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EVALUATION

The necessity for more complex software systems in such areas as command and
control and intelligence has led to the desire for better methods for pre-
dicting software errors and reliability to insure that software produced is
of higher quality and of lower cost. This desire has been expressed in
numerous industry and Government sponsored conferences, as well as in
documents such as the Joint Commanders' Software Reliability Working Group
Report (November 1975). As a result, numerous efforts have been initiated to
develop and validate mathematical models for predicting such quantities as
the number of remaining errors in a software package and the time to achieve
a desired level of reliabflity. In addition, efforts have been initiated

to develop better methods for determining when a software package should be
released to a potential user. However, these efforts have not produced
measures with the desired accuracy or confidence for general applicability.

s

This effort was initiated in response to this need for developing better and
more accurate software error prediction and demonstration tests and fits into
) the goals of RADC TPO No. 5, Software Cost Reduction in the subthrust of

b ' Software Quality (Software Modeling). This report summarizes the development
‘ of mathematical models for predicting quantities such as the expected number
of errors during both software development and software maintenance. These
models assume errors are not corrected with probability 1, i.e. imperfect
development and maintenance. The report also describes the development of
statistical tests for determining whether a software package should be
accepted or rejected after completion of testing. The importance of these
developments is that they represent the first attempt to develop both soft-
ware error prediction models that incorporate imperfect debugging and thus
more closely reflect the actual software error detection and correction
process, and software demonstration tests that allow better statistical
criteria for accepting a software package.

The theory and equations developed under this effort will lead to much needed
predictive measures for use by software managers in more accurately tracking
software development projects in terms of stated error and reliability
objectives. In addition, the associated confidence limits and other related
statistical quantities developed under this effort will insure more wide-
spread use of these techniques. The acceptance criteria developed will permit
better control of the release of software packages so that software is not
given to a potential user before it is ready for operational usage. Finally,
{ the measures developed under this effort will be applicable to current soft-
: ware development projects and thus help to produce the high quality, low cost
software needed for today's systems.

Won- Bl
Gl 2l
Project Engineer
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ABSTRACT

This report provides a summary of the technical activities
pursued under Contract F30602-76-C-0097 with RADC during January
1976-April 1978. Research work discussed in previous reports
L under this contract is summarized and some additional work is |
described. Also included is a brief description of research in .

progress.
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1. INTRODUCTION

During the past ten years the field of software engineering
has grown considerably in importance and scope. A primary motiva-
tion for this growth has come from an ever increasing cost of
developing and maintaining software systems. This is specially

true for the DOD which needs high quality, low cost software for

its operations. As a result of this increased importance, various
fields within software engineering are maturing into disciplines

of study and research, for example, software design techniques,
structured programming and other improved programming methodologies,
program testing and debugging techniques, software performance
modelling, and techniques of program validation and verification.

The ultimate objective of studies in all these fields is to develop
tools that will be useful in the design, development and operational
phases of the software life cycle. The objective of studies dealing
with software error analysis and modelling has been to develop
analytical tools which can be used for improving software per-
formance. Such studies can be classified into one (or both) of

two categories. In the first category the emphasis is on the analysis
of software error data collected from small or large projects, during
development and/or operational phases. Studies in the second
category are primarily aimed at the development of analytical models
which are then used to obtain the reliability and other quantitative
measures of software performance.

Typical of the first category are the studies by Akiyama [1]
Belady and Lehman (3], Fries [6), Endres (5], Baker [2], Motley et al

18], Miyamoto (16}, Willman et al (35], Schneidewind [26],




Shooman et al (29}, Sukert+ (30,31}, Rye et al (24], Thayer et al
{32), and Wagoner [34]. These studies range in size from an analysis
of small data sets (108 errors), e.g. Wagoner [34], to analysis of
large sets (3500 errors), e.g. Thayer et al [32] and encompass data
from an on-line system [16]), an operating system [3), to that from
the Apollo project [24).

In the second category of papers, several models have been
proposed and studied during the last six years. These include
'exponential type' models of Shooman [28], Jelinski and Moranda
[11,12), and Schick and Wolverton [25]); models based on the non-
homogeneous Poisson process proposed by Goel and Okumoto [9] and
Schneidewind [27]), and a Bayesian model by Littlewood and Verrall
[15]. Halstead [10] has developed a theory based on 'software physics'
for various measures of the performance of a software system.

Musa [19] has introduced a model which is based on a large number
of parameters derived from the software system being modelled.
Trivedi and Shooman [33) consider a Markov model in which they
incorporate the time spent for removal of errors.

Most of the above studies assume that errors are removed with
certainty when detected. The purpose of the investigation summarized
in this report is to develop and study models for software per-
formance which account for the probabilistic nature of the pro-
grammer's action during debugging and operational phases of the
software system, to provide a methodology for classical and Bayesian
inference for various quantitative measures of performance, to
develop optimum Bayesian software correctional limit policies, and
to develop software reliability demonstration test plans. Results

of these studies are summarized in Sections 2 through 6.

S e e
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2. A SOFTWARE PERFORMANCE MODEL UNDER IMPERFECT DEBUGGINA

The purpose of this modelling effort was to establish quanti-
tative measures for software systems by incorporating the probabilistic
nature of the programmer's actions during the debugging phase. Such
occurrences have been termed as recurrent errors by Fries [6],
Thayer [32] and Willman et al [35), erroneous debugging by Miyamoto
[16), bad fixes by Jones [13] and accounted as an error reduction
factor by Musa [19]. In this study we call them the imperfect
debugging errors.

Even though the presence of the imperfect debugging phenomenon
has been known, no published model, with the possible exception of
Musa's error reduction factor, provides an explicit way to account
for it in software performance prediction. The model and other
related results for this topic are summarized below. Details of
this work are given in [7]). These results are useful for software
development personnel in establishing manpower requirements to
achieve a desired quality in the system before it is released for
operational use. Trade-off studies between cost of debugging and

software quality can be undertaken using the results given below.

2.1 Model and Main Results

The following parameters are used for model development and

analysis:
N = the initial number of errors in the software system at
the beginning of the debugging activity
p = probability that the error causing a software failure is

removed when detected




T

i

.

g = 1-p, the probability of imperfect debugging

A = software error occurrence rate

Let a random variable X(t) denote the number of errors
remaining in the system at time t . Then X(t) describes the
state of the system at time t . We consider the stochastic pro-
cess {X(t), t>0)} to be a semi-Markov process with the one-step
transition probability, Qij(t), the probability that the next
failure resulting in j remaining errors will be by time t when
a software system has i remaining errors at time zero. Then

p(1-e”*%)  if j=ia

Q;4(t) = irt

q(l-e” ) if J=i

If we start with N errors at t=0 , we are interested in
the expressions for various quantities that describe the software

system performance. These quantities are given below.

2.1.1 Distribution to time to a specified number of remaining

errors

Let GN’no(t)sP (TN,noit) be the cdf of the time TN,no'

required to obtain a software system with n, remaining errors,
no=0,1,2,...'N-1. Then

-(no+j)pxt)

G (t) = I B

N,no j=1 N,j,no

where

o N! e T
BN, 3.0, ngT3T(N-ng-3)7 (-1) a;%y .
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The expected time required to obtain a software system with
n, remaining errors is given by
N-no
E[T )= I o /(n +3)pr .
N,no j=1 BN,j,no 0

2.1.2 Probability distribution of a given number of remaining

errors at time t

Probability that there are n, remaining errors at time t

is
PN,no(t) = P{x(t)=n0|X(0)=N}
7 GN,no(t)-GN,no-l(t’ v Mg=0,1,2,...,N,

where

GN,N(t)=1
and

GN,—l(t) =0 .

Also, the expected number of errors reraining at time t

is

EIX(t) |X(0)=N) = Ne P*% |

2.1.3 Expected number of total and imperfect debugging errors

The expected total number of errors, M. (t), and errors due

to imperfect debugging, DN(t), during a debugging time period t

are given by

e — PN w’-«

P Nt NI




t - u-l -
GNn(t)z IB(Bx) -eBxax,
0 g I'(a)
where the scale parameter B8 and the shape parameter o are
estimated as
N
z 1/3
==no+1
B = pA N ’
2
| ) 1/3
f j=n°+1
{ and
{ N 2
. {j b . 1/3}
=n_+
a = ;—g‘ .
T 2
z 1/3
j-no+1
7
\
T TN OB WA S PN
———— T o e . S X T a————

T = " T R T

M () = g T

and

A
Pey

DN(t) = q-MN(t) 3

2.1.4 Reliability function

The software system reliability between (k-1)st and kth

failures is given by

k-1
Rk(x) = p
j=0

k-1

j )P

2.1.5 Gamma approximation

The computation of the quantity B

G (t) becomes cumbersome when

N'no
the following gamma approximation

large software systems with large

k-j-lqje-{N—(k—j-l)}Ax

s a

N,J'no and hence
N is large. We have found that

yields satisfactory results for

values of N .
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2.1.6 Numerical examples

To illustrate the usefulness of the above results consider
a software system with N=100, A=0.02. The probability distribu-
tions of times to n0=0(1)10 remaining errors are obtained as.
above and are shown in Figure 2.1 for p=0.9. We see that at t=200,
say, the probability of having zero errorsin the system is approx-
imately 0.1, of one error about 0.15, of 2 about 0.23 and so on.
Plots of expected number of remaining errors at various times are
given in Figure 2.2 for p=0.8(0.05)1.00. For p=0.9 and t=100,
there will be about 18 errors left in the system. From a study
of these plots, one can plan the resource requirements and also
conduct trade-off studies between available resources and resulting

product.

