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Test Case Generation Based on Combination of Schema Using Particle Swarm Optimization
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Abstract: The design of fitness function plays one of most important roles in search based test data generation. While in some special
program structures, such as nested structure, unstructured jump statements, and return/break statements, the existing fitness functions

can’t evaluate all the branches. The currently used approaches are to change the source program so that the branches can be evaluated
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completely. Changing source program might not only affect the program structure and result in errors, but also be hard to implement
automatically. To solve the problem, this paper presents an approach of test case generation based on combination of schema using
particle swarm optimization. First, a definition called “schema” is presented for all the branches which are able to improve the fitness
value, and the branch function of the schema is obtained, solving the problem of partial evaluation. Then, a crossover is designed to place
search on all the individuals which have the minimum value of branch function of the schema. The crossover views each schema as a
whole and combines all the schemata into a single individual, as a result the crossover can not only prevent schemata destroyed in the
process of evolution, but also improve the fitness value of individuals because of the combination. Furthermore, a local search strategy is
used for the best particle in each generation in the process of test case generation. Experiments on some benchmark programs and open
source programs are performed. The experimental results show that the proposed approach has obvious advantages in average coverage
and generations comparing with other methods.

Key words: test case generation; particle swarm optimization algorithm; crossover operator; local search strategy
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32 =100 11953 S0 AR 5 A 1253 ST AT TCVE 4 78 o 3. B XD IX R 6, MeMinn 25 A Y5 ACRS EAT T8 5, Pl
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void nest (int a, int b, int c) void nest (int a, int b, int c)
{ {
if (a==b) int count=0;
{if (b=<5) if (a==b) count++;
{if (c=100) if (b<<5) count++;
{//target path}  if (¢=100) count++;
} if (count==3)
} {//target path}
} }
(a) R (b) BEUEIR)T

Fig.1 Sample program nest
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WILEE 1 H,8,={(a,b,c)la==b} 1 Sz={(a,b,c)|c=100} H AT, S={(a,b,c)|b<<5} B F S3={(a,b,c)|c=100}
AR ST b ST A R A G A A T N (A R R 0, a2 Sy DR £=(5,5,5) S AL R Sy i IR A )
£,=(5,10,100)58 3, WA 1] 7= A AR 9] £5=(5,5,100), 38 B2 S (45 8 T 2 5.

EX ERERD). B ADAFRIF PR IB my B my, B var(mi)avar(my)=S,UFK my 5 m,
HJF.

Bln7EE 1 H,8={(a,b,c)la==b} Al S,={(a,b,c)|b<<5} I J%. thlu—AN L858 S L 41 £,={10,10,10}
5352 S, MR B £,={10,5,10},8FAN B AT BE AT BV 5 08 B0 BT mr (E2 ¢ 1 o, RRER XX 2T
AR — A AL AR 5 b, b I BUETEAS [R] R 4 b2 AN R 1Y, 5 BUFE AR LR I

2 ETHENXASHKNTFREUENSBEIERTE

2.1 FEHREIKIES:

FE TR QAL A (R 1 A0 A0 03 451 A2 ol 7 ¥ 28 B S A AE ST AR S IO R 7, bl T R 10 3 N R G
VP BZ AT P 8 2 o S, ATt LA 7 2aaE AT R, 190 SR O 5K 1) 365 07 3 (R, 700 3o A WA i X
A2 B 1) R, T LA i A R (003 B, A B I R R R A 53 A, R T e R O R A R RS 1%
JTEAE R T SR ¥ 4 2R SR —— R B AT T/ i 31 T ARSI ik () AVM(alternating variable method) /7 ¥4.

DU 9] 26 s P s A RE SR 1] 2 7 7R A R PR S A s A L Az AT AR R AN BB I 3 AR

[ iy P mwer ] wsan |

5y R B b

Bl
ICREE e

PSOT i

FER e R AR M

|
|
' 93 BB N A
|
|
Bk : I
[ a A PR AT IR )
' A TAA AL
I =) A TR
THRIRT |
WRRIBAT : <.é;ﬁ%§‘ T
|
|
|
]

Fig.2 Overall framework of our approach
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void nest (int a, int b, int ¢) void nest (int a, int b, int c)
{ {
fo=Math.abs(a—b); fo=Math.abs(a-b);
if (a==b) fi=b=5;
{fi=b-5; f=100—c;
if (b<<5) if (a==b)
{£=100—c; {if (h=<"5)
if (¢=100) {if (¢=100)
{//target path} {//target path}
}
} }
} }
Fig.3 Code of original instrument Fig.4 Code of changed instrument
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Output: The best individual after crossover.

