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Table 1. Volumes and Bond distances of (MosSs (edta), )™

(MosSs (edta),)*” (MosS,(edta),)®” (Mo,Ss (edta), )%~

Oxidation state 3.00 3.25 ‘ 3.50

of molybdenum

Volume ( l?f’ )

Mo, 2.540 (5) 2.601 (6) 2.655 (5)
Mo, S, 10.78 (2) 10.87 (3) 10.97 (2)
Octahedron? 15.08 15.03 14.59

o
Bond distance ( A )P

Mo - Mo 2.783 2.807 2.826
Mo - S 2.355 2.356 2.355
Mo - N 2.28 2.29 2.27
Mo - O 2.18 2.14 2.09

a) mean value of four coordination octahedra around respective Mo’s

b) mean value
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A DISCRETE SOFTWARE RELIABILITY GROWTH
MODEL WITH NUMBER OF TEST RUNS

Shigeru YAMADA, Assistant Professor

Department of Electronic Engineering, Okayama University

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

Abstract This paper investigates a software reliability growth model
which provides a plausible description in case that the error detection
process is characterized by two types of errors, The model is discussed by
assuming a nonhomogeneous Poisson process of which the random variable is

defined as the number of software errors by n test runs (n=0,12, ---).

Keywords Stochastic model applications, software reliability growth, soft-

ware error, test run, nonhomogeneous Poisson process

. INTRODUCTION

Modeling and analysis of software error occurrence phenomena are of major
interest in software reliability, Many software reliability models have been
proposed and discussed by many authors, The reliability models applicable
during the testing phase in the software development are called software
reliability growth models (éee Ramamoorthy and Bastani (3), Yamada and
Osaki (5 J), The models can estimate software reliability in terms of the
estimated number of software errors remaining in the software system. In
this area, one of the key objectives is to describe an error detection
process in which the software errors in a tested software are detected and
all of them are corrected. The calendar time or the machine execution

time has been often used as the unit of error detection period in the soft-



ware reliability growth models proposed so far. For software systems
such as application programs, however, the appropriate unit of error
detection period may be the number of test runs or executed test cases,
Several works, which estimate software reliability from test data observed
by test runs or executed test cases, have been by Brown and Lipow (1)
and Nelson (2 J. A software failure is defined as an unacceptable depar -
ture of program operation caused by a software error in the software sys-
tem .

In this paper a software reliability growth model with the number of
fest runs or executed test cases is proposed. The model provides a
plausible description in case that the error detection process is charac-
terized by two types of errors: Some are easy to be detected and other
are difficult to be. The underlying stochastic process is a nonhomogeneous
Poisson process (NHPP) of which the random variable is defined as the num-
ber of errors detected by n test runs (n= 0,1, 2 ). The error detec-
tion rate per error for such an error detection process is not constant but
depends on the number of test runs or executed test cases. The related
quantities which can be used as assessment measures for software reliability
and the maximum likelihood estimates of the model parameters are obtain-
ed. The application of the model , to actual software error data is also

presented.

2, MODEL DEVELOPMENT

An implemented software system is tested in the software develoment.
During the testing phase a software system such as an application program
is executed with a sample of test cases to detect and correct errors in
the system. It is assumed that the correction of errors does not introduce
any new errors. Yamada and Osaki (4 ] proposed a software reliability
growth model for an error detection process described by the cumulative
number of errors detected by n test runs (n=20,1,2, ). The model is
based on an NHPP and the mean value function representing the expected

total number of errors detected by n test runs is given by

C(n)=a(1—(1-b)"), a>0, 0<b<1, (1)



where a is the expected number of errors to be eventually detected and b
is the error detection rate per: error (per test run).

In general, however, the chance of detecting an error on a given test
run is not constant. The reason is that the errors detected early in the
testing are different from those detected later on. This can be incorporated
by assuming that there are two tvpes of errors: Type 1 (Type 2) error is
easy (difficult) to be detected.