?
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Figure 2.1 Probability Distribution of Time
to n, Remaining Errors
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2.2 Analysis of Total and Imperfect Debugging Errors in a Real-
Time Control System

The results described in Section 2.1 were used to analyze
the software error data from a large-scale softwére project - a
real-time control system for a land-based radar system developed
by Raytheon Co. in a modular fashion, see Willman (35]. The
data base was extracted from 2165 Software Problem Reports written

against 109 operational software modules over the development

phase. Details of this analysis are given in Appendix A.
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3. AVAILABILITY ANALYSIS OF SOFTWARE SYSTEMS UNDER IMPERFECT
MAINTENANCE

In this section we describe a model develope. for the opera-

tional phase of the software system subject to imperfect error

maintenance and also incorporate the time spent for error maintenance.

3.1 Model and Performance Measures

The following parameters are used in this model:

N = Initial number of errors in the software system at the
beginning of software operation

p = Probability that the error causing a software failure
is removed/maintained when detected.

q = 1-p , the Probability of imperfect maintenance/removal

A. = Software error occurrence rate per unit time when there
are i errors in the system

p. = Software error correction/maintenance rate per unit

i
time when i errors remain in the system

Consider a stochastic process {X(t), t>0}, whose states are

defined as

i if the software system is operational while there
are i errors in the system (i=0,1,2,...,N)
X(t) =
D if the software system is down for error removal

i.e., for maintenance.

Then, the process {X(t), t>0} forms a semi-Markov process with the
one step transition probability (the probability that the next

up-down cycle, resulting in j remaining errors, will be completed

12
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by time t when a software package has i remaining errors at |

time zero) given by

=A.t

-p. .t
p(l-e 1) (1-e

p
1% if jei-1

-A.t -u.t
Qé?)(t) =f{g(l-e *)e(l-a ) . if $=i

0 otherwise

Based upon the above model, expressions for the following
performance measures of the software system are derived by Okumoto
and Goel [21]:

(i) Distribution of time from N to a specified number of
remaining errors n,

(ii) Expected time required for the system to go from N to

: n, errors, E[TN,nol
1 (iii) Probability of the system being operational at some time

with n, remaining errors, PN,no(t) 5

{ (iv) Software system availability, i.e., the probability of the

. N

{ system being operational at time t , A(t) = I P (t)
N,n

{ n°=0 (o)

{ (v) Probability that the number of errors remaining in the

system is n , P[N(t)=n] and the expected number of errors
at t , EIN(t))
(vi) Expected number of errors detected and corrected by t ,

denoted by MND(t) and Mg(t) , respectively.

PR T A SR

The above quantities are useful for software managers for
estimating the time and manpower requirements to achieve a desired
level of performance during the operational phase of éhe software

system.

13




3.2 Numerical Example

For illustration purposes consider the case when Ai=ik v
ui=iu, N=100, p=0.9, A=0.02 and ¥=0.05. Using the expressions. for
various performance measures from [21], the plots of state occupancy
probabilities and availability are given in Figure 3.1 and the plots
of M:(t) and Mg(t) are given in Figure 3.2. From a study of
such plots for various values of A, u and p, one can obtain adequate
information about the behavior of the software system as well as
about the resource requirements to achieve a desired level of per-
formance. Thus, if p is known to be 0.9, and the values of
A and u that can be provided for, then the system availability
at t=300 will be approximately 0.5. If this is not satisfactory,
one has to provide additional or better resources that will yield

better values for one or more parameters.

3.3 A Nomogram for the Expected Time to a Specified Number of
Errors and to Determine Manpower Requirements

We present a simple nomogram to calculate the expected time
required to remove a specified number of errors from a software
system which will satisfy the desired performance requirements.

We consider the case when Ai=iA and ui=iu, i.e., when the error
detection and error correction rates are proportional to the number_
of remaining errors with A and u , respectively, the constants
of proportionality. Letting the ratio A/u=p, we have

140 N

1
E [T ] M cm—— T .
N.n, e i=ng+1 i
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Figure 3.1 Plots of State Occupancy Probabilities and
Software System Availability
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For a large software system, this can be approximated as

(1+p) N+1
E[TN'no]*’ ) log(no+1) .
L : o = N+1
etting ¢(¢,p)=(l+p)¢ , where ¢-log(H—IT) ,» we get
0
= 0(210)
E[TN,nol oA x

A nomogram which gives the contours of ¢(¢,p) in the (¢,p)
" phase is given in Figure 3.3. To illustrate the use of this nomo-
gram, consider the case when N=100, p=0.9, A=0.02 per day, u=0.05

per day and the desired value of n, is 10. We proceed as follows.

N+l 10041, _

Step 1. Compute p = it o | B 0.4 and ¢=log(

Step 2. Corresponding to ¢=.963 and p=0.4, from Figure 3.3 the
value of ¢(.963,0.4) is 3.2.

o(d,p) _ 3.2

Step 3. Compute the value E[Tloo,lo’ = PA = 10.9) (0.02)

= 177.8

Thus, for the given conditions the éxpected time required
to go frem 100 to 10 errors is 177.8 days.

Now we consider another application of this nomogram to
show how it can be used in determining the manpower requirements
for a specified objective of remaining errors. Suppose we want
to go from N=1000 to n°=10 errors in E[T1000'10)=500 days when the
error occurrence rate is 1=0.01 errors per day and the probability p
of perfect correction is 0.95. We are interested in determining
the manpower requirement to accomplish this objective.

The first thing to determine is the value of y that will

satisfy these requirements. We know that

17
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¢(¢,p) = PAE[T ]

N,no

and hence

®(¢,p) = (.95) (.01) (750) = 7.125.

From the nomogram in Figure 3.3, for ¢(¢,p)=7.125 and
¢=1og(12%1)=1.96, the value of ¢=0.58 and hence u=1/p=0.0172
errors/day. If the error removal rate per person per day is 0.01,

then we will need 1.7 people to meet the desired objective.




4. BAYESIAN AND CLASSICAL INFERENCE FOR THE IMPERFECT DEBUGGING
AND MAINTENANCE MODELS

In this section we describe two methods for statistical infer-
ence of the parameters of the models described in Sections 2 and 3.
The first one is the classical approach based on maximum likelihood
estimation and the second is a Bayesian approach based on the prior
distributions of the unknown parameters. The parameters under
consideration are the initial number of software errors N, the
error occurrence rate for each error A , and the probability of
perfect debugging p . An additional parameter for the imperfect
maintenance model is u . We give only the method for the model
of Section 2. The same procedure can be used for the model of
Section 3.

The available data for estimation purposes is generally
given as t=(t,,t,,...,t ), the times between software failures
and z;(yl,yz,...,yn), an indicator variable for imperfect debugginc
such that yi=1 if the ith failure is caused by an error due to
imperfect debugging and yi=0 if the error is not due to imperfec:
debugging.

The maximum likelihood and Bayesian approaches to the estima-
tion of the above parameters are summarized below. The details

of the procedure are given in [20].

4.1 Maximum Likelihood Method

The likelihood function for N, p and 1 is

Yy

i (i-1) N-(i-1)
-(58371:1—} -{E:ETI:TT}

n =-{N-p(i-1) )}t
L(N,p,A lg,x)-inl{n-pm-n }e

l-y
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¢
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!
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The maximum likelihood estimates (ﬁ,ﬁ and i) are obtained as solu-

tions of the simultaneous non-linear equations

n n l-yi
Y a ey
n n
A i:l(i-l)ti = iil y;/4

n
n/» = I {N-p(i-1)}t
i=1

i

The joint 100(l-a)% confidence regions for N, p and A are

obtained from
e Lo &
LN, AL, Y) -2 (NP [£/Y) = 5 X3, »
where
2(-|t,y) = logL(-|t:y) .

The estimated variance-covariance matrix for N, p and A is

-1
Inn Tnp o
zcov % rpN rpp rpx
N e fad s
p=p
A=1
where
n
Ty = L 1/{N-(i-1) }{N~-p(i-1))
i=1
T™Sp T Tpn T e
21
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1 P
Ta " 5N =X .F 1/{N-p(i-1)}

i=1

n
; L ; (i-1)/{N-p(i-1)} if qgFO
3 q =1
! o =
3 pp @ if q.o .
B I
rpl = rlp it i:1(1-1)/{N-p(i-1)}
2 2
Iy = n/2° .

4.2 Bayesian Inference

T

Now we describe a Bayesian approach for obtaining posterios
point estimates and the highest posterior density (HPD) region fc
parameters N, p and A .

The choice of the prior distribution for a parameter is
governed by several factors. In our case we take the conjugate
p;iors, which for N and A are gamma distributions while for

it is a beta distribution, i.e.,

P(N)w N®~1 o BN

- N>0
PP ap" T(1-p)? L, o0<p<l

p(Ajm P71 o772, A>0 .