1 Dbegin

2 for each schema in M do

3 for each individual 7 in N do

4 if (f(i,S)) is the minimum) then

5 best_Individuals[j]=i

6 num_BestSchemali]++

7 end if

8 end for individual

9 end for schema

10 for each i of num_BestSchemal[i] in N do

11 if (num_BestSchemal(i] is the maximum) then
12 best_individual=i

13 end if

14 end for num_BestSchemali]

15 for each i of best Individuals[i] in M do

16 if (best Individuals[i]'=best_individual) then
17 swap(var(Spesi individuats(i))>V (Svest_individuat))
18 end if

19 end for best Individuals[i]

20 end
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individual 1 3 5 1 individual 1 3 2 1
individual 2 4 2 2 individual 2 4 5 2
individual 3 5 7 5 individual 3 5 7 5

Fig.5 Fitness value before crossing Fig.6 Fitness value after crossing
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(A8 B30 A8 SORE T s RASE 2 A v 1 — AN AN AR o 7 A — AN S U0 75 TR AN A DR Ay A S A ) 5
TR RO ARSI, 0 LA AN A4 1T ) 3% A S5 A F5 A PR EAT 25 3T, 03 1 R Rt A 1 T R

(3) Il A8 X 4 HAAZ SCREZR 0] T AT A HEAT 28 ST AR SCRE U B A8 SR OB 13 SRt i 4
PR AT RS AN B AR AR (U1 individual_3),JF AN S 528 SCRERE, AR — i BERE b AR T 18 7] Y 4
24 BB RKE

SR Ze W AT AR A AVML'E L Korel 7 FLE & — B AIE Ll 595 2 St 1 035, vl Fi 0038
191 A Bl LA v SRV I R A R i

AVM (1 3 B TR 58 0 R S o 3 1) i N AR R ) (L, L 35 (AN i PR s SR R B O — Y AR
e (8, T 8 R SR 5 T AT 1) A {0 T Y B L PR A 1 R 0 9 SR P TN L B BT AN A ) AT
S0 [ P B A 5 R B FAD R AR L A DA 55, D P S 0 7 49 4 A, A 45 3 R A 1) 40 3, 1 AR b R AT 4
R, UUE DR A

FRAT 0 T T A0 3 S SRR (K AVM 7 VAT T AR St

(1) WAL 2" R AR AT R o Ay R A R B AZ S S By o R Tk R R R

BB 2 170 3 10 2803 B AR, BRATTH 18 R 5 AV TR B A L, A R B2 1) 4 JR R 3 48 2 e
(2) HT AVM R ICE SR R LG B BB OC R, A7 AR 7 R 22, ) 75 B2 58 22 148 R 8 TRtk
SUSHEAR AL 718 F AVM, T 7E — 2 FEJE R4 T4 RACK.

w
o

L

S Gy LATTURORE Jy DA S 5608 52 488t PN BIE 9 1) RBR PR R A ST I A8 B 0 454 B DL S AR SC T
R T Ut T 32 W AR S 56 45 RO F I BL 23 A, DL E A ST VA AT 24k R A Tt

FIRECFIFAET  https/ www. jos. org. cn



EH4E AR TR AR TR XA 6 A R T 793

BEE 1. ARSI T AT A 38 AR A RS 7 2 A X SR X AR
XEGH A

RSBV T — PP 78 S AT B A Ol i 28 X A v B — AN E I T I AR TR
RASCHE A T 2T A A SRR AT, AT 1L £ T 5 mi A8 X B AS ORI A A8 3K 3 Fhas X T 1E
XS H, B T SR, LA 3.4.1 1

