20000, 43 2 000 P 481 sl o 50 4 5 2% IO R
FHAT A LAASCEL B e Bk FH 48]t mT LA 5 2R IOk FH 481t T A B 55 e AR P 481 S A, 48 2 el 3
1) T LA SN S5 S 500 2 2 SR B, 5 AN 2 SR R I 1 A N R P B N 4% o — 2 PR RS

AR SCINAR T 5 A B v A S B T L v mT Lk AR 2k A BRI 1 s 0 03 48109 o T B
SER IR SE e W R TZIBAT T 100 AN 9 A AT 1Ll T8 4 5% 3 8 R e N AT DA A T AR
SR T AU AT D P B 038 2 R, B s FH P B P DG 3 U 2 UL P kA N (A 4R A T
4.2 MIRTRE & A EY A R (9] 3

AR SCA IR HEAS B AR FH 1] tew 11003 F91 35 E A 256 15 T I JLA T THI 11922 38 25 D) AH G

1) HBIE thews T tnew FALIIARFH 14 & StAHIC, St 70 3N B0B 22, V11 2548 o a8 ey, SO0 45 T 1 JORG 4.

2) 5 M A AR A ) B B R UL s AR O B M s A R A R AR R IR A HL(E

A i R PAT I, AT 1 B 4 oA 8 i L T A e i, BT LA I AR i — o A A AR SR AR
SR AAT 4B R R P B B T R IR i )

ARSI 43 BT AN [R) R A 14 e e R T, Gt SR A R 1 B ) AN DR 8 — i BT I TE )L S thew
ARACLIN B 9/ B 2, 3R T 16 7 3 26 A T 55 1R VEE A %k 1009%, 151t Teas 9 V3. V7 4% V8 R AS. 4 51 e
TR 0 MR A2 if 5k while HR T g, 0T IR S NS A T R ) AR a0 38 1A IR 481 AT
e s T AT UK D 0 R A S AR 2 B PR R T ) BIAT IR B, 5 B T 3K 48 s R AR LU
DR A9 i 2> L e s R A o 1) 5% W o (8 7% B S R UL PD R ) B 4 B 490 20 print_tokens 1) W i i A<
V4. tcas IR A v33 Al replace fYIBE AR AS v16 45, T AT MO B VE A1) B 22 2 R A5 10 if )0 44 bl el G
b 2% AP AN 8 A A0 451 £ 42 o 52 56, BRATT A B, Gt SR 18 o A AL 00 3 P 481 B A v B AN B e AT R T 5 AR
b P P XA B T 5 A T HER A SR IR R )R 2).

43 FEMRAEIT

E 11, A S 7 10K 2 18 22 e Rt A e DA ST S SR 5 FH P A8 B 1 B S 1 R AR 22 1 o e e 5
AR AR AR AR S A DG AT R I AR S 35K, e R M T 5 2 BV 1 2 TR, e AR S 2 R SR AR

TR P00 5 A2 W s AN E P A A9 A A A58 T LA B 5 R T P 9 A AL 3R P 481 A
HON (RN 1 TSR RLI G 81 B £ () S 2% B Dl O(T2), 518 o — AN W97, 509 1 gt S S22 7 A b R A T 3R P
ARG VU AR B AR R SR, LA 1 RS P RS R A 2 LRI F B AR A
HR S Th N (A R PR BAT S R N ) 5 2% U N (4 R PP AT 2R IR i N ) B 9 A7 2R 1 5 L EUfE, vl B A o
Pty G HOL R R RS 0 O(N?) )5, 5T vk 3 AEAF AN T A Ak BT T BRAR, BT ARE VR ST K R 2% 15 2 O(N?). th
T L TSR 2 RIS 3,48 LTIR, SVE 1 ST AR ER R, O(THPxN?).