By applying Bayes theorem the joint posterior distributic

of N, p and 2 for given priors and the data is obtained as

p(N,p,A 'S_v!)d p(N,p,A)L(N,p,2 IE'!’ -

22
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Let N, é and A be the Bayesian point estimates for N, p
and ) , respectively. That is, the point (N,p,A) is the mode of
the joint posterior distribution p(N,p,A|t,y), i.e. it attains

its maximum at (N,p,A). Then, N, p and A are the values that

satisfy
n n 1-y.
i a=-1
A I t, 4+ I v+ -8=0,
j=1 1 i=1 N-(i-1) N
- -1 p~1
A T (i-1)t.-Iy./(1-p) + -5==0,
i=1(1 ) i yl/( P) p l-p
and

n
n/x - I (N-pli-D)t; + By <0,
i=1

Finally, the 100(1-a)% Bayesian confidence region is given

by
f(N,p,X) =C,
where
n
f(NlpIA) = nlogi - izl(N-p(i-l) }ti
3 n n
3 + £ yilog(l-p) + I (l—yi)log{N-(i-l)J
? i=1 i=1
L
3 4+ (a-1)1logN-gN
+ (u=~1)logi=yA s
! + (n~1)logp + (p-1)log(l-p)
|
l and

C = f(ﬁ,é,i) Nk % xg,ﬂ .
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S. BAYESIAN SOFTWARE CORRECTION LIMIT POLICIES

The objective of the investigation was to provide an optimun

ey

correction limit policy for a large-scale software system subject

e

to random error occurrences and error removals in an operational
phase. When an error cccurs a corrective action is undertaken to
remove it. Such an action can be scheduled at two levels, which

we call Phase 1 and Phase II. By Phase I we mean that the cor-

e g et ™ g™ ™

rective action will be undertaken by the programmer while Phase II
action is undertaken by a system analyst or system designer. First,
Phase I corrective action is scheduled for a specified time T .

If the error is not corrected in this time, it is referred to

. g AN g e ™ ™

Phase II. This sequence of corrective actions in an operational

phase is shown in Figure 5.1. Our objective is to determine the

optimum value T* of T which minimizes the long run average
cost. Two models are developed for this purpose. In the first

model we assume that the cost of observations of error occurrence

0 e TN NI | S

and correction time, prior to the implementation of the optimum
policy, is negligible. The second model incorporates the cost of
observations. )

§ Details of the model and related results are given in } ﬂ

reference ([8].




ERROR
OPERATIONAL OCCURRENCE

Y. TIME TAKEN AT
PHASE |

T: CORRECTION LIMIT ®
TIME q

Figure 5.1 Sequence of Corrective Actions
in Operational Phase

25




6. SOFTWARE RELIABILITY DEMONSTRATION TEST PLANS )

The purpose of this task was to describe the theory,

i | methodology, and procedures for software reliability demonstration

| tests. Such tests are to be conducted to ensure that the software
system being considered for acquisition has achieved desired reli-
ability. The situation we have in mind for applying these tests
is that the software system has gone through the usual development
phases, including testing and debugging, and is being presented }
for testing to demonstrate its reliability. Software reliability

é for this purpose will be defined as the probability that a given

software program operates for a given time period, without a soft- f ;

ware error, on the machine for which it was designed given that

it is used within design limits. Sl

A complete description of the results on this project is

given in Appendix B.

26
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7. COMPUTER PROGRAMS

The computer programs required for computations of the
quantities described in Sections 2 through 6 are given in Appendix ’
C. The programs are self-explanatory, give the list of input/output

parameters and include listings of the needed subroutines.
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APPENDIX A
AN ANALYSIS OF RECURRENT SOFTWARE ERRORS
IN A REAL-TIME CONTROL SYSTEM
In this Appendix we present an analysis of software error
data from a large-scale software project using the imperfect

debugging model discussed in Section 2. The model parameters

are estimated from the data and the values predicted from the model

are compared with the observed values. Joint confidence regions

for the parameters are also constructed which permit a study of

the sensitivity of predictions.

A.l Analysis of Error Data from a Real Time Control System

A real-time control system for a land-based radar system

was developed by Raytheon Co. in a modular fashion. Nearly all

of the modules were written in JOVIAL/J3. The error data base

was extracted from 2165 Software Problem Reports (SPRs) written
against 109 operational software modules over the development
phases and is described in [35]. Table A.l shows the distribution

of the SPRs by month opened during a 22 month period of integration,

acceptance and operational testing phases.
The available data give the number of total errors (“i) and

the number of imperfect debugging or recurrent errors (vi) detected

by time ti . The parameters under consideration are the initial

number of software errors (N), the error occurrence rate for each

SRR i A

error (1), and the probability (p) of perfect debugging. We first
estimate the parameters N, p and A from these data (t,u,v) and

then compare the results obtained from IDM with the observed values.

Tl




TABLE A.l1

ERROR DATA BY MONTH

E@nth Total Number of Errors Imperfect Debugging Error
fEg i T Y %1 b g T -
1 | 122 122 6 6
2 98 220 1 7
3 82 302 1 8
4 75 377 3 11
5 113 490 2 13
6 85 575 3 16
7 105 680 2 18
8 47 727 1 19
9 61 788 1 20
10 25 813 1 21
11 28 841 (o} 21
12 42 883 1 22
13 18 901 0 22
14 17 918 0 22
15 28 946 0 22
16 14 960 (0] 22
17 5 965 0 22
18 3 968 0 22
19 3 971 0 22
20 13 984 0 22
21 5 989 0 22
22 10 999 0 22
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Using the data in Table A.l and the results from Section 2,

the results are obtained as shown in Table A.2.
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The joint confidence regions for N and 1 for p=0.974 are

plotted in Figure A.l. The plots of the actual and fitted SPR's

AR,

by month are shown in Figure A.2, and the plots of actual and

predicted number of remaining errors are given in Figure A.3. :
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TABLE A.2

A SUMMARY OF ERROR DATA ANALYSES

Quantities of Interest Calculated Values
N 1079 (Errors)
P 0.974
A 0.1235 (per month)
a=y) 1108 (Errors)
P
5) (:—:i‘:i) 0.1203 (per month)
(N,N} (914, 1244)
s {p.p) (0.964, 0.984)
: —
3 (A1) (0.096, 0.151)
Q
2 (a,a) {933, 1283)
o e
(b,b} {0.0926, 0.1480}
i Oﬁ' 3 -0.723
ps'i" -0.743
s A4
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PARAMETER N
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PARAMETER A

Figure A.l Joint confidence regions for N and
A for p=p
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Figure A.3 Plots of the actual and predicted
number of remaining errors.
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APPENDIX B

SOFTWARE RELIABILITY DEMONSTRATION TEST PLANS

B.1. INTRODUCTION AND PROBLEM DEFINITION

The purpose of this report is to describe the theory, methodology,
and procedures for software reliability demonstration tests. Such
tests are to be conducted to ensure that the software system being
considered for acquisition has achieved desired reliability. The
situation we have in mind for applying these tests is that the
software system has gone through the usual development phases, in-
cluding testing and debugging, and is being presented for testing
to demonstrate its reliability. Software reliability for this
purpose will be defined as the probability that a given software
program operates for a given time period, without a software error,
on the machine for which it was designed, given that it is used
within design limits.

In order to develop an appropriate test plan, we must first
choose a model which adequately describes the error occurrence
phenomenon. Most software error models are based on the assump-
tion that successive errors follow a decreasing failure rate be-
cause of the reduction in the number of remaining errors. However, in
this appendix. we assume that the times between errors during the

demonstration phase follow an exponential distribution, i.e. have
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a constant failure rate. As a justification for this assumption,
we contend that the demonstration time and the number of errors en-
countered during demonstration will be relatively small and hence a
constant failure rate model will be an adequate representation of
the error phenomenon. At worst, this model will yield a somewhat
conservative test from the viewpoint of DOD.

Let the distribution of error occurrence times be given by

£(t[A) = X exp (-t}), t>0,2>0 (B.1-1)

Then the following measures of software reliability can be used
interchangeably:

. Reliability, R(T) = P(t > T) = e (B.1-2)

. Meantime Between Software Failure (MTBSF) = 1/A

. Software Failure Rate (SFR) = A

In the following we shall take A as the measure of software
reliability.

In the classical set up, the demonstration tests are generally
designed to distinguish between two values of A, namely the maximum
acceptable SFR, Al and the specified SFR, ko. The decision to
accept or reject the software system is based upon test results
which are subject to random fluctuation. A loss is incurred when
either an accept or a reject decision is wrongly taken,

The loss corresponding to wrong decisione is quantified by two
risks called the producer's risk a = P(leo),and the consumer's risk

B = P(AIAI), where A and B denote acceptance and rejection of the

" s we s e | g ¥ g et

et st e} et




e —

———

IR, e RN ANT,

T T R T T T

R

software system, respectively.