ARG S0 N T WAIE AT X T A R AU R A PSO J7 i N AR [ A8 XA 3047038 91 A i, 38 X B
YETE PSO AR M 45 A 2 Ja HEAT; FLoW 7 ff DR S 56 1 28 P 4 70 AR 21 S 36 vh AN A A S b 1) s 3 98 2 3 s
AVM, LA S Hi B oAtk PR 2% 140 1 $, 1 b 0 55 A8 SR 1R U S R0V (1) S

B8R 2. ATV LT A SRR R R A LA

ARSI VE R e AR A I A AT T A, AT AVM SR TR A RORS R Oh T IR AIE i A
o T Ad SCHR R &5 G B AR T T — A S5 AR SO S IR G PSO ik APSO 7 VEFIERATRT I T AE
$2 0 OL-PSO J5 AT T R b, 2 B LA 78 w5 A< A B 1AL AR BT AN F5 0, 52 36 PR AH DG 40 5 I 55 3.4.2 14
31 FEIR

EHEIT 8 MEFHATINAR, Forh 5 AMEF N & B BB RT3 AN A S M AR B X
X P ST 0 S B R AT LU A SR B IE AR SC R U 1948 UL A AL R P I 4NAE BLER 1.

Table 1 Program under test

&1 MR

FEFgS  FRFAR REANMC WREE R RUEH R

1 Equals 20 [-10%107] 10 Java collections

2 Transform 10 [0,255] 10 SCHR[8]

3 luhnCheck 16 [-10%,10*] 16 Apache commons valid
4 nest 3 [-10%,10%] 2 HR[2]

5 NextDate 3 [-10%,10%] 0 SCHR[9]

6 Triangle 3 [-10*,10%] 0 SCiER[8]

n density 4 [-10%,10%] 0 Apache commons math
8 iszeros 20 [-10%,10%] 20 SCHR[2]

FEIF 1 16 H bs B A% 02 WA B2 2 75 A0 55, AR S 00 K 3 AN AL I K BRI Bk 10,/ T 10 M7 AR L
7 2 B HAREE AR BN 10 AR5 00 16 I 75, BILEAL S 10 ZEH1Z )5 IR RIFE 50~100 2 1), A
BT 10 MISTEL, FANER — ARSI 10 MBI TR R 3 K H R IARIT R EE S RS
AN TR R A 16, F /A S ILE 0~9 2 u), B /& luhnCheck & 1) 45 15,81 9 H Ax % 12,
BESGT 16 ML T AMNE — M S IX 16 MEYH R AT 4 HE 1 PIIRET nest, B85 2 Ml
R AE R R 5 M H AR EE. H. Hl AL 1912 4£~2050 £ 2 8] [H4E 2 H 29 H A & A7 5 aL.
217 6 [ HARER A2 0 & 10 = AT, A G B0 AR )T 7 2 = A T 20 A1 (VR 236 255 15 BR 5, H A B A2 2 I — B L
i x G TP o A EMIEE TR 8 I H AR B AR B R T E MR 0,88 T 20 Mr .
3.2 FMiRE
T VA A STV IR 48 AR A e, AR S S AL B AN PR bt
(1) FEHERSHEANFEFIBIBAT 100 K, KRS 7=1000 2 P9, % FE P H be 2408 25, 000 5t
TR FE 2 N IX 100 YIS AT R 55 KB SEIIAEL SR S K LR O T A B R B R
2 FHIAARECA TR FIEBAT 100 R IR PR R KRS T=1000 2 W56 3 T HAr 42, 0
F %A 7 M R A AR OIS 3 R ke an SR B R B, AR T AR S B Ay i e S 1 3 4.
TA0 AT S LA ST v Fi At 3 vk ) DX, BRATTR S 86 4 AT T G VA 56 R Ak A A
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3.3 SRt
AR ICITVETLE Eclipse “F-& b H Java 8 5 SE L BARSCILR R R
Step 1. HJEEATIRFIHE;
Step 2. RARF—ARHIASRE T & S B2 bR B HEAT VRO 45 08 N BE AL A 100, 00 3 W3R 453 S A0 At s 75 I, 4k 48
AT
Step 3. ARHERL TR BB 4 AN AR A R B AT B R
Step 4. AIWHZA TS AL A AT 2.3 5 IR A T A A B R R AL
5,3 N Step 5;
Step 5. fEJT] AVM J7iERS S e Al HEAT )R TS R B B Step 2 I BT IS 1 SR B AL AR
BRI 1,08 T Bk A SRS ST A A K AR SCAE U HAl A X5 a0 B i A X i AR X
B EIAE AR LE Oy T ORAUE S (18 22 - A S 96 00 BRAXEAT Step 1~Step 4, AT fRAIE 4 FfAg SCHL7- 85 BN AR KL
TRECACSTE b Ty AN B A A D7 1 A A (R S 2R) 4 S BURAE X5 7 RA .
B I R 2,08 T U0 UE AR S A Sk e G LA 3 b BRI AT I R A8 AR SRR B4 R IR SE R 2
o B 2.PSO AR s 1 R AL 512 APSO 7R SLHR[10] (K75 ¥E;OL-PSO R N 1 IEAZ #4218
9 2R MG AR G5 A (0 05 10, B FRAT T Z AT 9 TARCLCL-PSO R AL 5 1%, B Ak T ABE X 41 & 0 Je S 4 R A 485 & 1
V23, 5L 56 20 BB AN Step 1~Step 5 FTR.
Table 2 Values of all the parameters in experiments
x2 YRSHKE

