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C'' = ( 62} + 528 + =23 + 62} + Taf + 3¢ )

Cz= ( 3x% + 323 + 6x% + 92} + 52 + 422 + 9xZ )
C*= ( 3x} + 2«3 + 523 + T2} + 228 + 92 + 3 )
c* = ( z4 + 2§ + 2xf + 324 + 5xf + 8x% )
Co = ( 3x% + =3 + 423 + 523 + 9x§ + 48 + 3x% )
Cé = ( T7x§ + 72§ + T2 + 42§ + 2§ + 5x§ ]
e N -
(14 ) 90 15 ) 90
X oo | 13 b _ | 22 oo | 13
37 22 37 22
L 60 35 | 59 ) 35
(60 (15 ) 160 )
g | 70| g | 22 po— | 170
13 37 240
20 59 280
N / § J N s
81 HorE
%1 X2 X3 L2 X5 X6 X7 Xg X9 X 10 X11 b
X, 0 1 —0.16 0.84 0.91 0.81 0.79 0.12 —0.02 0 0 1.09
% 1 0 1.47 1.47 0.84 067 —0.12 —0.05 0.21 0 0 4.16
%10 0 0 —4.65 —14.65 —837 —6.74 1.16 —054 —1.09 1 0 4.37
%1 0 0 —837 —837 —9.07 —814 2.09 —0.16 —1.77 0 1 17.07
0 0 7.00 7.00 256  5.12 326 0.30 1.14 0 0 30.44
25 2 ¥4y RARE
1 Y2 Y3 Xy s Yo X7 xg X9 F10 Y1 b
xg |—10 . 0 0 0 0 0 —10 1 —1 —1 0 55
X, 9 1 0 1 1 2 3 0 1 0 0 13
x3 | —1.33 2.33 1 0 1 1 2 0 —0.33 0.33 0 3
2y | 1333 —13.33 0 0 0 0 -—10 0 2.33 —2.33 1 14
‘ 0 2 0 0 10 20 30 0 7 2 0 | 135




25 3 MR E

x4 %, %3 x4 X ZXg xq Xg D Xy %4 b
Xg 056 0.2 0 065 —0.11 1 —032 012 —005 O 0 0.82
x4 0.99 108 1 071 065 0 096 —033 014 0 0 2.55
X1 015 =076 O =712 349 0 046 —0.7 —0.36 1 0 1855
x4 | —5.76 —1.21 0 0.61 758 0 213 —052 —018 0 1 47.27
6.97 515 0 242 030 0 091 094 027 O 0 20.09
25 4 BRor R AE
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Xg 0.75 0 0.75 —0.5 0.25 1 0 0 —013 —013 0 1.13
Xy 2.5 0 2.5 5 7.5 0 0 0 025 —025¢ 1 32.75
3.75 167 542 083 625 O 0 0 0.71 063 0 22.96
25 5 WorriE
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x5 089 073 0 073 1 038 —024 0 0 0.16 —0.03 1.57
x3 —0.24 —0.11 1 089 0 0.35 1.7 0 0 —014  0.19 2.03
4.06 514 0 514 0 0.81 162 0 0 0.92 0.51 22.22
2B 6 TR
x, X, xq x4 x5 xg Xq xg Xg %19 Xy b
xXq .33 083 217 0 —017 05 1 0.3 —007 0 0 3.03
x4 0.33 —017. 017 1 083 0.5 0 —0.1 013 O 0 1.43
£ 6.67 1.67 —167 O 167 5 0 0 —033 1 0 29.67
Xy 3.33 8.33 .67 0 —167 5 0 0 —067 O 1 44.33
2 3 5 0 1 b} 0 0.8 0.6 0 0 25.2




LG OFRBAIEORICE IO THBEBREOBESD 217 - 1TRER,

2= 20.20
22 = 132.82
23 = 19.83 .
2= 2.9
25 = 22.22
26 = 23.61
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B z=255.T7T £ 785,
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X 3o TiR
DWik 3 (mi+ n) + (mo+ n) X (mo+ n+ kn)
AREE S (mim) X ow
L2 Do WITEBRZBEITDOVTIE
DWik nXxX(m+1)+m+n
PN SeS 3n