In this context various types of demonstration plans can be
designed to limit ¢ and B to desired values. For example, a
truncated single sample plan for the system is employed as follows.
The plan consists of using the software in an environment which is
representative of the operational environment for a time period T.
The number of errors r encountered during this time period is
recorded. (In this study we assume that all errors are of the same
severity. When errors are classified according to the degree of
severity, the problem becomes quite complicated and is beyond the
scope of this investigation), If r is less than or equal to a
pre-specified number, r*, the software is accepted. Otherwise, the
system is rejected, The design of such a plan consists of obtaining
the quantities T and r* such that the desired risks a and B are satis-
fied.

One disadvantage in the above approach is that A is assumed
to be an unknown, fixed constant, In practice there may be suffi-
cient reason to believe that knowledge about ) is available in some
quantifiable form and one would like to incorporate such informa-
tion in the development of the demonstration test plan. Another impor-
tant situation arises when the risks associated with the demonstration
test are not adequately represented by the classical risks (g,f) and
1§terest lies in associating risks with the posterior distribution of

A. In such cases one resorts to a Bayesian approach for test design.

B-3




The problem under consderation then, is the design of single
sample software reliability demonstration plans when error occur-
rence times are assumed to follow the exponential distribution.

Before describing the development of the test plans, we first
discuss the various risks that arise in the above situations in }
Section B.2. Fixed time, classical tests are then considered in \
Section B.3. In Sections B.4 and B.5 Bayesian tests are developed
for two situations: (i) A has a noninformative prior distribution,
and (ii) information about A can be quantified from the testing

and debugging data.

™ e I 5

Section B.6 presents the step-by-step procedure to be employed
to demonstrate the properties and performance of the demonstration |

test plans. ; k
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5.
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10.

B. 2. DEFINITIONS AND INTERPRETATION OF RISKS

The following quantities are of interest
The probability P(R|A = Xo) = a that a software system with
specified SFR is rejected.
The probability P(AIX = Al) = B that a software system with
maximum acceptable SFR is accepted.
The probability P(A|A z_kl) = B that a software system which is of
unacceptable reliability is accepted.
The probability P(RIA E-AO) = a that a software system of acceptable
reliability is rejected.
The probability P(A Z_XIIA) = B* that the SFR of a system which has
been accepted is more than the maximum acceptable SFR.
The probability P(A > AOIA) = B** that the SFR of a system which
has been accepted is more than the specified SFR.
The probability P()\ f.kolk) = g* that the SFR of a system which
has been rejected is less than the specified SFR.
The probability P(R) that the software system is rejected.
The probability P(A) that the software system is accepted.
The probability P(A > A') that a-priori, the software system

has SFR which is more than A'.

These quantities will now be discussed in some detail.




B. 2.1, Classical Risks (a,B)

The classical producer's risk a and consumer's risk B are defined

as follows:

a= P(Rll = Ao). the probability of rejecting a (B.2-1)
software system whose SFR is equal to:
the specified value, A o
B = P(A|A = Al), the probability of accepting a software (B.2-2)
system whose SFR is equal to the naximun.
acceptable value.

The (a,B) risks represent two points on the classical operating
characteristic (0OC) curve which is a plot of P(AlA) versus A. These
risks do not provide an explicit control of the probability of accep-
tance for values of A other than Al and AO' However, P(AIA) decreases
monotonically with A, Hence, 1if A < AO’ the probability of rejection
is less than a, If A > Al’ the probability of acceptance is less
than 8. The shape of the OC curve governs the degree of protection

provided in the indifference zone between Al and Xo.

2.2. Average Risks (a,B)

The average risks are defined as follows

a = P(R|A < Ag)s the probability of rejecting a software (B.2-3)
system with a SFR less than or equal to
the specified value,lo.

B=P@A|A > 1;), the probability of accepting a software (B.2-4)
system with a SFR greater than or equal

to Al'

S aeucae ™ -
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Mathematically, the risks may be expressed as:

e

SN Ep—

PR,A < Ap)

A
p(A)dA
0

2

J P(R{A)p(A)dA
9

()}

5 PRIA <A = 57 A

or AO

: { 5 j PRIV PAIA < A A
' 0

and, similarly

B = j P(A|D)pA[A > A )a
A1

WU R ———

The average risks provide the following protection.

(B.2-5)

(B.2-6)

(B.2-7)

If the

E ¢ producer produces a large number of software systems, then, in the

long run, less than a percent of the desired ones will be rejected.

If the consumer buys a large number of software systems, then, in

? } the long run, less than 100 B percent of the bad systems will be

: accepted. No explicit control on the probability of acceptance is
1 provided at any specific value of A when we use the average risk
; criteria. "

E

b |

£ ’
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2.3 Posterior Risks (a*, B*)

The (a*, B*) risks are defined as follows
a* = P(A < Ag|R)

This risk is the long run probability of a rejected software system

being good.
B = P > 2, |A)

This risk is the long run probability of an accepted system being bad.

Mathematically,
2o
Ao J P(R[A) p(A)dA
o' = PO < AR - J POJRIAA = —
0 [u}(n|x)p(x)dx
0
J P(A|)) p(A\)dr
Bx = P > A [A) = l P(x|A)dA =
1 P(A])) p(A)dr
(i}

These risks can also be interpreted in a "degree of belief"
sense. Thus, a* would represent a persons's degree of belief that
if a software system has been rejected, it has a SFR which is better
than the specified value. Similarly, B* would be the degree of belief

that the SFR of an accepted system is worse than the maximum acceptable

value.

Ve B it
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B. 2.4 Probability of Rejection P(R)

This is a single number given by

P(R) = I P(R|A)p(A)d) (B.2-12)
0
or ‘
P(R) =1 - P(A) = 1 - rP(AIA)p(R)dA (B.2-13) |

0

Note that the integration is over the entire range of A and specifi-
cation of Ao,which is usually spe¢ified in conjunction with a producer's

risk, is unnecessary.

In the frequency sense we have

P(R) = Total number of systems rejected

Total number of systems tested

For the producer this criterion implies that, in the long run, less

than (100)<P(R) percent of the systems will be rejected.
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B.2.5. Alternate Posterior Consumer's Risk g*#*

We define a new risk associated with the posterior distribu-

tion of A as follows

e i gt g A Y g+ et

oo |
™ = 2O 2 A la) = J £0|A)aN, (B. 2-14) |
X, | ‘
Where f(AIA) is the pdf of A conditional on acceptance. This can be |
written as ;D %
J P(A|2) p(A)dXr |
*% Ao ;
B = — . (B. 2-15) }
r L
| rald pyar i

0

This risk gives the long run probability of the accepted

ot e i 6

system having a A above the specified SFR Ao.




B. 3. DESIGN OF TEST PLAN FOR CLASSICAL RISKS

% Now we consider the design of a single sample plan where the
parameters are T and r*. Since the time to software failure is
i : exponential, the observed number of software errors r in fixed time

T has a Poisson distribution, i.e.

=T\ r
i f(r[k) = S_;T_SIA)_. (B.3-1)
The two risks can be written as:
-TA
e O (myF
—_— =1 (B.3-2)
r!
r=0
and
=TA
r*x e 1 (Tkl)r
) %5 ol (B43-3)

r=0

Given Al’ Ao, o and B, the above equations can be simultaneously
solved to obtain software test time T and allowable number of errors
r*,

Individual specification of Al and AO is not necessary. Let

K=2X/A, and let T* = T Ao+ Then, to satisfy the stated risks we

e o T

can write

| B- 11

— ' i —————————T T T

e i et




% TR paT

Zo £ = >1-a (B,3-4)
r=
and
r* _-KT* r
& < (B.3-5)
r=0

Given (K, a, B) the above two equations can be solved to obtain
(T*, r*). These equations can be solved numerically or by using
tables of cumulative Poisson probabilities. Clearly, test plans
with identical Aolkl have the same T* and r* values. Given the

specified value AO’ the actual test time is obtained as T = T*/Ao.
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4. BAYESIAN TEST PLANS FOR NONINFORMATIVE PRIOR
DISTRIBUTION

In this section we consider the case when it is possible to
express the unknown parameter A in terms of a metric ¢(A) so that
the corresponding likelihood is data translated. This means that
the likelihood function for ¢(A) is completely determined a-priori
except for its location which depends on the software failure data
yet to be observed. This state of indifference can be expressed
by taking ¢()) to be locally uniform, and the resulting prior dis-
tribution is called noninformative for ¢(A) with resepect to data.
A more detailed discussion on noninformative prior distribution
tan be found in Box and Tiao [1]* . In our case, a noninformative

prior for A is
PO « \1/2 (B4-1)

Now, if T is the test time for a software system, the number of
errors in T will be given by a Poisson distribution with parameter
TA as mentioned earlier. Letting A = TA, the prior for A can be
written as

P(A) « A~1/2 (B.4-2)

*References at the end of this Appendix
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The joint probability distribution of A and r is:

s ot o Pt winat

p(r,A) = p(x|A)-p(h)

r -A !
| . SEE ol |
r! |
or 1
Ar—1/2 & -A {
P(r,A) = b" - (B.4-3) ,
where b' is the normalizing constant.
To get the marginal distribution of r, we let A be defined over the |
{ range (0,d) where d is sufficiently large and d < ®, Then we have }
¥ Ar-1/2 i g
§ p(r) = J P(r,A)-dA = Iwb{' - dA (B4=4)
0 0
Now we choose d such that é
o A2 el
Al = . T
0 b o
for some given sufficiently small € > 0 Then
b! 1
p(r) = e M(xr + 5) (B 4<6)
g and !
t l
' 1
rx rk b r(r + 'i' )
P(A) = ] p(x) = ] (Bi4-7)
r=0 r=0 r!

ok A s
. ™
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In order to get expressions for various risks, we proceed
as follows.