5K ik PSO APSO OL-PSO CL-PSO
NUM 30 30 30 30
T 1 000 1 000 1 000 1 000
C1,C2 2 2 2 2
w (0.4~0.9]  (0.4~0.9] (0.4~0.9]  (0.4~0.9]
v_max x_max/10  x_max/10 x_max/10 x_max/10
k - - 50 -
select_rate - - 0.2 -
L - - 8 8
tz — 10 — —

N T IRUESE 1 A 15,4 FrOSEE S HOCE L A E e R A ACEEE 2 5 38 e AH ), HoAth
AR )2 5032 2% T A SCHR T ¥ L S50 2 80 B W NUM A R H T 3R S i RS, v_max 4
S f K AR x_max A 1% RV Bl I KR & b 9 7 A8 20 A 2 1) A B (R BEAG AR H select_rate A5 A R TEASFH
TE R DUIE N LR R R BB ,L O Jo) B8 2R Y [ ez A J) B S B
3.4 KBS
3.41 2RI A R

N T IRR AR I T A R L BRI A2 SER £ T 5 1048 X XU A8 AN 5 A8 X
3 FhAZ SCEE A A 3R 3 23 0 DA A T AR s S XSS Xy 3959 A8 A S AR SCH A8 A1 7 At ATk
0 A2 18 LA 4 Al AZ SO AE DU 9 24 18 9 5 1 82 5 3 R BT 5 2 10~ 24 08 A AR UK A A b

Table 3 Average coverage and generations of different crossovers

R3O A8 B 8 AP B A

R RS A LR ESS AT
i B RS | B0 PR B R PR | B PR
1 100 287.95 100 235.53 100 348.09 100 1531
2 74 721.9 86 5823 81 714.93 100 3.8
3 44 857.06 45 804.44 90 742.13 100 43.44
4 100 46.82 100 47.75 100 50.52 100 38.06
8 37 907.86 53 827.98 68 856.14 100 42.11
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HH T A ST AS ST 2 T 4 A dpe A =, DR B e AS 5 Bl 7 A 5 1 72 )7 S(NextDate)« #2)7 6(Triangle) fIFE
77 7(density), 3 ANE A AF I AS SCEL T, IR, IX 3 ANFRIPANAE AR 41 5256 LB () 3 L Y

tHER 3 W LUGE A SO A U FAE & A MO8 5 MR A TF 20 #2573 MR 8 kil AL
A X F AR TR AS X AR AS ORI 53 28 Oy AR 7 % B A B B8 s i 70~ 2 1A AR T B T AR
J¥ 4 4y nest F& 7,552 0 ] 5, T 80 4 P4 X5 SIK A K Z A0 AT Al 4 ASFR 7 o AR SCRE SUBELF IR~ 3 1A AR 3
AR T oAt 3 A 732, B A S Bt E A8 T 7R A H 401 28 sk 28 B B B A9

