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Computing Software Reliability Based on Program Invariants
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Abstract: Existing methods to compute software reliability use the testing data of input and output. However, the data cannot truly
reflect the behaviors of the software. For examples, it is possible that testing has false positive outputs, and one input with multiple faults
cannot be revealed in the testing. This paper attempts to use program invariants to compute software reliability. First, test cases are
selected to dynamically obtain program invariants. Then, the failure data from these invariants are extracted. Finally, the software
reliabilities is computed based on Nelson model. In experiments, the reliabilities of the software in the Siemens set are computed.
Program invariants are obtained by applying three different testing methods: random, branch coverage and block coverage. The
reliabilities are computed next based on these invariants. To check the correctness of the results, software reliabilities are also computed
with traditional methods. A comparison shows that the differences between two types of reliabilities are small no matter which testing
method is selected. Further variance analysis shows that reliabilities by the proposed method have lower fluctuation, i.e., more stable, than
those with existing methods, thus is closer to the real reliability of the system. This suggests that software reliability can be computed
based on program invariants.
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B T S R A T AR O () T R R, A T 00 RO T R A A B 1% 3 ER LA T 3R AT R A
2R B A T R TR 43 g e T A AR 7R ST R - 2y g A 2R 190 5 ok TR S R A AT S %
25 At QTR B 1 PR AR AT AN G 2 1 B 1 0 TR 38, A 2 1) R 80 AR ST (¥ BT AR SE R S R AR i 2
f) 2 Nelson 74,

IR 285 KR (0 B BT T Sk B R A S 1 5 i 2O R e 23 ) 2 R AR P B AR T Rk
B, R RO K 7 ) 0 T A R YR A R DR A FRAVIASE T 1 A AR A AR 2 (AR A, T S o v Ik e R 1 I
AR 56 AT 2 AT 5 S5BR AT SR A 1) 2 S8 B RS REAR U b F B S B SR BR b, O T SR A ME T 00 P T AR
FRAN 06 25 H R OB (1 5 e AT B 2 2k e 1)y e PO R AT S AR AN T R B B O RS SR
AR A R 5 )32 0 7 3 2 R A DA B AR A4 3 AN 2 0 A A3, BAUET D00k P 490 R L e e 221,
SEHANVGE T 2 PR 7 7 A SR AF 1 2 R 123, R 1133k 4 3 S 3 e L 48 52 o i 4 SR 5 300 S A o
AT BN AR I8 ) S5 1 R CHHTR T R T R A T SIS AT Sk R P R 5 ), T 5 B0X SEH AR A
RE LS A 1) LS AT R

W) L, AR R 2 H I L 1

2R — AR BEAT B T 8T (H L 45 R0 pass (1) I, 33X — U g AR O A8 AR PR IE A B 1 TRt
BT VAT~ 547 3 74T 5 84T 2B 1447, 1P 5 8 47 — A BUGHZE R 2 pass. X P g &t 1,18 W
2,1 11 pass A& 8 4R 1 IE 1. M AF IR 22 (W AR LE A, B AT 1 T0 VR SR B LE A 1 2R 20, AN T S B0 4 H 1 T
TEAEVTAS B 1 B0 S ] Sk B A ol — 15 B0 22 A TR i3 B8 7 A T B I A I BT T T i B
BRI, T 19 H A R 3%k 0.

Program Test case
t1(3,3.5) | t2(1,2,3) | t3(3,2,1) | t4(555) | 15(5,3,4) | 16(2,1,3)
mid(){
1. intx,y, z, m; [ J (] [ J [ J (] [ J
2: read (“Enter 3 number:”,x,y,z) [ J o [ J [ J (] [ J
3. m=z [ J (] [ J [ J (] [ J
4: if (y<2) [ J (] [ J [ J (] [ J
5: if (x<y) [ ] [ J [ J [ J
6: m=y; (]
7 else if (x<z) [ J (] [ ]
8 /***T*_gbG*****/ . .
9: else [ J [ J
10: if (x>y) [ J [ J
11: m=y [ J
12: else if (x>z) [ J
13: m=x;
14:  print (“Middle number is:”,m) [ J o [ J [ J (] [ J
Status: P(pass)/F(Fail) P P P P P F

Fig.1 An example with false positive outputs
1 BABILIE#E T

2. MRS B8 Bm — AN N 2 NI 1 D

WA 2 Fros, 2 R ) 1 (input: 1, 1, 2; output: 0),F2 % K%k 0.5, 11 1FE B B HH R 1% & 0.3 4N 31l
Sk T AR (S B A 3.2 AT FIGE 5 AT) MHERAT IR B — MR I X AR S C IR TR BT P A B,
NI 5 S500E B ) m] Pk A SR AR P 1) m) S PR — o 1 22 .