5 #HXIERZEIL

BRI TR R EE DN 53 T Bl e A UK U SRR BRI R 22 ) 44 1K) T ik Al 9 23 DU TS 1R B
Az g A (L) AE BT e, — S SR T AR U WA AL T g R R, TN T 2 9 % 1 B 2 B
AR U1 33 0y 1 5 0 T M B R U0 5 (2) e A 5 5 SCA 7 AR S R i S IML
e B0 T, 2R SR FH 58 28 0 B A S 72 A W 9 25 T, e 0 2 2% SR [0, 38 5 5 56 0 5 08 28 0% e AR 7 A 3 7
AT RN (3) ASTOOT J it sy £ 1 AN AN [A] 1 AT 3 5 oK 7 R AT B 7 22N BA 4R e K AR 4
AR BSOS BE WA T25(4) Lin 25 AHR H 7 A5 05 T 75 A S, 955 SR IR S AN B R A PR
IS R A AR T, (5) Guo A5 AT VA H — AN 1 74 B HE 4, P22 R 40 0 N G388 5 11 SCRI 2 i Pl
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PE R 7 7 14 (6) Wang 25 NSRSz R g L SVM A g W B LA 2% >3 S35, RN 55 SR FH 48 i 99
T I R e AR 0 AT VA AR o 5 P S R UK BB A R 0T DI R 4 v A B3 £ MR AE AR
SVM S N SR 5 A TR () SVM RS B4 PR 05 A0 el P A S 81 Ry 0 S 56 &5 R B R T R
BT

TE it RN ST A PRI A 84 5 75 Arantes 55 AR T8 ) TR, 300 0o i 25 R 3 A5 Us AR B 43 A7 £ 77
PO IR 10— A G R A ABE R R i T B2 5 0 A il 7075 B0 4R 0 7 v T 4 T A 0 ol (03 3
Wi Goffi A5 A A B BUACHAT 28 58, T LU I AN 7] (0 AT IS AR [ £ Dy B P9 11, 20 o A 22 45 58 AT 17 41
BT m] B0 T0 A% AL S5 280 (0 B0 AT e 91 22 18] B0 35 8 e ot RO e 7 —Flse 4 B s A P AR R S B0k,
TR RIS KB T 23K 53% I IR, TS T AN GRS 1 16 NS rh 4 A G0 i I T 1 %0 ik
$ETE T HAT Rtk Shahamiri 45 A LU IR 17 A 235 10 R AT 18 VI 5 8 £ IR P ol 26 09 245 2 Rl i 0 Sk S
NIRRT 2R, 2 A T35 1 0 4 R 5 0 a8 3 05 1 i A Ll g O, B A A 3 5 15 A 1)
I LRI 9 B SR 1 A7 R ol T AR 5P G A i ) i TR 50 22 R 2T ik A R T ) i AR
YR U0 7 A R 55 4 K 13 B Gholami 25 APV IR A B O I 19 550 21y 2 JB0k A A1 o I 255, 18 i o
20 238 Sk g ST — AR, D PN N AR DI TS A AT T e A S TR T LR A R B T
T IR U 0 S B K T L2 5 2R W ) iy AN RS 0 0 B N 26 oy — 3 T B S PP AR R K AT R I S N 2
ATTRER

ASCTAR & T Io /5 M ST PRI 1 8l A2 57 325 AR SCR AT M BF AL 2 ) S e MR I A LA
KT A 2 2E KRR 5, AN SORCER B8 70 Rl M R AT (K3 ) B2 s M AE AR 6 4t T REFP AR S
S W7 5 AR PR A A PP R AR R SR AR AR R R ik P9 5 A 0 I e, I PR e P R L SR A0 51 BB
A 4 TTBRAEL; Bme e 48 b I il 1 PR U 05 8 3 A 17 1.

R R ) A A 2RI DR TR S S 90 A SCHR HE K IR TS 8 28 BT iR AT 1k — 28 20 B 5 S E ) I 3 —
A ERZE DN BTG A A R MR SR AR ) OC R
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