AT AL X RS XA X, BN SR EHZEIFARIB RN TREF 1. 8P 4 ki, 3
FhAZ X7 1 75 2635 T5 B0 T 100%. 10 B I35 5 58 SR~ 380 13 4 AR E LU B i 58 SURNRL AT X7 ¥ 1~ 3 gk Ak
AR v A B398 28 U 70 X e SR R B i #2051 s — 388 10 AN RSB, AN Sl A5 5K
A0 B PANAR S (2 P AN A8 0 PR B AN 08, DRI b 38 59 28 SRR J7 16 T Re B IR AR ok B 4 A AR B A0 75 I AR
2P RUAE ST 1 [ B T A R A8 S A 4 v [e) — A8 e (1) A48 A AT BRI DS

XFREY 3 FIFE )7 8 SR, AR T 5 pi A8 ORI R R SR X PR e % E A e m, 28 i T8
¥ 3 FART 4 A AR B 2 — N B A T8 A A8 AU SRR ) 2, T e R A 5 6 At A A 1 21
A T B S R A, B R AT R

T G G B AR AR SO RN LA 3 s ST B BT T AR A 7 AR B 100 Sk kAR SR
IREAS 2 45 AT T SR I R8N . K 4 45 T AU Wilcoxon FRAITES 261 IFT Cohen a2 3
S0 &P RS X5 AT 53 BT ) 46 S DR 25 26— N SR, BTV 0 LR AT e R 6 FH AR £ 43 AT

Table 4 p-value and effect size of different crossovers

x4 XTI p-value 1HFNRN & AH

SRR B AT Y vs A TLAT X AL vs AN W5 28 X vs RN
p-value Cohen d p-value Cohen d p-value Cohen d
1 <0.001 3.21 (L) <0.001 6.14 (L) <0.001 7.06 (L)
2 <0.001 4.79 (L) <0.001 3.81 (L) <0.001 5.24 (L)
3 <0.001 6.15 (L) <0.001 4.79 (L) <0.001 6.07 (L)
4 0.021 0.27 (S) 0.242 0.09 0.005 0.32(S)
8 <0.001 17.22 (L) <0.001 7.40 (L) <0.001 11.22 (L)

FEGE VIR P AR SCHE HE B2 AR B 40 A B 05 A8 S A S 389 A8 SR 3 A AR B 5 AR S0 U
11T S A AR B 72 e AN 3 A AR R SCHR M I B BSE  p-value 57T 0.05.FHER 4 ] Ji: B A B i) ik
PP X 3 PRI p-value {3376 /NT 0.05, U8 A SCAE UEF FTg AT V- ¥ AR B S B 38 XL RS AS
NIRRT S kAR 2 S B2 0T i g i R gt 22 X

SRV A A BN KNI FR R, 5 3 T A B0 AR [R], AN 52 R A 7 S R R S R A A () T
FE B, Cohen $2H1,d=0.8,d=0.5 1 d=0.2 43 HIXT K (L) H1(M)~ Z(S)IX 3 Fp iy . 45 2008 B2 KT 0.8, B 3 B
PR AR B B R S /N N B (2 3R 4 TR, R0 00 R )3 b B IR R s 4R KT 0.8, BRIV A8 Ay B A i %o
TRE)T 4 kU, RS2 P A B 15 0 TR B 00 3R 3 bl LU B, 58 g A8 X RS RS ORI A1 A8 SIX 3 i s T 5
A 100%, H e384 AR 5 A SCAE SCRT (P S A ARBORH AT i DARE A B8 R LR, 3
BN S AL/ BN AN B

3 PR R T 4 FPRE X0 AR B B AT I AR R L R H A B R R AT 2
T B 9, AL R HHAE 100 SIS E 4 FRAS X5 3N AT U 8 A Rl LT 38 A AR ER 1 4 A1 1 Ol
RS ABARAC R 4 B A ] A S5 3 AR AR R P 3 A AR