Let AO = TAO' Then from (B.4-3) we get,

A I P W BB b Lt g IO, o mit f 0 9B

f P(A < AO’ accept) = P(A f-AO' accept)

Ao
* e =
rz [ o AT 1/2 £ A

M o i

dA (B4-8)

r=0 0 r!

Substituting the above expressions into the appropriate

|
. ..»v,.,,..«»n’“g'-s« P

formulae in Section 2, we get the equations for desired risks.

For example, if we are interested in the risk combination (a,B*), we

get from (B.2-3) and (B.2-9), respectively:
a=1-P(@A|x<2y

P(A, A<Ay)

=] -
P(A < 2p)
r* Yo A2, A
) J b - an
r!
r=0 0
= ] - Ao
PR T
0
or
| ;
r* r-1/2 -A
: A .
5 | ) [ rT. -
1 e r=0 i
< J a - 1 L2 Ao (Bo"”)
| { rA-uz A
0
ﬁ B- 15
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e TR e
3 b |
}
}
\
{
and {
B* = P(A > 1, |4)
i
=1-PQ<AlA) { |
%1
3 §
§ 4
r*
- A A
S A
= ] = 2 0 } |
1
rx b! r(r + i) §
r=0 r!
or
r* Al A
I J AT-2/2 | Ay,
r=0 9
L (S
[ 1 AT _1_) (B4-10)
pos 2
r=0 r!

If the consumer's risk of interest is B**, then from (B.2-1%)

we have

Bxx = P(A > Agla)

=1-~P(< A°|A)
A

r* 0
:zo f P 2P S
=] - e =
rf I' (r + -2-)
r=0 A
B~ 16
e <

(B. 4-11)
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e : l

The design plan T and r* is obtained by simultaneously solving
two equations, one each for the producer's and the consumer's risk.
The proper choice of risk combinations will be governed by the

protection desired and agreed upon by the vendor and the buyer of

the software system or systems.

Twe nomograms for the design of plans for (@,B*) and (&,B**) are ; S

given on the following pages,
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B. 5. BAYESIAN TEST PLANS FOR CONJUGATE PRIOR

In some situations, data on failures and times between failures
during:the testing and debugging phase may be available. Such data

can be used to obtain an appropriate prior distribution for A, the

software failure rate. A flexible prior and one which is mathe- ;

matically tractable in this case is a two parameter gamma given by

P L j
pQ\) = %5 A s, (B5-1)

Estimates of the parameters p and T can be obtained from the available
data. Using this prior, the ezpressions for the various producer's ?

and consumer's risks are obtained as follows:

%

Expressions for Producer's Risks: :
H

Classical: ;
‘T"o -

r* e + (TAg) :

l1-a= =1 (B.5-2) .

r=0 i

A, r* !

0 ) P (TA)2 p
Average: r=0 . T el 'e-rk-dk

- 0 r! Ip

l-a= X (B.5-3) )

0 4

P
J + 2 el Bl
0

b

}

}
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{
% Posterior:
-: Ao r* ...
! J Z STAQ }e 3__. N T S
‘ 0 r=0
¢ l-a*= = (B. 5-4)
1o [(] SRt 2,
0 r=0
f |
; Probability of Rejection: ‘
: o |
|
{ P(R) = 1-] Z —m—)} -}— P14 (B. 5-5)
5 0 r=0
i
Expressions for Consumer's Risks:
Classical:
-TKAO
r* e * (RTA,)
B = (B. 5-6)
r=0 r!

Average:




Posterior:

1
g TA r P
[ 1 ey St
r=0
B% = Al J
o 5-8)
-TA, X p (B
J{E ey o8 & A A
=0
0o T
Alternate Posterior:
B g ()", 1° .,p-1 -1\
A (] ! } f;"k ce Ted)
r=0 5 ;
S e e (B5-9)
r* -T ( !r P T s
j { 20 = o TA } %5~'kp l:e A ax
r:
B~22
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B. 6. PROCEDURE FOR DEMONSTRATING THE PERFORMANCE
OF THE TEST PLANS

This section provides a step~by-step procedure that will be used
to demonstrate the properties and performance of the demonstration test
plans for a software system as developed in the previous sections.
These procedures will be followed in conducting the demonstration on
site.

Prior to conducting the demonstration test in practice, the DOD
must make sure that "he software system has been developed according
to specifications and all the stated development phases have been
carried out to meet the objectives.

The stéeps to be followed for a demonstration test are as follows.
1. Decide the risk criteria (producer's and consumer's risks) for

demonstration.

« Choose the values of the two risks.

3. Design a test plan (T,r*) which meets the risks in Step 2 as
closely as possible. (Designs will be obtained using computer
programs developed for this purpose.)

4, Simulate software errors using the software error simulator.

5. Apply the demonstration test of Step (3) to simulated errors

and make accept/reject decisions.

6. Compare the recorded results with theoretical results.

s et e — -
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APPENDIX C

COMPUTER PROGRAMS

P e T,

C.1 Programs for the Imperfect Debugging Model (Section 2)

Computer programs to compute the following quantities, for

: ; given N, p and A are given in Tables C.l1l to C.8.

* + Mean and variance of the first passage time from N to n,

(SUBROUTINE FRSTRT)

+ PAf and cdf of the first passage time from N to n,
(SUBROUTINE FPT2)

- Probability of the software system having n, errors remaining
at time t (SUBROUTINE STATE)

- Expected number of errors remaining at time t and expected
number of total errors and imperfect debugging errors detected
by time t (SUBROUTINE MEAN)

- MTTF and reliability for given k at time x

(SUBROUTINE TBF)

The programs are self-explanatory and include the required

subroutines.

VT ST Sy PR

ek, (o o
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THIS PAGR IS BEST QUALITY PRACTICABLY
FROR 00FY FURKISHED T0DDC __

_-
E

TABLE C.1 SUBROUTINE FRSTPT

c subroutine frstet(nsrrrrnOretsvtsrard) ; ;
¢ function - compute mean and variance of first rassade time 4 ;
c from n to n0 » and estimate share and scale %

c rarameters of Gamma distribution ;

c© usade - call frstet (nerrrsnOretrvtrarb) ‘

c parameters n - (input.) initial no. of errors »
c P - (inrut.) Prob. of rerfect debudding ; i
c r = (input.) detection rate / error :

c n0 - (input.) desired no. of errors .4
c et - (outrut.) mean time from n to nO ‘

c vt - (outrput.) variance of time from n to nO g

c @ - (outrut.) share rparameter of Gamma distribution 4
c b - (outrut.) scale parameter of Gamma distribution :
: s '3

c 4

subroutine frstet (nepyrenOretrvtrarb) }

x1=0,0
%x2=0.0 §
ni=n0+1 3
do SS J=nirn

x1=x1+1.0/float(J) §

%x2=x2+1.0/f1loat (J) %X%2 3

55 continue K

et=x1/r/rv ]

vt=x2/p/p/r/r §

b=et/vt $

a=etxb 3

return

>end %

;

:

>

:

l!

}

i
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TABLE C.2 SUBROUTINE FPT2

subroutine frt2 (neryrynOstsrdfrcdf)

function ~ comrute r.d.f. and c.d.f. Of first Passade time from

n to no

usadge - call frt2 (nsrrrynOrtrpdfrcdf)

rarameters n

read. subroutines

33
a4

22

(input.) initial no. of errors

(inrput.) Fprob. of rerfect debudding

(input.) detection rate / error

(input.) desired no. of errors

(input,) time

(outrut.) Pp.d.f. of first passade time from n to nO
(output.) c.d.f. of first rassade time from n to no
frstety» mdgamm

(o4
RS I R |

subroutine fert2 (nyPrrynOrtyrdfrcdf)
call frstet (nyprronlOretsvtrard)
x=bxt

x1=(a-1.0)%alod(x)

X2=aldamma(3a)

x3=x1-x-x2

if (x3 .1t. -88.0) g0 to 33

pdf=expr(:3) .
e AN T PAGE IS BEST QUALTTY PRACTICABLR

Pdr=0.0 FRON 00PY FURRISHED TODDC ___—
c3ll mddamm (xsarcdf)

return

cdf=0.0

rdf=0.0

return

end

Cc-3
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function

usade
rarameters

read. subroutines

33
44

11
22
99

THIS PAGE IS BEST QUALITY PRACTICABLY
FRON 0OPY PURKISHED T0DDC ___— i

TABLE C.3 SUBROUTINE STATE

subroutine state (nsPrrsnOrtrpt)

- = compute probability of being n0 errors remaining
at time ¢

call state (nsPrr)nOrtspt)

(inPput.) initial no. of errors L

(inPut.) rrob. of rerfect debugding |

(input.) detection rate / error :

