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Abstract: Condition/decision coverage (C/DC) is a frequently used coverage criteria for safety-critical software testing. It requires
every decision and condition in the program have taken all possible outcomes (true or false). Existing approaches of automatic test
generation for C/DC criteria are defective. For example, symbolic execution based approaches are limited by the constraint solver, which
is difficult in processing non-linear constraints; hill climbing often sticks at local optima, which limits yielding of high-coverage cases;
and simulated annealing and genetic algorithm need complicated configuration, which make the results unstable. In this paper, a novel test
generation approach that is guided by linear fitting is proposed. The basis of the approach is to sample every decision and condition of
numerical values with program instrumentation. The relationship of inputs and samples is then build with linear fitting functions. By
searching the target inputs on the gradually refined functions, test case is generated with high coverage. Experiments on 25 real programs
in open source projects show that the proposed approach is more effective and efficient than the genetic algorithm of test generation

K ey words; omatic test generation; condition/decision coverage; linear fitting; associated path
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( int long float double )
/ ) : ( ) :
SE )

C/bC

~

25

0:  doublex; input(x);
1:  double w=x"2+1;

rite (sin(w));
if sin(w)==0 then
prite (w=10); write (cos(x)-0.2)]
if w>10 & & cos(x)<0.2 then
x+=1;
else
X—=1;
endif
endif

N

PN TR ®

Fig.1 Anexample program
1

( 2 3 ify 3 ( 2
sin(w)==0, 3 c2:w>10 3 €3:c0s(x)<0.2),
; / , 4 , ;
(true true,true),(true,falsefalse),(falsetrue,true),(false,falsefalse), C/DC ,
C/DC . cl,c2,c3 (
sin,cos ),
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f(x) O ( ), (%) o0, X (
)- f(%) Ho) . oel>=<=,=7}. 1

e cl sin(®+1)=0, fy(X)=sin(x*+1);
o C2:X3+1-1050, fp(X)=x*-9;
e 3 cos(x)-0.2<0, fz(x)=cos(x)—0.2.

. , X, f(X) 0 0
f1(x)>0 f1(x)=0 )- (%) :
f(%), :
) 1 )
‘f (X) , :
1 f1(x),f2(%).f3(%) :
X=7,x=1, . 2 3 ,
f1(7)=sin(w)=-0.26,f,(7)=w—10=40,f5(7)=cos(x)-0.2=
0.55. &(7) (tru dc(7) (truefalse); x=1 ,
f1(1)=0.91, f(1) f3(1) . T =(false,x,x),
dc(1) =(false,x). f/(x) =—0.195x+1.11. c/bC
, dc ) dc, , dc,=true
c ,dcy C1 ,dc, C2,C3 . ,
dc,=true dc,=true dc,
, (%) = ( x=10). , x=10
, 1(10)=0.91, dc,(10) fal , f1(10) f/(x),

f, () (. f(1)h(7)f(20) 3 / , 3
):

, -0.195x+1.11, x €[4,
f1(x) =
0.39x-2.99, xe[7,1

» (%)
dc;=true x=3.9, f1(3,9)=-0.48,f(3,9)=6.21,f3(3,9)=—0.92, T (3.9)=(true,t dc (3.9)=(true,
true). , (0 f3(x), rue
( X=3.9 dc,=true). , C/DC -=false.
) ) C/IDC
2
( ),
2.1

, X =(X1,X2, -+ Xn) ) X i
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: P=(S1,%2; .- ,Sm), § (
)s S . , c
(disiunctive normal form, DNF), "
e.06,. 0 Oe{>=<=,=#}. .06,
eo0, ,6=€1—65. )
1( ). c p, c
s C , Cc

2

7

P .. 4FPC

) ) 3
, C/bC .
22 O
S

(abstract syntax tree, AST) ,
seS dc. ,
) . , dc

if (x++)*(x++)<5 then ..., y=x++; z=x++; if y*z<5 then ....
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AC2)V ... V(Chi+1AChi+2A - .. ACh),

, c(l=k=h) €00. e O
Oe{>=<,=,=#}.
2( )- S $,%€ S, S
S, $S < S S ) <%
) < S
: S S,
, , C/DC . ,
1 eo0 e 2
/ , p.
2.3
f(X) c . 21 c
c , f(X). ,
231
X =(X1,Xz, ... X1 , ,
3 X , : f(X)
RS
AL A
op YaE xR T &R
X ST R
Y2
— M- s mx e :
X2
Xs
Fig.3 Fitting process for two-dimensional input vector
3
1 X 2 y Yo, 3 :
X X1,X2,X3,X4, X5 X '(X,Yo)- C/IDC
f(X) ©0 , "Yo)
f(x.y)o0 1 , c/iDC
; 2 , f(X) ©0 X
Xop f'(x.Yo) (XopYo) Yo X
il ’ X Xop y il il 3
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X =(X1,X2, -+ X%n), i=1 , Xi
f(X) ©0 , , . , i
X]-(j>i),
. X(k<i), X« Xops
XXop | F(X) | : X X Xop-
2.3.2
) . Xo,Xl ) f(X) f(XO)!f(Xl)l
()= f () — (%)
f'(x)=ax+h. yja=—2 Y0 b f —ax,.
(9masb. = (%) - a%,
f(x) . : X2
f'(X) :