B9 BT & MBI 5 AT AR A EF R P AR B A S B 9w iR T
TRy 4(RILFE P 1) 5),4 Fhas XE T P it ARECRE A BRI 4y 2 A 7R A 4 ANFRFF i AR ST 3P 3 dkb
ARBIY TR T 588 S RS AT RN 2148 SR 34338 A AR B, 1 B AR S (1048 SB35 SR (8 =5 TR e, AR
SCITVE R B 4 Ak R, BB e Ay A T A 3 R As ST R B B 23 A B o, I LA s R R I
AW A X ET I
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4001 % 7 %E 400 J J J
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0 . . . —— 0 . . . ;
One-PointTwo-Point Uniform Our One-PointTwo-Point Uniform Our
(a) FE/¥ 1:Equals (b) F&J¥ 2:Transform
1000 1000
800 1 ) : 800 1
600 A l T E 600 A
400 1 - 400 A
oy SRS %
One-PointTwo-Point Uniform Our One- PomtTwo Pomt Unlform
(c) F&/7 3:luhnCheck (d) FEFP 4mest
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600 1
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(e) F2J7 8:iszero

Fig.9 Comparision of generations between different crossovers

o AR X R OT AL A BN L

3.4.2  ARSCT RS HA SR U5 ) B

H T BAIEA LT CL-PSO AN T~ HAL 77 52 5 A AL 35 % CL-PSO 5 i 4f PSO 7774 APSO FIIATTHiT 4
) OL-PSO J7 iEHEAT T T L, 2 5 24 43 S Y 4 Fh 7 6 BEAS DIAAFE PP $0AT 100 W5 1R 25 o5 28 R 38 1k A AR 4k

H# 5 7T BLE H:OL-PSO FIA 3L J7 ¥ CL-PSO B 24T APSO 77751 PSO J7 ¥, 0 78 55 KR T+ 22 7 100%,
TEICERRIAR Sy 2 FRIY 3 FIFR)T 8 St 7 o MR P SR Ut JL PS8 AL AR BB A T 8 R B 11 B A K b 8 o
TR A8 A= e T O SRS B AT IS B 100% 8 75 28 R P I 5 ,OL-PSO #1 CL-PSO J5 i1 -F i A48 4k
H—EREIBL.

OL-PSO &¥4 IEAT R 5 R 1% R SR MEAH 45 5 10 735510 CL-PSO &R FA 28 SUH 75t e s U AT 4L &
TS SR 4 R AR AT IR X B O VE AR B 6 R YR 100%, 06 25 5 i AR P 3 AR L U R 2. fri
¥ 3 FRRIY 4 28 5 K — S8 0 2 1 T 3 MR 3 8 A a3 & P AS SO 0 JLHEAT A 4, B b o
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Al CL-PSO J5 k34T I3 FH 491 A . im0 51 AN 2 s LI A e Lb 0 RE 7 5 F2 7 6 My 7, - F 2 5%
AR, HZE OL-PSO HIRCR ER UL CL-PSO J5 ikl — 283X 2 th F 51 X AN S M B I A2 )7 ,CL-PSO ik Rk
PEILAE UL F 1A LM OL-PSO AR m LUK JLHEAT IE AT 2R A 50925 10 4 Jmi 48 22 1k BP0 ) 394 R 1k BB 13 LA By
W, R I, CL-PSO i A7 5 M 7 L2 K AR 7 10 = 50 N 24

Table 5 Average coverage and average generations of the four approaches

RS A PITIEIP BB R R B AL

- PSO APSO OL-PSO CL-PSO
) B (%) PR | R (%) IR | B R (%) PR | B R (%) I
1 81 320.9 100 185.87 100 3.07 100 4.01
2 65 578.24 62 479.36 100 120.76 100 6.47
3 39 783.07 63 728.71 100 283.7 100 25.9
4 100 403.56 100 177.33 100 67.82 100 7.49
5 100 267.1 100 156.18 100 134.5 100 138.14
6 100 377.04 100 159.05 100 63.49 100 70.9
7 100 63.07 100 32.23 100 8.42 100 9.1
8 19 921.47 54 935.5 100 22.7 100 23.61

N T S MO LEAR SO R S FAt 3l 75 325 10 DO, FRATT EAARE Al 75 I SR 2K 100 DX HEAAREC FEAS X 55
Ko 5 RIEAT T e vh R 30 IO 143 B3 6 A Wilcoxon FRFIKL G FI Cohen d (¥ &L & 4f 5 Fh 7 VA BEAT 43
BT (R 45