25T, WITEN S ARBEDOHB» L H/IHIL B oTWBTENDDPD, S bic&HES 147D
B % Bh8 TR, o

PG E  Boks s | Saokra | & @ M| ARRELEE
2 | 2 4 2 X 8 17.21 17.13
3 3 5 3 x 15 56.65 54.05
5 3 X 6 3 x 30 163.12 148.49
6 4 7 4 X 42 255.77 250.63
10 5 10 5 X 100 611.33 569.28
10 10 20 10 X 200 7232.97 6476.73

LT, K95 HEEORER R 5 ENRIRD 5N TV B, CAULHR TOZERS % 1 B2

SR THAHLEPERBTIEOLE CRRAENBET VT ) XL EWVALD, i,
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A Program for Computerized Marking and Tabulation of the

Course Work Tests and Term Examinations

Takuyuki S. URAGAMI
Faculty of Science, Okayama University of Science

Ridai — cho, Okayama 700
(Received )

A program was coded to mark and tabulate the result of the course
work tests and term examinations by using the mark cards which are filled in
by a student and read by a computer. The questions for a test and ‘examination
paper are divided into two categories; one consists bof the ‘questions, the solutions
for which can be sorted and marked by a computer, and another the questions which
ought to be checked and marked by a teacher. Plural solutions can be specified as
answers for a question which is to be marked by a computer. The student's various
abilities involved in working out a question can be evaluated by listing the abilities

necessary for a question.
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Software Reliability: S-—shaped Software Reliability
Growth Models and Their Comparisons

Shigeru YAMADA*

*Graduate School of Systems Science, Okayama University

of Science, Ridai-cho 1-—1, Okéyama 700, Japan

Abstract The S-shaped growth curves of detected software errors can be
observed during software testing phase in ‘the software development. The existing
software reliability growth models so far proposed for such an error detection
process are discussed. The models are applied to actual software error data

and the results are compared.

Key Words Software reliability growth model, S-shaped growth, logistic curve,

Gompertz curve, nonhomogeneous Poisson process.

1. INTRODUCTION

Software reliability is one of the important issues of today's software
development. Several software reliability models have been proposed for the
last decade. Among these models, software reliability growth models have
been emphasized. The software reliability growth models can describe a software
error detection process and estimate software reliability in terms of the number
of errors remaining in the software system. In this area, the following models
are intéresting: Littlewood [5) (Bayesian model), Musa [6] (execution time
model ), and Goelv and Okumoto [ 1) (nonhomogeneous Poisson process (NHPP)
model ).

In Japan, several software reliability growth models have been developed

for analyzing the software error detection process in which S-shaped growth



curves of detected errors are observed in the testing. phase. Deterministic
models, i.e., the logistic and the Gompertz growth curves, have been widely
used to estimate the error content of software systems (4, 10, 11]. Some
computer manufacturers and software houses actually apply the logistic and the
Gompertz growth curve models. Besides deterministic models, stochastic software
reliability models have been developed by Yamada and Osaki (9, 12—14], and
Ohba and Kajiyama [3, 8J. Yamada-Osaki's model (the S-shaped software reliability
growth model) is based on an NHPP with the S-shaped mean value function as
a stochastic process for the software error occurrence phenomenon. Ohba-
Kajiyama's model (the inflection S-shaped software reliability growth model) has
been developed to incorporate the mutual dependency of errors by modifying the
logistic growth curve model.

Other related studies include software quality assessment based on test
data. The underlying technique is the error seeding method which can evaluate
software development toolé and techniques. Ido et al. (2] have proposed the
capture-recapture method for estimating the residual error content and obtained
efficient test strategies by applying the mutation analysis. Ohba [ 7] has introduced
a useful software quality index measured by the product of the test coverage
ratio and the test capture ratio. The method integrates Yamada-Osaki's model
and the error seeding method.

This paper discusses the software reliability growth models which have been
developed and used for the S-shaped growth curves of detected software errors
in Japan.‘ The application and comparison of the models are shown for actual

software error data.