/ F1(x) = ax+b, xe[xy,%,)

Clox+d, xe[%,x]’
Fx) = (%) FOO=F0%) - ey 4

,a= — P (%) =%,
x1flx1)
Xouf(x0)
Fig.4 Updating of compo function
f(x)
233
, f'(x)
f(x)©0
5 f(X) : f(X)
f'(x). 0
f(x)<0 X (de).
3( ). f'(x) f(x)©0,
ue (ug,Uy) ( ) (U)O0, (ug,up) f(x)©0
( ) X

i
—
~
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234

Fig.6 Generating the refinement point d in the interval (a,b) din

1.
(af(a)).(b.f (b)),

2,
(af(a)).(bf (b)),

d
f(x) (af(a)).(bf(b)), 0 d
(bo) d .
(a,b) (b,c), (ab) (b,c)
(b,c). 0 d (c,a), .
d
f'(x)

Journal of Software Vol.27, No.3, March 2016

L f0<0 YA
L AR H X
(d,e)

Fig.5 A targetinterval of the linear fitting function
5

/, , "0 .

)- ,
(af(a)),(0,f' (b)), 0 d , d
( 6 ).
F
b
O a d X

refinement rule 1
6 (a,b) 1

lab |=<a<b . (,b)

l,a,b |=<a<b . (1,b) f/(x)
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Fig. ating the refinement point d near the interval (a,b) according to the refinement rule 2
(ab) 2 d
8 / I d e , 0 d
b , (bd) .
€,
F F
d
Fig.8 Extending the refinement point d, ding to the extension rule 1 and 2
8 1 / d e
2.4
C/DC v
, ( 2 3 ) C
. , c=boolv. , ,cC
C/DC , dc,
C. ,boolval e {true,false} ,
2.2 : S =(51,%,S3,---,5m)-
dc =(dc,,dcy,dcs....dcy), dc; :
(CIACoA...ACH)V(Cn1+1ACH1+2A - .. ACR2)V . .. V(Cri+1AChi42A . . ACh)..
c=true X : ,
dci=true DX;
(X XoN ... X)) U(Knz4 10 Xnz420 ... O Xp2) U UK 1N XKie 2N .. N XKp).
dc;=false :

(X;Nn Xy NN X)) V(X s D X g NN X ) U U (X N X N X))

dc=boolval ,
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Hokk

dc C ,
C Lo (CIACA...ACH)V ... V(Crst1AChsi2A - . ACA ... )V ... V(Cpis1AChi42A - - . ACh)
, G G
, c=true

DI, =X, N X, Mo Xy N X1 O X Moo NV X N e NV (Xpgyr N Xigop N N X)),

c=false
Dl =X, n X, Mo Xy N X N Xigo Moo N X N e N (K gag N Xipgin N ...r\Z).
LG dey.ci dc  do
/ ( ) DX1,DX,...,.DX¢ 1.

DX;nDXoN...nDX;_1Dl,.

c=false
DX, " DX, N...n DX, , " DI;.

1 , . )
oolval ¥cc,boolval). ,
¥ C/IDC )
, Ival)==, 2 CaseGenerate  cc=boolval
2 cc=boglval ,
1.
= dc,,dc, ...,dcy);
1. VecceCC(de), Hce,true)«3; ¥(cc,false)«a; /
2. el
3. whilei=m
4 for j«-0; j=cond_num(dgc;); ++j I i 1
5. if j==0 then
6 cc«dc;; /!
7 else
8 cc—Gedg "
9 end if
10. if ¥(cc,true)==J then I ,
11 cc,true)={ CaseGenerate(cc,true)} ;
12. end if
13. if ¥ccfase)==J then I ,
14. Hcc,false)={ CaseGenerate(cc,false)};
15. end if
ok ( CJava) , Cclac2ac3 cl ,Cc2 ¢c3
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1
:CaseGenerate(cc,boolval).

1

16. end for
17.  ++i;
18. end while
19. return URange(?)
2. cc=boolval
1. X9
2. X =(X1,X2, -+, Xn)s
3. for each pin P(cc)
4.

return X;
16. end if
17. X<«ObjInterval(i,cc,bo
18. X«RefExplnterval (i,p)uX
19. end for
20. ++i;
21. end while
22. end for
23. return null;
3
Eclipse
C/DC
OpenJDK7 CDT8.1
i5-2400 3.1GHz 4GB
C/DC ,
C/IDC
o 1 ,
. 2: ’
. 3

X i
X X
X )
X
X
1l Xi X
1l X
Il /
(linear fittifio, F)
C/C++ Eclipse ,
Eclipse Java ,
C/C++ el® Core™
, Ubuntu 13.04.