Table 6 p-value and effect size of the four approaches

3= 6 4 FITVER) p-value {H AN FAE

IR PSO vs. CL-PSO APSO vs. CL-PSO OL-PSO vs. CL-PSO
A p-value Cohen d p-value Cohen d p-value Cohen d
1 <0.001 1.35(L) <0.001 4.06 (L) 1 -2.44 (L)

2 <0.001 2.52 (L) <0.001 1.61 (L) | <0.001 2.03 (L)
3 <0.001 3.92 (L) <0.001 4.05(QL) | <0.001 3.63 (L)
4 <0.001 5.09 (L) <0.001 1.84 (L) | <0.001 1.87 (L)
5 <0.001 2.91 (L) 0.009 0.38 (S) 0.763 -0.07

6 <0.001 2.78 (L) <0.001 1.16 (L) 0.827 -0.17

7 <0.001 1.64 (L) <0.001 2.47 (L) 0.928 —0.23(S)
8 <0.001 7.77 (L) <0.001 1333 (L) 1 -0.82 (L)

R 6 ISR B4, A SCHE 1 AR % 4 Bk PSO,APSO,0L-PSO (1134 3 4 AR %, 5 A 3L 11
CL-PSO J5ik 22 A W3 T4 T PSO Ml APSO J7 2K i, I A FE I 1) p-value ¥3/NT 0.05, B0 ] BUAE 48 )5 %,
Ui B A 3C 7V CL-PSO HISF 310 AR 35 PSO Al APSO 77 VA5 1E B & 2 % %t T OL-PSO 75 ¥k, R A
TR 2 L8 3 FITEF 43X 3 MR p-value /N T 0.05, T HoAth 5 ANFEFE B8 A 6 4 44 8 % 3¢, B, 4% 32 779 CL-PSO
5 OL-PSO R AR,

TE RN 5 A3 M8 47 ,d=0.8,d=0.5 F1 d=0.2 43 HI5F ML) (M)~ 7NS)IX 3 Rk & . %F T PSO 1 APSO
SR FEA P27 1Y B 34 KT 0.8, 380 5 A2 7 55 i i % T+ OL-PSO SR, 5 AR T I 5 4
HAH, 3t W] OL-PSO I BEAACE (10 Eb A SC U5k CL-PSO /N, 3F HAEIX 5 NFEFE A 3 AT IR0 B
T 8 S A 5 /N 1) BV RE S o 8 P B A e WA AR S U5 5 5 OL-PSO i 72 e AN K.

Kl 10 2 8 MR SILE PSO,APSO,OL-PSO Fl CL-PSO X 4 Flt 7% N (V-S4 HE AL AR B 20 A1 15 o0, 3o v
ABBRFRIR 4 Fh 7 725, AL KR AR VRSP S BEE AR S

H& 10 AT LLA H,0L-PSO FIA L) CL-PSO J5 A 8 MREFFH T H LA #8 LL PSO Fil APSO J5 k%
I TR 0 T B A ST B AR 7 23 R 3 AR 4 SR 30T T 28 U 75 AR AT 414 1) CL-PSO 7
V5 B LG OL-PSO ik B A ILH, Ui CL-PSO 1% T b2 F2 15 e A 3.
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(g) T&J¥ 7:density (h) F&J¥ 8:iszero

Fig.10 Evolution algebra of different approaches
10 AR5 7 ¥ 3t A AR Eo L

343 SEERE RN

00 3ok T T A D S I 4 R AT X S AT 0 R L A A R A R [ 4

EE @R 1. ASC 0 T EAT B A G 10 A8 BT AR T Al A SO 3 A8 X A XL 3
SN AT H A

Wi 3 A1 9 W] LUE HH AR SCTTE A8 SBT3 A A A IR R e 8 R 3 A T A p s X B AE X
R 5178 SO 3 Fae X7 3, BAS R BATT 00 7 vt e 36 A 3 A8 SO 30 I 4 IR 2R e — 2 B0 o A i o A