] 3. AN [ v o R T 38 2R 2 M (R R H L 48], DA TG 53 T ] S (R T A
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Chen 2 NP3 3 5256 6 H AR ) 6 W0 T VR (BAL IR DB IR L 23 Bl i) 3K 45 1) 2k B 80 25 7 AR AN I
(3 R A A A DA 3K DR R SR R A PR O RO O AT B0 IE S R 3 (10 P A 6L, S S I T i i 1k P 491
CIORURE PR RE P (45 S T LU SR K 0 T S A A R AN TS 187, DIC 3 S R A B S P T S A

Test case
t1 (input: 1, 1, 2; output: 0)

Program

int main(){
1: floata, b, c,d, e
2: cin>>a>>bh>>c;

3.1: float add(float a, float b){
3.2 return a*b  /***BUG**/

[*correct code: return a+b*/
33 }

3: d=add(a,b);

4: if (c>0)
e=d/c; [***BUG***/
/*correct code is: e=d—c;
else
e=d+c;
cout<<“a+b-|c|="<<e<<endl;
return 0;

a
o 060 © o000

Q|| Q|2 N
o
Slele®

utput:

Fig.2 Anexample with one input passing multiple faults
K2 —AAG 2 AR T

DR s, (5 388 3o U0 B 6 A A P T 3R IR 2R 28 Kt S AN 78 70 JC i HE RSl s W R e PAY 847 19 ) AL, AT
P42 T FEE AN HER. R T A XA B, FRATT 7 R B0 A S S R T SR R T FE A AR R T SR
3 3k X R 7 A I R R AT 0 DA R R P £ P A R (B A B A Bl AT ) AR
H. Daikon iz 25 73 #r.Daikon MR AOAAT I RE o A L AT RE AR PP ANAR i AN iR SR R PP A I AT I DR FF AR
(K0 Ja A 18, 220 R 0 B0 A B AR B TP R AT IR AN A e A BN I 10 AN AR R TR A
U (¥ A A A AT SR AT AN B TR, I Pietrantuono, 8 et 7 AN 25 i i 0 RN TR £ 2 2 1 T e Ak 2,
A N T P AN R IR 55 L A T A e v S T (R A A JU T A TR R A ST B S ok
VLIS AT BATT I SEIG R ek BT VR T AR R I BE AL 2 SO e M R R 1K 3 AN (IR 75 v
75 2R P ANAZ B 4 023 0l U SRR P A AT S

N T R A 45 R A I P, AT R B ) S 5 ik PR SO S O A AT A . A R S RS
TR e AT 2 AR /N i FLAS O BATD IR 5 ¥ A B 6 3k — 20 109 5 22 20 M 5 VR B AT L B 6 5 vk B 1
A AR BB R 5 VR o S AT SR B A SN K sl R i U B DL, T BRI AR R S P SR

ATCH 1A AT 15 BURE e ANAR BEAANGE AR e AN A RV R 5 2 A i T AN AR AT
AISEPEVHE A 3 WA SR I ME A AR LS 3 A G AT AR K 7505 LA PG 1] 7 AR e AL 58 4 74 ik e
PG TTFRE P CARIUR S . 55 5 5 A T SEVE RO VH 55 S S R 00T 58 6 W DT T W AT PR i 58 7
AR TAEA 455 8 5 J ST R 4.

1 BFAEEMRYEE

T2 3 AN 5 ] T B S R B 20 R e LN A A5 PO R AN A R4 R T R AR B AT ik R vh
R AN (R IR 2 IR R 250 B (10 2 i AR R A 4 A7 T B 1) S W IR B A A8 i T 47 DIDUCE™!
H1 Daikon( 4 3¢ K ] Daikon 1 42 HUAS A8 B 4 T AL

Daikon T LAt 8 A AR i 2 B a0 R AU T ok 2 T i F0 AR A8 5t e T A8 T4 H b P R B e
R 1) 3, 0 ek — AR A SR IS AT 18 S LR R, AT R BR R 15 R 1) 25 S HE 5 A de X SEHE 3 H R AR

© P EBEABRFUFET  hitpa/ www. jos. org. cn



3078 Journal of Software #cfF= 4R Vol.26, No.12, December 2015

SR T DA Sy T A PR RS 0 4 N AR r 1 A R, 3 D e e P T B

TR BN A 196 MR X SERMILIAR Bl 2 1 FATHIZER R, AT T DAAE S RE Al 10 U2 1Y
AN AURAE I A I SEAL R A3 BIAN AR B e AN 58 4 1), I U W1 B I AN AR ) 9 ) B AT 2. — il
i DL X LB 1) 5 22 R 1K, 53— T DU TNl 90 P e BROAN 6 78 70 S SR FRATT 1) 28 o8 4 e 06 0 21 4 B2 1) 5K A
LU RA b B0 A BT U 5, R 20 05 SR A K K,

T — A S U 75 B P A A (W 1)