({inrut.) desired no. of errors §

(inrput.) time

(outrut.)rrob. of beind nO errors at time t

frt2

¢ *O9 v

P

subroutine state (nePrrinOstypt)
if (nO.ea.n) g0 to 33

call frt2(nrPersnOsterdfrcdr)
rti=cdf

d0 to 44

rt1=1,0

ni=n0-1

if (n1) 11,22,22

pt2=0.0

g0 to 99

call fet2 (nsrpyronistryrdfrcdl)
pt2=cdf

pt=pti-pt2

return

end

i EdoE el s ahdidunind
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subroutine mean (nyPrrrtrerredoredl)

function
usade
rarameters n
»
r
t
er
ed0
edi

1!!3?1@!ISBISTQMALIT!PRAGILQA&&L
FRON OOPY FURKISHED 10 DDC ™

TABLE C.4 SUBROUTINE MEAN

compute exrected no. of errors remaining at time t»
detectedr and detected due to imrerfect debuddging
by time t

call mean (nyprrrtrersedOredl)

(input,.) 1initial no. of errors

(inPut.) erob. of rperfect debuddind

(inrut.) detection rate/ error

Cinput.) time

(outrut.) exrected no. of errors remaining at time ¢

(outrut.) exrected no. of errors detected by time t

(outrut.) exrected no. of imrerfect debugding errors

detected by time t

subroutine mean (nyprrstrerreddredl)
er=float(n)Xexp(-rPXrit)
ed0=(float(n)-er)/r

edi=ed0x(1.0-p)

return
end

Cc-5
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subroutine tbf (n»
function

usade
parameters n
»
'
k
x
rel
xmttf

THIS PAGE IS BEST QUALITY PRACTICABLY
FROR QQPY PURRISHED 10 DDC ____—

TABLE C.5 SUBROUTINE TBF

prrrkexrrel s xmtte)
compute reliability and mtif
call tbf (nePrrskrrrelyxmttf)
(input.) initial no. of errors
(input.) prob. of rerfect debugdging
{input.) dec tion rate / error 4
(inPut.) k—-th failure
(input.) time
(outrput.) reliability at time x after (k-1)st failure
(outrut.) mean time between (k-1)st and

k-th failures

|
;
|
i

subroutine tbf (n»

xmttf=1.0/(float(n)-pXfloat(k-1))/r

rel=exp(-x/xmttf)
return
end

prrrkyxsrelsxmttf)




- o e

nNnnonNnNNNNNN

" TABLE C.6 SUBROUTINE MDGAMM =~ =

subroutine mddamm (xXsPrprob) from imsl
function ~ compute imcomrlete damma distribution
usade - call mddamm (x»PsProb)
raraneters X =~ (inPput.) value to which damma is to be intedrated
» ~ (inrPut.) gamma rarameter
rrob ~ (outrut.) prob.=integral of damma(e) to x

read. subroutines damma

subroutine mddgamm (xsypeprob)
dimension v(4)»v1(8)
eauivalence (v(3)rv1(1))
Prob=0.0
if (x .de. 0.0) g0 to S
g0 to 9000

S if (p .at. 0.0) g0 to 10
g0 to 9000

lo if (x .ea. 0.0) g0 to 9005
fnldg=aldgammalp)
cnt=pXalod(x)
went=x+fnlg
if ((cnt-uent) .gt. -88.0) @0 to 1S
ax=0.0
so to 20

15 ax=exp(cnt-ucnt)

2° bilﬂloeSS
cut=1.e-8
if ((x Jle. 1.0) s0Or, (x +1t. #)) g0 to 40
w=1,0-p
z=x+u+1.0
cent=0.0
v(1)=1.0
v(2)=x
v(3)=x+1.0
v(4)=z%x
prob=v(3)/v(4)

25 cnt=cnt+1.0

v=u+1.0 RIS PAGE IS BEST QUALITY PRACTICABLE

it - A FROM OOPY FURALSHED 10 DDC o

v(S)=vi(1)xz-v(1)%kucnt
v(6)=v1(2)Xz-v(2)Xucnt

if (v(6) .ea. 0.0) g0 to S0
ratio=v(S)/v(é)
reduc=abs(rrob-ratio)

if (reduc .gt. cut) g0 to 30

if (reduc .le. ratiokcut) go to 35




TABLE C.6 (Continued)

30 prob=ratio !

g0 i m
35 Pl‘o:gl ?g-r robXax THI1S PAGE IS BEST Quﬁtgcmm
%o to 9005 FROM 00PY PURRLSHED Vi
40 ratio=r
ent=1.0
rrob=1.0
45 ratio=ratiot+l.0
ent=cntxx/ratio
eprob=probtent
if (cnt .9t. cut) do0 to 45
Prrob=probxax/p
dso to 9005
S0 do 55 i=1,4
viid)=vi(i)
S5 continue
if (abs(v(S5)) .1t. bidg) g0 to 2
do 60 i=1,4
v(ir=v(i)/bigd
80 continue
go to 25
3 9000 continue
f 9005 return
3 end

function algamma(e)
if (» .gt. 31.0) do to 15
call damma (prgp)
aldamma=alod(gpr)
return

15 21=(P-0.5)%3l09(P)-P+0.5%3104(2.0%3,1415)
z2=1.0/12.0/p
23=1.0/360.0/p/p/%
24=1.0/1260.0/p/p/r/r/P
25=1.0/1680.0/p/pr/p/r/F/Pr/P
algamma=z14=2-234z4-z5
return
end

Cc-8




e S 5 gt 5 R S

nnNnnNnnnNnnn

o N b A A N W A 13 AP S SNt 0 .5 A S 0 A a5+ S 0 i e R L B A58 S ——

THIS PAGE IS BEST QUALITY PRACTICABLY
FRON 0OPY FURNISHED TODDG _____—

TABLE C.7 SUBROUTINE GAMMA

subroutine gamma (Xxrgx) from imsl--———~=
function - comrute a3 damma function of parameter xx
usade - call gsamma (xxrdx)
rarameters xx = (input.) Parameter of samma function

X (output.) value of gamma function

subroutine gamma(xxsdx)
1P (x%x-57.) &+674

4 dx=1.0e30

return

& x=xx

10
15
S0

60
62

64
70
80

110

err=l.e-6

ax=1,.

17(x-2,) 50,50,15

if (x-2.) 110,110,15
x=x-1.

dSx=gxkx

sdo to 10

if (x~1.) 60,120,110

if (x~err) 62+62+80
u=floatlint(x))-x

if (abs(w)-err) 1209120564
if (1.-y-err) 1209120570

if(x-1.) 80,80,110
dSx=dx/x

x=x+1.

g0 to 70

w=x-1,

tu=1,+vX(~0.5771017+u%(0.9858540+uyX(~-0.8764218+uyX(0.8328212+u%(-0.5684729

\c+u%(0.2548205+u%(-0.0514993)))))))

120

ax=gxigy
return
end

c-9
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C.2 Programs for Simulation of Imperfect Debugging Data

- Computer programs to simulate the data required to estimate
the parameters N, p and A , are given in Tables C.8 to C.1l.

These programs perform the following functions:

- Simulate data (Eﬂl) for given N, p and A (SUBROUTINE SMLT)
. Compute the mle's of N, p and 2 given the data (EJX) and
also obtain the estimate of variance-covariance matrix

(SUBROUTINE MLE)

- Compute the Bayesian estimates of N, p and A for given

data (t, ,X) ( SUBROUTINE BAYES)

w——e - e b s Tl e T Vg e e
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The programs are self-explanatory.
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TABLE C.8 SUBROUTINE SMLT

subroutine smlt (nreprrrnnriseedrtriy)
function - simulate time between s/w failures for
imPperfect debudding model
usade - call smlt (nrPrrennriseedrtriy)
rarameters n - (input.) initial no. of s/w errors
# -~ (input.) prob. of pPerfect debusdding
r - {inrput.) detection rate / error
nn - (inFut.) pno. of observations for s/w failure time
iseed ~ (input.) an inteder value in the exclusive
rande (152147483647). iseed is rerlaced by
8 new iseed to be used in subseauent calls.
t - outrut vector of lendth nny containind time
x between s/uw failures
iw -~ outrut vector of lendgth nnr indicatindg the
T T T TTTTTTTTT T T ture of Terror which is 1 if the i-th
failure is caused by an error due to
imrerfect debusdgdingror O otherwith.

read. subroutine - ddub

NnNN NNNNNNNNNNNNNNNDNDN

subroutine smlt (nyPrrrnnriseedrtsiyv)

dimension t<(nn)riv(nnd)rrr(2) '

nr=n

ie=0

do S i=lynn

if (nr .ec. 0) do to 99 THIS PAGE ISBES‘IQUALIT!PMMIW

xm=1.,0/r/float(nr)
call dgdub (iseedslysrr) FROM 0OPY JURRISHED TODDC  _or

t(i)=—-xmXalod(rr(1))
call ddub (iseedslsrr)
if C(rr(1)-(1.0-p)) 22,22,33
33 nr=nr-1
g0 to 44
22 ie=ietl
44 call ddub (iseedrlisrr)
if (rr(l1)-float(ie)/float(nr)) 55,55+66
66 14(i)=0
g0 to 77
55 iv(i)=1
ie=ie-1 :
77 print 100vist(id)rivwCidrnrrie
100 format(iS»f15.5,3i5)
S continue
99 return
end
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TABLE C.9

subroutine mle (trivrnnrenrerrerrecov)