2. EXISTING MODELS

Based on our experience of test data analysis of real software projects,
an observed curve of the cumulative number of detected errors often follows
an S-shaped growth curve. Following software reliability growth models have
been proposed  for énalyzing the S-shaped reliability growth. An error is defined
as a cause of a failure which is an unacceptable departure of program operation.

The logistic and the Gompertz growth curves have been applied to estimate

the error content of implemented software systems for last decade. The growth




curves were originally developed to predict demand trend, economic growth,
or future population. The total number of errors detected up to time t in the
testing phase is given for the logistic growth curve model as:

k

n(t) = , m, p, k>0, (1)
1 +m-exp(-pt)

and for the Gompertz growth curve model as:

t

n(t) = k-al®) 0 <a, b<1, k>0, (2)

where k, p, m, a, and b are constant parameters to be estimated by regression
analysis. The parameter k is the initial error content of a software system.

Stochastic software reliability growth models consider the time dependent
behavior of software errors. The models are based on the assumption that the
total number of errors detected up to time t follows an NHPP, denoted by
{N(t), t > 0}. The S-shaped software reliability growth model has been
developed by mbdifying Goel - Okumoto's model (1]). The model is formulated for
the error detection process including failure detection (failure occurrence) and
error isolation (failure cause analysis) as:

n

{M(t)}
Pr{N(t) =n}=————exp(—-M(t)) (n=0, 1, 2, ), (3)
n!
M(t)=a(1-(l1+bt) -exp(-bt)), a, b >0, (4)

where a is the .expected numbher of errors to be eventually detected and b is
the error detection rate per error in the steady-state. The inflection S-shaped
software reliability growth model is an NHPP model which describes a failure
detection phehomenon by modifying the logistic growth curve model. The mean
value function is given by:

N(1-exp(-¢t))

I1(t) = , N, ¢, ¢ >0, (5)
(1+¢-exp (-t))

where N is the initial error content, ¢ is the error discovery ratio, and ¢

is the inflection factor.



3. PARAMETER ESTIMATION

The model parameters in (1), (2}, (4), and (8) can be estimated as
follows. Suppose that y, is the observed cumulative number of detected errors
up to the k-th observation time t (k=1, 2, -+, n;0 < t, < t, < e <t ).

For the logistic growth curve model, the following differential equation can

be obtained from (1);

dn (t) p
— /n ()} = — (k-n, (t)). (6)
dt k
Based on linear regression analysis, the estimated relationship, 1. e., the

regression line, will be of the form

Y=c¢c+d-X, (7)
where
dn, (t)
Y = (—(—j——)/nL(t), X=n,(t), c=p, d=-p/ k. (8)
t .

A A
Then, using the estimated régression coefficients ¢ and d in (7), the estimated

model parameters in (1) can be calculated as:

VAN N
p=2¢a¢,
k=-c/d,
(9)
N AN n A
m=(n-k -2 y)/(2 vy, -exp(-pt)),

i=1 i=1

Wher_e the differential quotient in (8) needs to be smoothed. In a similar way of
method above, the parameters in (2) of the Gompertz growth curve model can
be estimated.

The model parameters in the stochastic software reliability growth models
can be estimated by the method of maximum likelihood. Then, using the NHPP's
N(tz): Y,
N(t, )=y}, i.e., the likelihood function, for the S-shaped reliability growth

properties, the joint probability mass function of {N(tl) =V,

model is given by:

O




L =Pr{N(t) =y, N(t) =y,, -+, N(t) =y, }

. IM(t) -M(t, P 10
= exp (-M(t)) [ :
! (v, = v ! :

where t0=0 and y0=0. Taking the natural logarithm of both sides of (0 and
differentiating it with respect to the unknown parameters a and b in (4) yields

the simultaneous likelihood equations as:

y, = a(l —(1+btn)k~ exp (-bt )), a

(¥, ¥ ( ti exp (~bt) - ti—l exp (~bt,_,))

n

a-ti° exp(-bt, )= 2
[(1+bt,_,)exp(~bt, ) - (1 +bt)exp(-bt)]

which can be solved numerically. The similar method can give the maximum
likelihood estimates of the unknown parameters N, ¢, and ¢ in (5) of the

inflection S-shaped software reliability growth model by substituting I(t) for M(t)

in (0.