Table 1 An example of calculator
F 1 HHESHT

Code
JButton b[]=new JButton[16];
String s[]={“0",“1",“2",“3",“4” “5"
g by ek wp wC @

.
:"};

public void actionPerformed(ActionEvent e)

77,87,

if (flag==10) m2=m1+m2;
else if (flag==11) m2=m2-m1,;
else if (flag==12) m2=m2*m1;
else if (flag==13) m2=m2/m1;
else m2=m1;

Q) AR T SR AR 28] 7 b B AT IR S C A A0 T 491 26 il AR O AR e — A BT 1 42 i R
S5 1 5 DA AN B B VA i N B B AN S S P NS AN S R e O . T R
i HE B A B B AT TR SR T Guiptal® 42 H A0 7 0t — 25 R A T 4 78 25 5 OB v 00 T 491 2
F15E 80 /NIAR FH 41;

(2) & XA I Daikon ARG IR LTI x=a,x20,a<x<<b,y=ax+b,x<y,x=fn(y),xey %%, 1]
AT L g SRR PP AN (12 0

(3) IBATHEFT AR FH A5, 45 2 42 ST A

(4) BEEPAER A TR A B ENR 2,0 AR size(this.b[])==size(this.s[]) 2 &
A b KRS TR s KE.

Table 2 A part of the program invariants of the program
&2 R AR AR

Code (C1) Invariants (TI)
JButton b[]=new JButton[16];
String s[]={“0",“1",“2",“3",“4” “5" “6",“7" “8", 1) JB:::OBJECT
4GP g Y ek s O oY 2) size(this.b[])==size(this.s[])
3) this.m1>0
public void actionPerformed(ActionEvent ) 4) this.flag > 0
5) this.bl=null
if (flag==10) m2=m1+m2; 6) this.b[] contains no nulls and has only one value, of length 16
else if (flag==11) m2=m2-m1; 7) this.b[] elements!=null
else if (flag==12) m2=m2*m1; 8) this.s[] contains no nulls and has only one value, of length 16
else if (flag==13) m2=m2/m1; 9) size(this.b[])==16
else m2=m1,; 10) this.s.getClass()==java.lang.String[].class
11) this.m1<this.m2
} 12) this.flag<size(this.b[])-1

TR BATTRE & W ] 753 B A U (2 P A AR & BR SC8OHE FR )P CL SRR )T C2,%% JButton b[]=new
JButton[16]71 1 16 By 17,LA % VA4 String S[I={"07 417,27 “37 “4” “5” “B7 477 “8" 4O 47 47 wx7 w 4CP,
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“=eR A B, AT S AF BT A AR AR T2, W3R 3l xS R IR 1), AR )~ AL 5).
AT T), AR 10)~AT R 12)FSE—FF AR E 2), A%HE 6). AR 8), ALHE 9) KA TN 4
JRAGHIARAS B 2) 52 size(this.b[])==size(this.s[]), 1 22 )5 i /2 size(this.b[])-1==size(this.s[]). ‘24X, 1X B f#id %24
b B8 45 T B0 s NS B IR AR R AR T AR 46 BRI TA 2 38 IR AN 78 & size(this.b[])—1==size(this.s[]) & — 4~ K&k
Table 3 A part of program invariants of the modified program
3 B SRR A A AL

Code (C2) Invariants (T2)
JButton b[]=new JButton[17]
String s[]={"“0",“1”,“2",“3" “4” “5", 6 “77 48", 1) JB:::0BJECT
B Ty T ol & 2) size(this.b[])-1==size(this.s[])
3) this.m1 >0
public void actionPerformed(ActionEvent e) 4) this.flag=0
5) this.b!=null
if (flag==10) m2=m1+m2; 6) this.b[] contains no nulls and has only one value, of length 17
else if (flag==11) m2=m2-m1,; 7) this.b[] elements!=null
else if (flag==12) m2=m2*m1; 8) this.s[] contains no nulls and has only one value, of length 17
else if (flag==13) m2=m2/m1, 9) size(this.b[])==17
else m2=m1,; 10) this.s.getClass()==java.lang.String[].class
11) this.m1<this.m2
} 12) this.flag<size(this.b[])-1