SUBROUTINE MLE

function - estimate unknown parameters ny» Py and lambda
and also estimate variance-covariance
ma3trix for idm

usade - call mle (trivsnnsenrerrerrecov)

rparameters t - (inrPut.) a vector of lendth nnrs containing time

25

between s/w failures

iy -

(inPut.) a2 vector of lendth nns indicating the

ture of error which is 1 if the i-th
failure is caused by an error due to
imperfect debuddindy or 0 otherwith

(inrut.) no.
{outrut.) an
(outrut.) an
(outprut.) an
(outrput.) an

matrix (3x3)

en -
er -
er -
ecov -

of observations for s/w failure time
estimate of
estimate of
estimate of
estimate of

rarameter n
rarameter p
rarameter lambda
variance-covariance

subroutine mle (trivsnnrenserrersrecov)

dimension t(nn)siv(nn)recov(3y3I)
x1=0.0

%2=0.0

¥=0.0

do S i=1snn
xi=x1+t(i)
x2=x2+t(i)%float(i-1)
w=ytfloat(iu(i))
continue
en0=float(nn+l1)
er0=1.0

do 15 J=1,20
x3=x1%Xen0-er0%x2
%4=0.0

x5=0.,0

do 25 i=1snn

xX4=x4+float(1-iu(i))/(en0-float(i
x9=xS5+float(1-iu(i))/(en0-float(i

continue

f0=x5-x1%Xfloat(nn)/x3
fn=—-x4+x1%¥x1%Xfloat(nn)/x3/%3
fr=—x1Xx2Xfloat(nn)/x3/x3
PhO=float(nn)%X(1.0-er0)%Xx2/x3~-y

1))%%x2
1))

rhn=—(1.0-er0)Xfloat (nn) X:}:2%Xx1/x3/:3
rhr=float (Nn)Xx2X(-1,04(1.0-erP0)Xx2/%3) /X3

hk=fnxehp-rhnXxfe
hh==(f0xphr-PhOXfPr)/hk
xk==(fnxphO-rhnXxf0)/hk
en0=en0+hh

erd=erO+xk




100

15
11

35

TABLE C.9 {(Continued)

rrint 100>JrenOrerd

format(iS,»2e15.,5)

if (amaxl(sbs(hh/en0)rabs(xk/er0)) .le. 0.00001) g0 to 11
continue

en=en0

er=ep0

er=float(nn)/x3

rmn=0.0

rPr=0,0

rnr=0.0

do 35 i=1lsnn
rnn=rnnt+1.0/(en-float(i-1))/(en-erxfloat(i-1))
rer=rpri+float(i-1)/(en-erxfloat(i-1))
rar=rnr+1.0/(en-erkfloat(i-1))

continue

rar=rnr/er

rep=repr/(1.0-epr)

rer=-rer/er

rrr=float(nn)/er/er
rxX=roanXreeXrrr-rnrXrepXrnr~-ranXrerXrer
ecov(lsl)=(rrrXrrr-rerXrer)/ri
ecov(ls2)=rprXrnr/rx

ecov(ly3)=-rrrXrnr/rx
ecov(2y2)=(rnnXrrr-rarXrnr)/rx
ecov(2y»3)=-rnnXrer/ry

ecov(3r3)=rnnXrer/rx

ecov(2sl)=ecov(l,2)

ecov(3rl)=ecov(1,3)

ecov(3s2)=ecov(2,3) yg‘grlclﬂﬁl
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TABLE C.

subroutine baves (trivrnnralrharbetarrisrhorsxmurdammarbnsbrebr)

THIS PAGE IS BEST QUALITY PRACTICABLE
FRON OQPY JURRISHED T0DDC _——

10 SUBROUTINE BAYES

between s/w failures
ivw - (input.) a vector of lendth nny indicating the
ture of error which is 1 if the i-th
failure is caused by an error due to
imperfect debugdings or 0 otherwith
no. of observations for s/w failure time

nn - (inrut.)
alrha - (input.)
beta - (input.)
pi - (input.)
rho - (ineput.)
xmu - (input.)
gamma — (input.)

share rarameter af
scale rarameter of
first rarameter of

function - obtain bavesian estimates of unkrnown parameters ns Py
and lambda for idm
usade - call baves (trivsnnralrhasbetarrirrhosxmusdammarbnsberbr)

rarameters t - (input.) a3 vector of length nny containind time

gamma Prior for n
damma prior for n
beta prior for p

second rparameter of beta rprior for p

share rarameter of
scale rarameter of

bn - (outrut.) bauvesian estimate
ber - (outrut.) bavesian estimate
br - (outrut.) bavesian estimate

damma Prior for lambds
gamma pPrior for lambda
of n

of »

of lambda

subroutine bhaves (trivsnnsalrharbetarrisrrhorsxmusrdammarbneberbr)

dimension t{nn)riv(nn)
x1=0.0

x2=0.0

u=0.,0

do S i=1lsnn

ni=x1+t(i)
x2=x2+t(i)Xfloat(i~-1)
w=yifloat(iv(i))
continue
bn0=float(nn+l)
bp0=1.0

do 15 J=1,20
x3=x1XbNO0-brO0Xx2+damma
x4=0,0

x35=0,.0

C-14
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TABLE C.10 (Continued)

do 25 i=1snn
X4=x4+47loat(1-iuy(i))/(bn0-Tloat(i-1))%%x2
®xS5=x5+float(1-iv(i))/(bn0-float(i-1))

25 continue
PO=xS5-x1X(xmutfloat(nn-1))/x3+(alrha-1.0)/bn0-beta
fn=-x4+x1 X1 X (xmu+float (nn-1))/x3/%3-(alrha-1.0)/bn0/bn0
fr=—34%x2X (xmutfloat (nn—-1))/%3/x3
phO=(xmutfloat(nn=1))%(1.0-br0)%x2/:3-y+(ri-1.0)%(1.0-br0)/br0-(rho-1.0)
phn=-(1,0-brO) X (:xmut+float(nn—1) ) kx2%:x1/:x3/%3
phr=(xmutfloat (nn—-1))%kx2%(-1.04(1.0-br0) X:x2/%3)/%3~-(Pi-1.0)/br0/brP0O
hk=fnXphr-rhnXfe
hh=-(fOXrhr—-rhOXfr ) /hk
xk==(fnXeh0-rhnxfO0)/hk
bnO=bn0+hh
brO=brO+:xk
print 100s4sbn0sbr0

100 format(iS»2e15.5)
if (amaxl(abs(hh/bn0)sabs(xk/be0)) .le. 0.00001) do0 to 11

15 continue

11 bn=bn0
be=br0
br=(xmutfloat(nn-1))/x3
return
end

1S PAGE IS BEST QUALITY PRACTICABLE
FROM OQPY FUNALSHED T0DDC o
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IBDIGDE!’UIBSHID
TABLE C.1l SUBROUTINE GGUB !
c subroutine ddub (iseedynsr) from imsl-~——==c—cew- !
¢ function -~ basic uniform (0r1) pseudo-random number y
c dgenerator J
c usade - call gdub (iseedrnrr)
¢ rarameters iseed ~ (inrut.) an inteder value in the exclusive
c rande (1,2147483647), iseed is rerlaced by i
c 8 new iseed to be used in subsecuent calls. !
c n - ¢inrut.) no. of deviates to be denerated
c r{n) - (outrut vector of lendth n» containing the §
c deviates in (0r1) ;
c = g
e }
subroutine ggub(iseedsnsr)
dimension r(1) }
double precision zrdrmsde
4 dea=dble(float (2%%x31-1))
dr=dble(float(1/2%%31))
: 2=iseed
do S i=isn
2=dmod (14807 ,.d0X=zydrm)
S rli)==z=/drm
iseed=z
return
end

C-16
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C.3 Programs for the Imperfect Maintenance Model of Section 3

Computer programs to compute the following quantities of
interest for given N, p, A and u are given in Tables C.12 to

c.18.

* Mean and variance of the first passage time from N to n,
(SUBROUTINE COMP)

* PAf and cdf of the first passage time from N to n,
(SUBROUTINE FIRST)

* Probability of the software system being operational with n,
remaining errors at time t (SUBROUTINE STT)

- Software system availability at time t (SUBROUTINE AVAIL)

- Expected number of errors detected and corrected by time t

(SUBROUTINE EXPCT)

The programs are self-explanatory and include the' required

subroutines (MDGAMM and GAMMA) .

Cc-17
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TABLE C.12

subroutine comP (nePrrrxmrklsk2setrvtrarbrrier2)

SUBROUTINE COMP

ean and variance of first rassasge

timer estimate the gamma rParametersrs and

function - compute m
obtain
usase - call compr
rarameters n - (inPut.)
P - (input.)
r - {inkput.)
xm - Cineput.)
k1l - (inrut.)
k2 - (input.)
et - (outrut.)
vt - (outrut.)
a - (outrput.)
b - (outrut,)
rl - (outrut.)
r2 - (output.)