[7.8]

(2
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31

3
e Numerical Recipes(http://www.nr.com);
e  Benchmark of John Burkardt(http://people.sc.fsu.edu/~jburkardt/cpp_src/cpp_src.html);
e GNU Scientific Library(http://www.gnu.org/software/gsl/).

, ) , 25 . 1.
(LOC) (DE) (RE) S

Tablel Overview of the Benchmark

1

LOC DE RE

Julian 34 4 4

14VEC 82 4 4

Ei 77 4 4

Julian 48 6 6

gamma 88 5 6

35 5 7

91 5 7

48 5 7

F(X)=A*abs(X)+B 88 8 9

i4_div_rounded 14 56 6 10
r8_atan Y/IX 75 10 10
triangle 27 4 11
sort_heap_external 136 12 12
r8_gamma 205 12 12
r8_psi Psi(X) 200 11 12
interp_cubic 138 10 12
expint 73 8 13
index_box2_next_3d 3D 75 6 14
rgb_to_hue (R,GB) 106 14 14
approx 123 14 15
bessjy beschb 165 16 17
minquad F(X)=A*X"2+B*X+C 12 10 18
gsl_ieee_set_mode 19 19
hyperg_1F1_ab_posint a b 15 22
gsl_strerror 99 35 35

i 2. , ,
3.
Table2 Parameter settingsin genetic algorithm
2
16
50
0.7

0.1
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Table3 Search interval of genetic algorithm and the corresponding coverage

3
GA GA (%)
julday (-1500,1500) 95
i4vec_uniform_ab_new (-100,100) 100
el (-100,100) 50
caldat (-3E+6,3E+6) 100
gammp (~10,10) 66.67
isvalidDate (~2000,2000) 97.14
alnorm (-100,100) 100
plgndr (-100,100) 100
minabs (-100,100) 87.78
i4_div_rounded (-100,100) 100
r8_atan (-10,10) 80
triangle (-100,100) 100
heap_external (-10,10) 99.17
(-200,200) 81.67
(-4E+16,3E+15) 33.33
(~30,30) 95.83
(-10,10) 83.33
(-30,30) 97.86
(~10,10) 100
(~100,100) 86.67
(-10,10) 41.18
(~10,10) 67.78
(~30,30) 100
t (~100,100) 95.46
gsl_strerror (=100,100) 100
10s, 10 )
3.2
, .C/IDC
, ‘ . triangle
, 4, 11, , C/DC
(3+9)/(4+11)x100%=80%. , .
, 10 ) )
4 25 )
10
4 : ) )
(sort_heap_external,triangle  interp_cubic), .
: )
( 4 ) 94.28%, 81.77%
125

( julday,minabs)
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, , 50.547s,
64.514s 27.6%. , :

Table4 Experiment results of test generation guided by linear fitting and genetic algorithm

4
(s
LF GA LF GA
0.329 2.988 25 34
20.828 20.095 33 31
60.121 70.083 70 82
0.017 0.02 26 35
64.468 80.822 80 92
3.714 7.539 37 61
0.052 0.047 17 17
11.008 10.025 28 25
1.29 27.243 19 66
0.315 0.523 51 71
80.332 75.557 85 82
10.059 6.583 91 84
sort_heap_external 1.424 3.891 62 82
r8_gamma 31.134 54.34 85 91
r8_psi 32.962 110.265 53 103
interp_cubic 84.593 68.125 68 56
expint 48.292 79.008 75 111
index_box2_next_3d 33.008 38.629 72 75
rgb_to_hue 21.658 20.697 66 60
approx 22.92 25.485 75 79
bessjy 116.94 154.769 71 102
minquad 120.171 130.336 224 341
gsl_ieee_set_mode 179.022 181.275 319 366
hyperg_1F1_ab_posint 100 95. 85.423 94.224 90 93
gsl_strerror 100 154 0.232 135 184
LoC-Weighted Avg. 94.28 81.77 .547 64.514 72.39 86.73
) r8_gamma
, y 2.23E-308~2.22E. , —200~200
y ,
6 , )
9 .
w 4
S ELF nGA
= 3
2
8 2
: I I
g1
: [
©o
gammp r8_gamma r8_psi expint

Fig.9 The covered number of extreme conditions with the approach guided by LF and"GA
9
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33
. 1, , ,
C/IDC ; 2,
; ; 3,
4
C/DC , ,
. ( )s
C/ID ,
: , C/bC ,
, C/DC ,
, C/DC , ,
100%.
5
C/bC ;
I (Hill climbing)
(simulated annealing) (genetic algorithm)
: ( )
[13715], ’
, , [16-18] '

[19,20]

[21-23]

(symbolic execution) 20 70
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[21-23]
(51 '
DART?  EGT®2528 .DART ,
EGT . ,
(271 , ,
[28-30]
(31
(32]
[33]
[27,32,34,35] .
) (BO), } C/DC
6
; c/IDC ;
) : Eclipse
, 3 25 ,
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