FEZRE P AT IR B A ), 6 A AN AR 3 207 S, b RN AR B AT 282 A
2 ETAEEMAEMITE

21 AIEEEITE&RR

A SCRHR Nelson A 5 R 7R SR 50 402 0 AT 5 1 Nelson B fF T S5 PEARE Rt 3£ 5 0 4n 18 4%
1) FEFPOANNEES E LH—AFFE R F B—ANEE X B E=(Ei=1,... m)FE R H T HATRF
B JITAT i N B (9 S A, — AN B S R — AN R R T LA
2) O TREAMRN B BT HAT AR F(E);
3)  WTRER A R SR SRR A F % R AU )T A SR A F
4) KT HAE B R SER L FENEREmE FE)NAEFEEZ W, RF (E)-FE) < AHR] 5 —i8
Ej P S B P (Ej) i HH 2V 30 B B | P (Bj)— (B> 45, 3% I A A R P R 2 — TR 3K
5) WA FE R S B R 5 A
Nelson #5221 v 531 AT SEE 1) R £ A
R =l—zm:LP(Ei) 1)
i=1 1
FoHb B 3R B Bl 3 R S P () B 3580 HP 008 ST B8 (R A 80 ng B 3R g A KU 5 350 T AR A
A% fi.
WA PR AR B R ok FAR R W T 53R 1 4 TS8R 1 1) AT SR
Step 1. ZE IR P14, 4628 11 o FRATIEAE 30 T 80 AN 1.
Step 2. A4 AR G AT 4 28 BAR I 40 287 V2
a) ML geov G iF, PAT IR T, A R o T 45 5 A 1R 7 76 A B
b) 43 BT i T 50 %o R rh RS o3 3 B R A R
c) I A It 4 B,Qﬂﬁﬂéﬁﬁf?‘i‘ﬁﬂﬂﬁﬂﬁ}iﬁ S PR EL (122 M1 75 ZEAR 4 P 1 465 1 LA A
DU FH B HIN), -2 R B 1) A FA k451 B 2 [R] — 23 451
PR R FRATE BT S8 TP U0 R B 4 A 3% 8 4 Sk e ik e AT 4 2K
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e 4337 1:if (flag==10) m2=m1+m2;
o 4337 2:else if (flag==11) m2=m2-m1;
e 3 3:elseif (flag==12) m2=m2*m1;
o /r37 4:else if (flag==13) m2=m2/m1.
tURFORER 7S
e T1:x123;
e T2:x19.18.5;
o T3:x28963;
e T4:x277 34.9;
e T5:x493;
e T6:x376.163.
DB e x1,x2,x3,x4 R IR bR AL bR S A2 X1 I R AT 20 3 1 2h5 A5 A7 x2 I FE PR AT 43 3¢ 2
i’ﬂfm AL X3 IS FEFP AT 23 32 3; 24853547 2 x4 I F2 7P AT 73 3 4. 43T IR T1 i, 385 geov vl BLAH
T893 32 1 Bl 0 R 4 4 56 2 32 1, TV A 7 s o Ath 3 AN 2332 B R AT T AAS 31 T2 AN 36 7 40 2 1,T3 A
TARH T3 2,T5 B TR 476 A 17332 3. K1, AT T2 A0 T2 43 o0 — 4L s B4k, T3 Fn T4
53— A4, TS 43 2 — A F 1 4, T6 43— 2H I F ) 4
FRAE 3y, ATy LUK A 80 /N 91 43 it 5 28, B 43 28 45 I W3R 4
Table 4 Classification of the test cases

x4 DB 732

Sort 1 2 3 4 5 | Total
Number 17 11 23 26 3 80

Step 3. 402RJ5 BATREANIR TG ERREF RE S 1 3R 15 BR3P AR B R AR B B AR H s L
#* 5.

Table 5 Program invariants and failure data of the test cases

RS AUB A AN AR (R AR )

Sort 1 2 3 4 5
Total invariants 1286 999 1542 2201 47
Failure invariants 8 192 198 269 2

Step 4. JH i 18 2 1) e RCHE BEAT AT SRS
R Nelson FEAY AT vH 545 2 B AT 524
(17 8 +11192 23 198 26 269 3 2j70894

801286 80999 801542 80 2201 80 47

3 ZWRE

H T S5RGBT AN RN 7 v I RT SEE T A 5 v EAT b, DAk 1 0 3 TN AR R T S AT SR A (M R AT
PERL AL BRATRA T 3 A& H AR P ) 26 i 7 v BE LA Jl s 3143 B 26 AR ORS00 S 78 o A il DL 2
P61 FF5:the Software-artifact Infrastructure Repository™2 F 4175 5256 96 1E (19 4 250 (1) 2 RCE0E (2R 2%

AN ) SRR AT AT B S TR DA 7 2 4 R R B LR AP S MRS K (2) AT SR RIS AT AT M B 3R TR AR i
B (0T S 54 B T Vv ST AR (R T S M AR I I R R I T RS R B BT A5 I T K B R R R
CAGSURESS AN 2N
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3.1 3®MRAE

A SCR AL 36 T3 B o6 e BORN 3% T 43 2 78 w5 B B0 3 AN [ 1 3038 7 92 A 003k 4610 4 v s i
IR 1.