4. APPLICATION AND COMPARISON

Actual software error data will be used to compare the existing software
reliability growth models. The data analyzed here were taken in the function
test and system test of an input-output execution control program development.
The program consists of approximately 4,000 lines of code written in basic
assembler language. Twenty three errors were detected in a 13 day period.
The observation times of detected errors were measured in net test days. An
S-shaped growth curve can be seen in Figure 1.

The estimation results for the existing models, 1i.e., SL(t), rAlg(t), I\Ad(t),
and ?(t), are also shown in Figure 1. We chose two criteria for comparison;
the sum of squares of the differences between the actual number of errors ‘yk
and the estimated number of errors ;\,k detected up to the k-th observation time

t (k=1, 2, -+-, 13), i.e.,

k



n Ap oA A A N ' A A A A
F=2@,-v) (4=n,(t), y,=n,(t), y,=M(t), or y,=1Ct,)), ®

and the accuracy of estimation defined by:

where A is the true value of the total number of errors in the software system,
and @ is the estimated expected number of errors to be eventually detected
based on each model. Table 1 summarized the results where A = 26 in the
criterion of E since 3 additional errors were detected after the testing.
Consequently, compared with the existing software reliability growth models
based on the criteria, the S-shaped software reliability growth model fits the

observed data best.

5. CONCLUDING REMARKS

For the S-shaped growth of detected errors in the testing phase, the
models for the exponential growth curve of detected errors such as Goel -
Okumoto's model do not fit the observed data. In fact the calculated values of
criteria for comparison are F=3865 and E=22.3% for the actual data in the
preceding section. The results imply poor estimation. Based on our experiences
(e.g.,(9)) for many software error data sets, we havé proved that it
is not reasonable to apply exponential growth models to an‘ observed S -shaped

growth .
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Figure 1. The estimated number of detected errors for the compared models.




Table 1. Model comparisons .

Criterion for comparison The estimated expected
number of errors to be
13 A A-a«a eventually detected,
F:k‘:l‘l(yk— Yk)z E = |_—_—I A A A
Model A a, k, or N
Logistic growth
curve model 29.6 13.7% 22.5
n (t)
Gompertz growth
curve model 23.5 8.7% 23.7
n, (t) :
Yamada-Osaki's
model 21.5 5. 3% 24.6
M(t)
Ohba-Kajiyama's . )
model 20.3 10.4 % 23.3
I(t)
(A =26)
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Chinese Characters by Nearest Neighbor Rule

BETHEFNEE & £ L 1
Reiji HASHIMOTO

1. FANE

ABD/2 4 — REBOREMIZ, AERPIC NI TEHOARICL > TERINTLIY, BEHT
BEROR[EKLOND, ZD—23, BARN S UL SEED, #B1, BENZ EO—EDOH
BTEDING, FRBENTHECHEK TERBEE L INTOIRELHANTWEIETHD,
5 —2oiF, RROERE ZOMKEE, T2bL, FFLUIDOLRETENIELIEOHRNE, 2
DEBEZRHTEVIFE2BOHBINE > ZBBEOLEREETH S, COBRER, DE¥OHRET,
“NERHIBEETHIEDOTFHZERL, BOTZOFRORINTONS " E VIR TEL
D OIEE AN TN R 7, MBI EEE DT * Ak LAr ACEHRBRICHIS L
AV RAFLARBOTIENIRERINTV S,

B PRINERINIZE X, ZH2 by 74 Y UIKKRIET S 205 HFRVIEBEICERTHS
CERTTREMINTVS, F2, RAFLEWVIERE, COUENHENEEDORNEDTHS
CEBEHETEINLY, ZUTC, CHhIRBT HEIRDVTE, I TRT+SLEHFERREBELN
TWb, - TREE, B FRASROBEFEC»2 s TWVBEWVI T EITED, U b T DI
2, FHIORALDISr &xFHANT, $5—2DR# E L TERL Im #HENKESEINALTNSE
EZiohb, ,