BB RE 2. AN LT VA LG LA SOk i 7 vk 2 A AT LA

M 5 FE 10 v LUE H 5 546 PSO Jivk s APSO J7Vi4H B, A U7 7% CL-PSO R a6 % 1 IR M7,
MXT T OL-PSO, & % di BB TN T 100%, 4 o % FT 2 A EE S A MR 20 87 3 FIfT 4
HE] LA H:CL-PSO kb OL-PSO 75 VXt A ARK 7 BR G gak /s, 7 03 FH 9] A= s T S0 B AT AL 34 X 2 el T,
CL-PSO fiff i T 28 X F 0 B AT T 44 Mok T~ oA A2 7 1 5 ,CL-PSO #1 OL-PSO 7E~F Rt fb A~ % b2
AL ES.
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4 BHIES

S AR 3SR AT R K A 3% AL AN T

T3 THT A P9 78 DR 3% BT 1 3 DI A SR A B 00 S 45 R 1A 5 i IR D R AL i i — R 0, &%
A5 06 5 RAT € (KT REA LR DRk, D 1 AR B3k B LA ol O FX) 5 i, AR SC S 56 5 SR 100 0 A2 S50 1) - B89 48

I3 77 THI A A1 PR 3R U0 R e A B ) S0 5 SR AR S A H I, AR SC T 3 Rl T A AR ST A S A R T Ak
ST Al 1 A1 B i A 70 S ST 1K) A 53 S 2 IRAFAE A LG 2R, I SL TG ik 3ot A2 A ST i) 2% 1, B O B
A5 2 TR, 45 i B AR BT 5 2 ] A e 7 S T AF L 52 ) ) 8.

5 MXI{E

BT 2R (¥ IR A 2 il B T4 R 1 3P TP (search-based software engineering, fij#k SBSE)! 473k /1)
AN B S S A IR 481 A B AT [ — AN T (K ST 17,1992 4F, Xanthakis 55 AU VOB B8R SR R
FAF A W03 9 A= . Sthamer! S7E B8 - 8 S0 o A F 8 A% ST T 40 SR 1 PR IR 4% 1) . Wegener
2t N VOV 7 7 SR T 3 A B9 10 0 3 PR 491 2 ol A 98, 300 et St 4 T MW R ) 52 6, T 4 R S WA T A% AR (1
B A R BB L S 8 1) 78 7% % Fraser A1 Arcuril' 7"V 43 T —Fh 5t Tava B8 Fe 1 st FH 491 4 11 30 26 i
T H——EvoSuite. % T H 3= B 5 I8 4% 5307 A2 00 90 A1), Sk [ 19730 5k 52 56 6 BEHLIE I Tk Java 2
JPREAT SR, 45 AR WL H EvoSuite 2F I3 FH 49 T LAk 2145 w1 1 43 S 7 35 26 76 SCHR[20] 71 Fraser 55 A8
SCAGEE DR B A EvoSuite H g AR VR, NN JR B4 3R B8 4 iy 77 0 378 a5 28 AH L T g AR VA AR DA i
PR R R B S 6 3 A T AN [, PSO ¥ A WU A B A i b (¥ BF 5 A WIS 25 Windisch % APLKE
PSO S 1 A 30 I i bim AR s 18 e 6 — SE AR PP R AT SR 9T, 45 SR B, PSO By AR AR A 26 AT 0%
TR T AR S B P WA NPT 40 S0 56 g vE I Y T 4 Bl g0 PSO ST (178 1k g 3t A SRV R RBE LR K BT
VEREAT DA HICH 25 Fl 2 R 1) SEIE 3 A, 236 4 SR SR WAL 8T PSO BV TE 43 ST 78 25 26 A5 1 e B0 T ast A% S
B K5I

b o L DR 65 ) 5 2% 1 3 B 43 32 4 PR TR A3 BIVE A 3 — i) 8, MeMinn U YA QRS 14T 716 4,3 et v 1)
A B 19 B A 2 40 S PPN A5 8L, AT A8 BITAT (%) 50 32 4 143 31 58 A VP 7 AR SCHEANE B4R () S Ak, S0 o I
S 2R B Al P 1 AR 4 A (0 A g SROBEAT T O R A T D BB SR A 2, T A A R I B BR BN i e A VR
BT 43 SC I T B850, HL A 3ot 22 1 5 ) N ) 3 4
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