BR300 3% B0 N R P A X 3 L b 32— 03 T 451, 4 — AN IR 4 0 A — A e e o O R R AE AT
1) S 6 R AR 5 TS 52 SR R A M5, AR e 10 R 0 B 15 v BE ML e B 28 /D — AN h BB B 4T BE AL IR 4R 5 BE ML
TEHL AN 35 (10 90045 P 451 R ek 3 AN 3 1 A5 kAT R, 1 2 0 B 0k 461 £ 7 s R 0 B A Th g4 D 2
TR FRATHE A — AN R —AN H 1B RE 5 ) 48 Sy — A B 348 ECI 8 491 i), B 25 BT A RO R I b L B0
— AN IR 0 6 — AR R 45 43 S v U AT DR A T T AR T B, 38 AT e R, A A R R
A 1T B BB 43 S AR 4 32 38 2 48 7 — U0 % ) W AR 380 5% 4 s A
32 BEFXKE

2RSSR FH (19 52 36 FR Sk U5 T the Software-artifact Infrastructure Repository2. The Siemens set f1, 2 7 4~ C &
7, L3R 6. AT R e S AR AR T SE T A

Table 6 Siemens set
% 6 Siemens set

Program Faulty versions  Test cases Description
print_tokens 7 4130 Lexical analyzer
print_tokens2 10 4115 Lexical analyzer

replace 32 5542 Pattern recognition

schedule 9 2 650 Priority scheduler

schedule2 10 2710 Priority scheduler

tcas 41 1608 Altitude separation
tot_info 23 1052 Information measure

R 6 VEANHA T IRATLE P A 7 AR BRI AN IE A A RROCA DL 2 AN RO, B 4 R
FRAAL S — AN ER(E AT SL56 P, 5 ZEHE T A AR R S A A — M 2R BUAS). 55 b B
REFPAT — A A G (BT B 4R).

4 FERMBIEMRITES T

BV 3 FHASIR] ) 5 10K 1 IR B 4 TL(BEALIE ) . T2(0E T BB ik ) T3CEE T ik
B BB IEMRARERF C 5 T1. C 5 T2, C 5 T3 BARRFALEE TILTI2 fl TI3,BIrHRIRARF F 5
T1. F5 T2, F 5 T3 E 8 RFARZE FILFI2 M FISEA TIL 5 FI1. TI2 5 FI2 LUK TI3 5 FI3 (AN, 2 )
CEENEEOP S e e

F 7 J& 3 M AT BN AN AR B S CEOR R SCEE 1) AN $. Random 327 REATL %6 BGI F 49145 21 1 72 7 A
At Block R kT4 B 26 1 B0 49143 B K B P AN A2 et Branch 3878 3T 7 S 78 o e Bk 491 143 31
R P AN A8 i False i 28 20 1R P AN 40, Total R/ Fi P ANA8 2 1) 8 40 R 36 o] LLUR I3 F [/ — AR SR

Table 7 Failure data and the total program invariants gotten by the three test methods

RT3 MUNES BN R SR AR

Program Random Block Branch
False Total False Total False Total

print_tokens 1038 16 925 1015 16 851 998 16 832
print_tokens2 1286 15971 1269 15735 1315 15821
replace 2410 18 065 2 359 17 906 2187 17 318
schedule 1472 15126 1354 14 973 1308 14 865
schedule2 1873 16 725 1749 16 287 1702 15994
tcas 1957 20108 1913 19 947 1864 20 116
tot_info 1965 20 294 1870 19 083 1897 19 525
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PRIV SR I I Ay b 8 4 T RE R VA T ARAS IR AR A B 1 L, AT BUR IAS [ TR SR
PR RS 71 0 LEFEAAIE, R 75 AN K910 0f T-RE 1 print_tokens, LT i« 55 T 70 DAL i 75 AN JE T 70 52

1 U5 VR T A B R R | L

53k 6.13%,6.02%,5.92%, I % K 1 A0 X i 22 R A (6.13%-5.92%)/

6.13%x100%=3.4%; Ik, AT TF 515 31 3 Py 2271 e % R LI 2 35 8 B 43 L 43 53l 0 9.69%(random),9.49%
(Block)Fll 9.32%(Branch), iz KA X% % 4 3.8%.

Table 8 Percentages of the failure data
%8 RAEAEI LA R RN E

Program Random (%)  Block (%) Branch (%)
print_tokens 6.13 6.02 5.92
print_tokens2 8.05 8.06 8.31

replace 13.34 13.17 12.62

schedule 9.73 9.04 8.79

schedule2 11.19 10.73 10.64

tcas 9.73 9.59 9.26

tot_info 9.68 9.79 9.71

L EPTIR, BATRT AT HH 4538 AN R DN 7 A5 20 AN (R (9 AN 22 B R gl 2R A K0 19 1 20 R, e AT 1) A

ZN LR R
5 AIEMITEMNERSH

WA H 2 9 (7505, BATR S 7 AT 1 ] SE L JAT T LARE Fy schedule DA 51, 7 20 A0 2% 208 s 1A 3R A5 A
APEEPE VSR b3 3 A5 i, A TR B AL R 8 23 DA 16 AN 9 R R T 20 B i 328 R
B 2320 14 4SBT 48 0 1k 1 23 SO s 1 BRI 91 23 2 14 A DU Bl 4.