PUEoc s, 4 - BED—DOTHEINFRBMCOVWTIVADLLETDHD, NFRHICH
mfﬁ@%&%iéﬂ%%&&bfu,Eb@ﬁ&ﬁki%%é?5yfv—bvy%y¢£1
ﬁ%ﬁﬂmi6@@%%K§d<$£gaﬁﬁwén%ﬁwcn%uwfn%ﬁ%@%,
MBEERGE CS>BREMHBL2ERL TLBEIHIC, ZORENRKEZFIRSAELTOS, —7,
AHOMIZBEORBR 2 TNTRBLTVBEV MDY, BALEDERZLIINICLEST S
TEickbh, MHUMNESEZALOGND IIBENZAB L COS TREEND %, 5T, ALRDS
b, BEDCHMOFTHATIOHARB > TEABTRES DD, COLIBEAB THBECE
RBINTWVBEHER, b%6<%ﬁ%%(Nmﬂb”ﬁﬂDé®?%%§l%CﬁIwm%ﬂ
RAUT, ML FTHIETCHT 2 FUEROKRZT- TAlL, COBE, FARXFOH 7T
) —ZDDThD, 5B, BE, FHEIORHKBOT—ROKAVLSN TS FER, KoM
KEBXFH 7T —BEROERE, BRATOFMBHR LI ZBESRTH2, WIEALTH
2K EENICE, CORICEEND L EiLLd, L2LUES, KOBEE, XRV 5Ty -



ZOHIETFEHIHROBRMICKS EWVWHIOBEREETH Y, TENEBROID OFENFTIE
Thb, LML, WEEZATWANNRIC L2 HER, AHDOX S, FHIOEKBE THA
EERE BRNRBERLB LS T2 0T, FHORIEEG, R, EHLEOHRTHEHED
Ve XicoafTbns £5%2 b 02BEIELTE Y, FRERDERSELNICESLZEDTHS,

2. YXab—vayv

NNR O fE A, DEAREOMEBEOARICHD, UL, B, REETONE, (KB
DBBE y FTHATOD L EDLEAT, L AENSMEILERFHOREITHEEEALN
%o MBEESEELFINEL ER gl N — Ky 7 R E , BREROSER2EL V7 Y 7 OM
ED b EMEBRIAD D, UL, & TRLERHO SR dfndie, ZXNEyi.v—v
S UEROARTT LT B,

HRAXFET — 413, BFETRAMAFEROFE XEFF —4# X—2ETL-8 (B—TYPE)
Db, BURRT N 47 T) —OXF R LI b DThD,

%1 FHYEF—40H7T) —

# M F F kX = € H R A
£ W F %X HF ®H F W &k N
E &% A K E £ B %£ B B
X B o m B X H + A A
g B X KX &% K B & N #

By —4364x63 EEDEEBTH B0, COr ZXRuuFFTikkb 81 RonicEMLIZ, &
1O# 7 T —R/INER—ERICERBINDIEFLLRBAILSDT, b o & ML LFNUTE,
KT R BT BREN D B,

#21, —HnFT) 4D O -4 HN (-T2 — 4B 0N) D& g, kfl (k
25,10, 15, ¥ X 20) OBEEAOHIRIELVAF T —BHEET X (EMFER) R &
CkMEAICESIZREZ 27T Y —OHOFEHEke ZRLICbDTHD, BERATHI 17 7T
Y —%b 15T, MEFT0 TH B,




£2 ERFERDOYI.LV-—v s VBER (%)

Kk 5 ' 10 15 20
N R ke R ke R ke R Ke
20 96.0 1.7 97.2 2.6 98.1 3.6 98.4 4.7
50 98.5 1.5 99.5 2.0 99.7 2.6 99.7 3.2
70 98.8 1.4 99.6 1.8 99.7 2.2 99.9 2.7
100 99.3 1.3 99.7 1.7 99.9 2.0 99.9 2.4

#31, kKECREEEADIBT, BIFVIFTY—D %N ks (ks =k) UETHBHHEOHE
HELZDOL XDERERRUIZSDTHSD, COFERP S, FIAIEINDI100, ko520 D& &, ks 5181
LT, EREI 100 BEEBONN B, COLH L BEDHBERE, FlA ks 5518 D& 23537 %
Thb, ThIATEKOKEMOEEIC, BENCEULSXF2REHRTEHTTE2RLT NS,