Then, the NHPP model with C(n) defined in (1) is modified as fol-
lows: Let{Nsg (n), n> 01} (n=0, 1, 2 ) denote a discrete counting
process representing the cumulative number of Types 1 and 2 errors detec-
ted by n test runs. The error detection process with such two types of

errors can be described by an NHPP as

Pr{Nd(n)Zx}Z-{C—PX(—r-:)—} expl—C,(n)]

(x, n=0, 1, 2, ), (2)

2
Colm)= 2 ciln), 3
Ci(n>:pia(1_(1"bi>n) (i:l’ 2), (4)
2
i=1pi:l’ pl>0(1:11 2)’ (5)
a>O, O<bz<b1<1, (6)
where

p, = the content proportion of Type i (i= 1, 2) error,

a = the total expected number of Types 1 and 2 errors to be
eventually detected (p,a is the initial error content of Type

i (i= 1 2) error),
b; = the error detection rate per error (per test run )for the
error detection process of Type i (i = 1, 2)error,i.e.,

ci(n+1)—c; (n)

b= pia—c; (n)

(M



The mean value function C, (n) represents the expected total number of
Types 1and 2 errors detected by n test runs where C,(0) =0 and C, () =a.

The error detection rate per error (per test rup ) is given by

Cpo(n+1)—C, (n)
a—C, (n)

z, (n)=

2
é‘lbipi (1 ‘“bi)n

) Pi (1 _bi>n

i=1

which is a monotone decreasing function in n with
2
Zp(O):iglpibi, Zp(oo):bz. (9)

The equations (8) and (9) imply that most of remaining errors in the late

phase of testing are Type 2 errors, i. e., errors difficult to be detected.

3. ASSESSMENT MEASURES

Let Ng (n) denote the total number of Types 1 and 2 errors remaining

in the software system after n-th run. Then,
Na (n)=Ng (=)= Nq (n), 10
and the expectation and variance of Ny (n) are
E[Ns(n)]=a—C, (n)
2 n
:a_gl p: (1 —by)
=Var[Ns (n) ], 11

z

Suppose that n. errors have been detected by n test runs. The conditional

distribution of N, (n), given that Ny (n) = n., is given by



{a—C, ()}’

1 expl—{a—C, (n)}]

Pri{Ns(n)=yINs (n)=n.}=
(YZO’ ly 2’ "'), (12

which is a Poisson distribution with mean { a — C,(n) }.
The probability of no errors detected between n—th and (n+ h)-th test

runs, given that n, errors have been detected by n test runs, is given by
R (n, h)=Pr{Ns(n+h)—Ng(n)=0INys (n)=ng}
2 n
=exp[—.§1 (1-Dbi) ci ()], 13

which implies the reliability function of n, independent of n,. The reliability

function of (13) is called software reliability.

4 MAXIMUM LIKELIHOOD ESTIMATION

For the observed data in the testing of a software system, the parameters
a and b; (i=1, 2) in the NHPP model with C, (n) can be estimated by the
method of maximum likelihood. Suppose that the data set observed in the
testing of the software system is available in the form of pairs(n;, x;) (i=
1,2+, k; 0<n;<n2<--<ny) where x; is the cumulative number of errors detected
by n; test runs. The joint probability mass function of { N4 (n;) = x;, N4 (nz)

=Xz, v, Ng (n)=x.}, i. e., the likelihood function, is given by

Ls=Pr{Nq (n))=x,, Ng (nz)=x2,, Na(ng)=x¢}

2 {C, (n)—=C, (n;_)} 5 T F 19

_;I=Il T exp[—{C, (n;)—C, (n;_}],
where n,= 0 and x,= 0. The maximum likelihood estimates @ and Bi(i = I,
2) of the model parameters a and b; (i=1, 2) are given by a solution to

the simultaneous likelihood equations 0ln Las/0a =0ln L4/0b;=0(i=1, 2) :



X 2
~ =12 pa(1-ba)™, (iE

(x;—x;-0){n; (1 —bi)nj ——l_nj—l (1 —bi)nj‘l—l}
7
2 Pm {(1 _bm)nj—l _(1 _bm)ni}

m=1

Kk
an; (1 —bi)nk_lzj‘:l‘l
(i=1, 2), (16)

which can be solved numerically under condition that 0 <bs<Db;.

5. NUMERICAL EXAMPLE

The data analyzed here were taken in the actual testing of an application
program . The program consists of approximately 50,000 lines of code writ -
ten in assembly and PL/I languages. The error detection period was measured
in the number of executed test cases. The cumulative number x; of errors
detected by n; test cases (i =12, 18) were observed as illustrated in
Fig. L

For the 18 data pairs, solving (15) and (16) numerically under condition
that 0 < b,< b, yields 2 = 85.22, b1 = 0.00301, and 2= 000075 where it is as-
sumed that p, =09 and p,= 0. 1. The maximum likelihood estimates /C\,,(n) and

ﬁ(n, h) for C,(n) and R(n, h) are shown in Fig.1 and Fig. 2, respectively.
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