Step 1. JHREALINGAT L T 260 AN B, 20 B i T ik M T 272 AR B, 90 SO o ik

W7 295 AN 41
Step 2. K MK 1 2EAT 732K,

9

Yo%

iR WA 9.

Table 9 Result of the classification of the test cases from program schedule

F 9 47 schedule T 41 42 7y S 45 1
Sot 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 @il
Random 1 25 14 2 7 8 4 6 7 40 4 34 2 3 29| 260
Block 18 28 9 11 73 2 4 9 30 11 5 2 4 19 - | 272
Branch 2 20 9 10 91 4 5 6 43 2 62 6 15 20 - | 295

Step 3. 43255, 38 AT REAN IR 5 B2 RRE P L T 709 BTk 7 ni0 45 380 Jah 1) A AR R R 8 8, I3 10.
Table 10 Failure data and total program invariants in each sort

10 HRFEIFRBEIER DAL EHH
Sort Random Block Branch
O IR BARR | RAEOR  mA B | R BdE ek
1 4 27 1054 4742 54 606
2 554 4208 537 3727 1042 5919
3 721 5100 0 5100 29 372
4 8 999 2764 12 944 1683 8 938
5 715 10 984 2815 13 029 2314 12 629
6 3983 12 546 1162 14 764 853 7 410
7 394 9930 1319 3512 983 2 864
8 912 5054 0 5054 861 1511
9 77 3710 1835 11987 3349 11 409
10 1934 10 446 791 6421 595 1 046
11 192 3216 4581 13 903 778 11 086
12 1343 11 824 1025 6 735 475 8 964
13 257 4 369 415 4 482 1262 6318
14 594 4616 1 846 12 797 1224 4164
15 1236 4 486
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Step 4. KA EHEAN Nelson B PEAT AT SEPE VT8 0F 545 4L 45:0.860 8(REHL),0.862 5(J: T 4r Pji
i),0.877 203 T4y 3 ).

HARREF TS H 45 R LR 11, 5 R-reliability 38 7= B8 AL B8 417 5 14 n] 4 4 ,Block-
reliability 7R 3T 43 o 78 o5 28 B8 T 490 o8 5500 v] 5, Branch-reliability 2% 7% 3 143 37 78 56 3 O T 41
AICIETSd

Table 11  Reliability computed by program invariants
R 1 AR E R AT EEE

Program R-reliability  Block-reliability  Branch-reliability

print_tokens 0.854 1 0.860 5 0.867 9
print_tokens2 0.8417 0.852 6 0.8397
replace 0.804 4 0.8170 0.8203
schedule 0.7950 0.800 3 0.8107
schedule2 0.8214 0.829 8 0.8350
tcas 0.789 2 0.794 7 0.8051
tot_info 0.8353 0.827 8 0.8213

EHER 11 ] HAS [R) AR 7 V245 H P ] 3 1k B AR AN — B (UM Z2 28 /N A9 6T A2 ) print_tokens, B B V5 5
H R AT SEPEBRAIG, O 0.854 1,86 143 30 7 w5 5 S HH IR T S8 ka0 0.867 9311 WY & W 72 {1 24 0.013 8.

BATFE KA — T AR 5V 7 A R m Sk R 3 KD 3 L SR F 2 2R 20 AR A8 A28 4 U 1) B,y 225
R AR ) TR 98 ) A 8 DK AL 30 2 30, A ) 0 3 g v g ) Sk 1) s i g R % 12 vHBE T AN AR AR 3 Ry
PRI EEVETT 25, 3R T VE RS AN R AR AT SE L 52 R ) 3% 115 4 0.000 003 2~0.000 004 7 2 (1], 5|k, T 73 4 )
S H R AR 1, D0 g ¥ e 55 i AN KX R DR Ay AN AR S I (1 2 A A (R AT O T o B ) T A
HEORR AT SE R, T AS R AR AR 5 i R 1 R n] SE k.