%3 EBARKEROREZHF T Y —DO ks,
HEBREF (%) 3L 20D L XDERER(%)

‘N=20, k=20
ks 11 12 13 14 15 16 17 18 19 20
F 50.4 43.2 35.1 29.2 22.0 14.5 9.9 5.6 2.1 0.4
R 93.4 96.3 98.8 99:5 99.4 99.1 100 100 100 100
N=50, k=20
ks 11 12 13 14 15 16 17 18 19 20
t F 74.9 70.1 65.9 60.8 54.4 49.6 43.3 36.4 27.9 18.5
R 96.1 97.7 98.8 99.6 99.5 99.7 100 100 100 100
N=70, k=20
ks 11 12 13 14 15 16 17 18 19 20
F 81.5 78.0 74.1 69.6 64.0 57.6 52.5 47.3 40.7 30.1
R 96.6 98.6 99.3 99.6 99.6 99.8 100 100 100 100




N=100, k=20

ks 11 12 13 14 15 16 17 18 19 20

F 86.6 | 82.5 78.8 4.7 70.9 66.7 60.8 53.7 46.9 36.7

R 98.8 | 98.9 99.2 99.6 99.6 99.6 99.8 100 100 100
3 TIU

SNRA 7Ty —EhPisvrcdic, ULOERP L ICIZLICERBER2 RS T LB TEEVD,
—CORBLUEEBLNIZEVAD, LM LEMS, ZROENTHS, FRIERERME TORKES
BROWER, ERREREIURE X, 2RBATOKEHOEIGTLLTDOAL VL EVIFER
BAWETH S, COHEEF, NNROFKZOIDLD b, ZHhiTEATRHE~XZ b rvDgtRic
OAEETHB LBbND, ARtk 2EBMN L v 7 T ) —BEOERIE, XFORBENEEIC
BiciELIZWY, ERENL IO THD ERE LY, ChREERFTNTFED &5 Ll TR
BEFEEACLEVEVIBKRTD 5T, HENI P VIXFOBEZBERITID AND L)
TEERFEUKRY, [T, ZOXSTEHMNI bVOREVBHEEIN B,

= E X B

(1) D.E.v—xun—k (AER) @ “ AHOBRWLE", 1= 2, PP. 43-101(1979)

(2) FHEMEA @ “ s - UBBEZOGA”, v i (1978).

(3) HHR, BHOE, HAXE, FEE—: “Halk~vy F o Vel 2EBFH ILFORR
E%# (D), 63—D, NO.5,P. 402 (BH55 —5).

(4) T :KOHONEY : “Correlation Matrix Memories ”, IEEE Trans, C—21,

P . 353 (1972).
(5) T.M.Cover and P .E .Hart: “ Nearest Neighbor Pattern Classification ”,

IEEE Trans., IT—13, P. 21 (1967).

B FEXEFF AN ZROFERHPHAINTETRH 4 — VBERBLI DT — 4 N—
ZDBEERL T T4 R—F F 4 278y JRBEUEABEBEOWCIIAZEFERLE L » & —DANITE

#HI %o




7 B v S5 L E &K

, (B#R1)
5 4 73 9% (€r428A) . YERR B A4
Y u ¥ 5L NNRDECB
B R & E & B A L B
| @ avFV—t-FursA c BFEIoT5L
Z ¢
¥ b 4T N—F - -BlFusS5AH d Zofb
a BR7—-7 AN ( ) X, HH(C ) &
b CRTOESE ( )
#H OB #® &
O W5+ 22-72740( 2 )M A
d Zoft ( )
@ v—-2-7us5s (250 )17
Sa 5L 4 X R
b AT+ Fussa( ) KW
a FLAG d COBOL g LISP
# B B & FORTRAN IV e METASYMBOL h PL/I
‘¢ FORTRAN 77 f PASCAL i zoff( )
@ 7ty FNEEH c NyF - TSSHA
m B R OB .
: b TSSHHA
B & 6B %

(BRICAD X 5 2W0EAIR, AAHA XD D THBAREMALTLIZIW)