Table 12 Variance of the computed reliability
F 12 AR EM S 2

7 Ji 7%
print_tokens 0.000 003 2
Print_tokens2 0.000 003 2
Replace 0.000 004 7
Schedule 0.000 004 3
Schedule2 0.000 003 2
Tcas 0.000 004 4
tot_info 0.000 003 3
gi Lk, AR
1) EARRNRRTE T, AL &8 o] SRR S8 AR AT — & 1w 22, U R AT LS AN G 1)

AR 2 AT 5 0 et
2)  FRAS R SLT SEE I B T 10 1 7 S S A K

6 FI{THEST

AT BUAT (vt ST SEPE TSR ST 7 ASRE I (0 R AR B AT AR R Nelson B 71 50X HLEATT A
PRI RO VS R, 48 vk SR m Sk AR5, AT HE A T AN 5 v 5 o (1wl S A R AT 5 ik vk S F T
FEVE 2 A (1 22 5 AT FE AR H A 5 SRR 13

HI 13 1350, £E 17— R TN AN AR S MR BAT 73 v S50t I P SE EAT 20 ol 22 52 AT I AN AR v B
FAEPE KA N B J5 0T S R R K (H 2 P B A ZE AN K I AT R 14 AN 1% 22 I 0 B9 21 AE 3R 14 7,
5 KRR R R 25 AT 3.787%, 11 KIS 73 AHGS 158 22 R 4 RHELAE 1% 244
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Table 13 Reliability computed by program invariants and by traditional method
F 13 FIHIA AL GEORUR I ERAT 75 s vt S AL 10 m] S

Program R-reliability Block-reliability Branch-reliability
AR [ WIRES AR [ WIRES AR [ WIRES
print_tokens 0.854 1 0.847 2 0.860 5 0.8613 0.867 9 0.8748
print_tokens2 0.8417 0.8518 0.852 6 0.8491 0.8397 0.864 7
replace 0.804 4 0.797 2 0.8170 0.810 3 0.820 3 0.829 7
schedule 0.7950 0.808 6 0.800 3 0.8318 0.8107 0.8194
schedule2 0.8214 0.8199 0.829 8 0.824 7 0.8350 0.8315
tcas 0.789 2 0.8017 0.7947 0.7948 0.8051 0.8159
tot_info 0.8353 0.824 9 0.827 8 0.817 5 0.821 3 0.836 1
Table 14  Relative error between the two kinds of reliability
14 PISEAEEVE RO AR R 22
Program R-reliability (%)  Block-reliability (%)  Branch-reliability (%)
print_tokens 0.814 4 -0.092 9 —0.7888
Print_tokens2 -1.1857 0.412 2 -2.8912
Replace 0.903 2 0.826 9 -1.1329
Schedule -1.6819 -3.7870 -1.0618
Schedule2 0.1829 0.618 4 0.4209
Tcas -1.559 2 -0.012 6 -1.3237
tot_info 1.260 8 1.2599 -1.770 1

PR ok, AT LE B BUAT 7 VE AN ANAR B T3 vk S5 K P S AT SEPEAE AN R U7 VR TR 7 A B sl RN R A
T T3, FRATTAT LA J7 Z2 2k 20 i 01X — 1 5. 38 15 FI i T IX 2R A SE vt OTVEAE 3 AR UL NI 7 2 3R
15 A LU T 9 b 5 3 v S FR AT S R 5 2R AN R O B A LE AT 5 A 5 ik i w] S R e sl KT AR
VS PR R R D ) 3 DR D I A T ik v SR A AT R R T T S AR I JR AT R o
S PR T S S AR T VR AT FEE BT DLAEAS [ MR T 3R, Al R 2 A A R OR8N A
SR AT HEAR BOAT A, AR AN TR] B DR 7 92 7 A AN () ) AN A (T A AN ) ol 200 R 0 — A ) s ik
AT AR IAT A, I AAS AR B T 55 PR T 5 A P o mT S e, g 80 77 A 8 iR DR A T A7 28 SR A (AN B
AN i) 2 )BT — 58 B R

Table 15 Comparison on the variances of the two kinds of reliability
F 15 PIRAEENER T ZE LR

FT SN E—

AR E(107) 14 75775(107)
print_tokens 0.32 13
Print_tokens2 0.32 4.6
Replace 0. 47 1.8
Schedule 0.43 9.0
Schedule2 0. 32 2.7
Tcas 0. 44 7.7
tot_info 0. 33 5.8

LRI P A T BT I v SRS 5, BATTE AT DA AN AR BRSO (K R S 2 LR AN B A
()R S 1 B A B 1 S s S

T 1:Simens B LI H AT A A UK B 5058 AL AR B UE S DT ISR e B, BT AFRAT T e SR i 1
AR B FA RSP IOV AR RO R SR P O F BeAT IF AR A Ja (RN IE AR A B X I A e
P RBAE BATT K T7 5 IF B G A T LA AT SR T2 e, BT DA A5 LR Al AT 58 3R 05 3 i AR 15 0
Ji .

© P EBEABRFUFET  hitpa/ www. jos. org. cn




Ak Sk FAFRE it FSRETER 3085

7 MXIE

7.1 BRI EEER

e £ U R ATV 2 0T T EE PR R RIF S 5 1R 2K i, 3 AR TR BT LA 43 kg A vy 5 ke S K AR 7Y
(software reliability growth models, &5 # SRGMs)H1%E T~ 4L 44 F 5104

AT S PR AR SRG M OLIE: i 1) sl 6 AT AT A il T A2 T S A R Ak B B 0 K e R

Ay K SRR I T S A TR TSV T LA Sty A A T R B £ 4 g T 2O ETR g  i BE i AR T i 1
AT R P AR AT 8 O BAA T K 1 00 R SR BT 16 Kt A i R 4 3K 42 037 O e o A 2 8 1A A A T A 7
o U P S R I £ R T LA SR 0 A, 8 N I) o R B BT S e ) R R B L R o
SR SR ik O 2 £ 2 8 T Ay T AP S Jod P 7 ol D A g 3 £ B I 7 2 280 SR A, S e
To 00 A a5 MR 0 0 I AE D8 DA AR R R POl B B TR B 08 © e T R A LR A 22 8] AR
IRAEAREAS R () RIS AR T J5 A% ) T A0 I AE AR G R KA L, 2R 8 PSR MR IR VT S A T R PR AT B 1 T
PR P RAT HOE AT A R BRI SRA T, 0 A A AT 328 F) T Sk SRS T2 0 b BiAT Rl Sk
() AR I 25 ] e o) RS ] L2 Al Ay R e 0 R A S B 7 0L, O T R A R 1 R
FHELARSE 1R DL B IR AT SN LAETCICAZRE R v ) PRI AT PR ST A 2 T 2 52 (10 ER X LA R P oA i3 122 AR
BT SR 5, 214 KA R P A 0 PRI T I 20 P 2 DT T AS B .

7.2 KRYEIE

JeRCER SRV« SRR 229 AT AT LA S R A B3 AL A v 35 R A K B e AT G 7
A3 ELAR R 75 R P A e VB B o] LU SRSCRS . UML BRI T3l 15 3RA5AH A5 R AN B0 3 i A 3k
YO 18 2R 2 0 P P B, A9t e A« A8 D50t SR A8t T DA DA A5 B30 10 R Y50 3 3o o R B Aol 2
FCrp R doe )2 Kl 7 3 U BORR 0 5 20 (1 AN [ 2 S 1 AN [ 1) 2R R Ml

o G U 4, IO R i R 4,

o TURG T IAIRET I AT A B 1 LK BN TR P 1 2R 280 OR8] 5341,

SCHR[231V 40 T PR BRAT R 8K (1425 Foft AN 7] 30 9037 95 AH 2 3 8 SR SR A B I 1) P )
NP HE AR S T I BEAT 2% 8RR P> P I (A5 5L i P £ v 5 P e ARl G A P A S L A 3 A AT Ol AT A S
DR R SE [, TAT sk AR 0 32K 1 2R A 000t 5 R 1) AT 6 P 9 F AN+ 20 HE .

T 3 AN A 2 T o AR P 1R 8 AT D BRI RE 5 S I G P9 A5 R o, DR Wb e RE 6 S R B A AT M
EUAS A FERE 1 4 i A S £ 8008 385 17 56 22 004 G DL T AR DAy B S (9 2R 280 i A R A28 i et 32X 7 ThT PRI
HIEARZ (A7 — 24243 Pietrantuono 1 i F 7 A2 5 SR i R FUI0 €6 8 o m] e PO, 1 4 6 2 G A
ANAR BSR4 () 4 2 T S A TP Lt T e T 40 9 A 30 T P AS A o v B T S () T AT

8 & it

NS o S 56 A i W B AT AT DA o P AN A B R o SR RT SR L AR A AR R AN R T S T
SEVERVILAT T7 V5 v S AT SEPE AR ZE AN L = AR AN RN T R AN R o S A ) S B sl B R
AT 0 SIZ B T A AAN A 5 10 49 2 0K 20 1 A ) S A A BRAT TR A R ATl AR A ) S AT TR A
WL AT R T B RIS PR TR Al R T

ORI T AR R

1) EFRSANER R E) B DG 0 RN R AN AR 2 TR A A A S, 2 89 00 2K 28 a5 i v S5 4 SR AT

IS 2 R AR A, A A AR PR AN AR AT BE AR ST b i i S N R O A
2)  EEORPABCE I P 81 A 2 T A R KT 1 7 A R AN AR R AR KRR O ATt R T R AR
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B AR DK 1 22 ARV S SR (R 45 R ANHERR . Ol 1 X AR 0, B AT 7 0 I 1
(10 5 SR S ST I e A0 2 ok K 26 0 461

3) U AN T R FAA T EE I, HE 2D U0 UE N e B T SR RS

4)  AESERRIN A AT ARG A IR IXRE BT A RE I 1 U R SR AT AN S () AN AR i A2 20
o B 7 R S AR IR £ SN RS A AN AR R SR S A PR AN AR R ORE R TR
P RS e (R DG B ) L2

BUst  FRAT N A S A 45 T SR AN SRR TR AT, JC R A6 50K 27 e P B R B0 B T RS 6 & e 2
AR I
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