15
22

33
99

the constants r1 and r2
(nvP!rvxlvklvk2vetvvtoavbvrlor2)
initial no. of errors

rrob. of rerfect debuddinsg

detection rate / error

correction rate / error

first destination

second destination
mean first passadge time
variance of first rpassade time
share parameter of damma distribution
scale parameter of damma distribution
smaller constant

larder constant

subroutine comr (nePyrsxmekly
kki=k1+1

kk2=k2+1

rr=sart ((r+xm) XX2-4,0kpXrXxm)
ri=(r+xm-rer) /2.0
r2=(r+xmtrer) /2.0

erl1=0.0

er2=0.0

vr1=0.0

vr2=0.0

if (kkl .d9t. n) g0 to 11

do S i=kklyn
eri=eri+1.0/float(i)

vri=vri+1.0/float(i)/float(i)

continue

erli=eri/ri

vri=vri/ri/r1

if (kk2 .9t. n) g0 to 22
do 15 i=kk2sn
er2=er2+1.0/float(i)

k2retsvtrsarbrri,r2)

vr2=vr2+41.0/float(i)/float(i)

continue
er2=er2/r2
vr2=vr2/r2/vr2
et=erlter2
vi=vritvr2

it (vt .ea. 0.0) g0 to 33
b=et/vt

go to 99
b=0.0

a=etxd

return

end
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TABLE C.13 SUBROUTINE FIRST

subroutine first (niprroxmiklsk2rtrrdfrcdfrrlsr)
function ~ compute pdf and cdf of first rassade time |
and a3lso obtain the constants r1 and r2 {
usade - call first (neprrexmeklsk2styrdPrcdfrrlisr2) |
rParameters n - (input.) initial no. of errors
» - (input.) rrob. of rerfect debudding
r - (inrut.) detection rate / error
xm ~ (input.) correction rate / error
ki - (inrut.) first destination
k2 - (inrut.) second destination
pdf ~ (outrput.) rdf of first passade time
P cdf -~ (outrut.) cdf of first rassade time
rl ~ (output,) smaller constant
r2 ~ (outrput.) lardger constant

comPy mddammer S3amma

read., subroutines

nnNnaonnnNnnNnnNnNNNNNNND

subroutine first (nspsryxmeklsk2yteypdfrcdfrrirr2)
it (min0(Kk1sk2) .1t. O) g0 to 22
c3ll comP (nepyrexmrklskretrsvtrarbrrisr2)
if (b .ea. 0.0) g0 to 11
x=bkt
x1=(3~1.0)%3lod(x)
x2=algamma(a)
X3I=n1-xn-n2
if (x3 .1t. -88.0) g0 to 33
rdf=exp(x3)
g0 to 44
33 »df=0.0
44 call mddamm (xsarcdf) 5 PAQ!ISBESTQUALIHPBICTIM

return
11 cdf=1.0 FROM OOPY FURKISHED TODDC ___—
pdf=1,0
return
22 cdf=0.0
pdf=0.0
return
end

£
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TABLE C.1l4 SUBROUTINE STT

subroutine stt (nsPsersxmenOrtrrrob)

function
usade
rarameters n
»
"
AW
no
t
rrob
read. subroutine

- compute the probabilituy of being n0 s/w
errors remaining at time t
call stt (nerprrexminOrtsprob)

- (input.) initial no. of errors

- (inPput.) prob. of perfect debuddind

- (inPput.) detection rate / error

- (input.) correction rate / error

- (input.) srecified no. of errors

- (input,.) time

- (outrput.) Prob. of beind n0 errors remaining
at time t

- first

subroutine stt (nesPrrrxmenOstsrrob)
call first (neporrxmon0OsnOstsrdfscdfrrier)

prob=cdf
k=n0-1

ci=(r-r2)/(r1-r2)

c2=(r1-r)/(r1-r2)

call first (nyPrrexmekonOstrrdfrcdfrrlirc2)

prob=prob-clxcdf

call first (nsprryxmenOskstrrdfrcdforirr)

prob=prob-c2xcdf
return
end

s st 00—
ﬁ w
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TABLE C.15 SUBROUTINE AVAIL

subroutine avail (nePrroxmotrat)
function
usade
parameters

call avail (nsrrrexmetrat)

b
(inPut.) time

*e*® 99D

read. subroutine stt

comPute s/w sustem availability at time t

(inrput.) initial no. of errors
(inPut.) Pprob. of rerfect debudging
(inrput.) detection rate / error
(inrut,) correction rate / error

(outrut,) availability at time t

subroutine avail (nsrrrexmetrat)
at=0.0
ni=n+1
do S5 i=1,n1
no=i-1
call stt (nsperrxmenOstrprob)
at=at+erob
S continue
return
end

RIS PAGE IS BEST QUALTTY PRACTICABLE
FRON 00PY FURRISHED TODDG ___—
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THIS PAGE IS BEST QUALITY PRACTICABLY
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TABLE C.l6 SUBROUTINE EXPCT
subroutine expct (nePsrrxmstrydmdrime)—~
function - comrute mean no. of errors detected and
corrected by time t
usade = call expct (nerrrexmrtrxmdrime)
parameters n - (inPut.) initial no. of errors
» = (inPut.) prob. of rperfect debudding
r - (inrut.) detection rate / error
xm - (inrPut.) correction rate / error
t - C(inrut.) time
xmd - (outrut.) mean no. of errors detected by
time t
xme - (output.) mean no. of errors corrected bu
time t
read. subroutine - first
subroutine expct (neprroxmetsxmdrxmec)
h1=0.,0
Hh2=0.0
h=0.0
do S i=1sn
k=i-1
call first (nsPrresxmekrirtyprdfrcdfrrisyr2)
hi=hl+cdf
call first (nersroxmeiskrtsrdfrcdfrrlisr2)
h2=n2+cdf
call first (nsrrrsscmekskstsrdfecdfrrlier2)
h=htcdf
continue
xmc=h/F
xmd=(h1%X(1.0-xm/r1)+h2%(xm/r2-1.0))%Xr/(r1-r2)
return
end
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TABLE C.17 SUBROUTINE MDGAMM

subroutine mddamm (xrPyProb) from imsl
function - comprute imcomrlete gamma distribution
usade = call mddamm (xsPrProb)
parameters - X = (inPut.) value to which damma is to be intedrated

» - (inrut.) damma rarameter
Prob ~ (output.) rrob.=intedral of damma(r) to x
read. subroutines ~ damma

subroutine mddamm (xrprprob)
dimension v(48),v1(6)
eauivalence (v(3),v1(1))
prob=0,0
if (x .ge. 0.0) g0 to S
g0 to 9000

S if (» .g9t. 0.0) g0 to 10
d0 to 9000

10 if (% .ea. 0.0) g0 to 9005
fnlda=3ldamma(pr)
cnt=rXalog(x)
went=x+fnlg
if ((cnt~uent) .at,., -88.0) do0 to 15
ax=0.0
go to 20

15 ax=exr(cnt-ucnt)

20 big=1.e35
cut=1.e-8
if ((x le. 1.0) .or. (x +1t. P)) d0 to 40
u=1.0-p
2=x+u+1.0
cnt=0.0
v(1)=1,0
v(2)=x
v(3)=x+1.0
v(4)=z=%kx
prob=v(3)/v(4)

25 cnt=cnt+1.,0
u=u+l1.0
z=z42.0
vcent=ykent
v(S)=vi(l)Xz=~v(1)Xucnt
v(8)=v1(2)Xkz=~v(2) Xucnt
if (v(é6) .ea., 0.0) g0 to S50




30
35
40

45

60

9000
9005

15

TABLE C.17

ratio=v(S)/v(é)
reduc=abs(prob-ratio)

if (reduc ,at. cut) g0 to 30

(Continued)

if (reduc .le. ratioxcut) go to 35

rrob=ratio

g0 to S50

rrob=1.0-probxax

go to 9005

ratio=p

cnt=1.0

Prob=1.0

ratio=ratio+1.0
ent=cntxx/ratio
prrob=probt+cnt

if (cent .gt. cut) do to 45
rrob=probxax/r
g0 to 9005

do 55 i=1,4
v(i)=vi(i)
continue

if (abs(v(95))
do 60 i=1,4
v(i)=v(i)/bisa
continue

g0 to 25
continue
return

end

o1t

function aldamma(pr)

if (» .at. 31.0) g0 to 15
call gamma (rrgp)
aldamma=alod(gr)

return

bidg) do to 25

21=(p~0.5)%3l09(Fr)-,+0.5%3104(2,0%3.1415)

22=1.0/12.0/pP
z23=1.0/360.0/p/p/P
24=1,0/1260.0/p/P/P/P/P
25=1.0/1680.0/p/r/P/P/P/P/P
aldamma=z1+22-23+=24-=5
return

end
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TABLE C.18 SUBROUTINE GAMMA |

c subroutine fsamma (xxr=x) from imsl--——-=w-
¢ function - compute a3 samma function of rarameter xx
¢ usase - call damma (xxrgx)
c Prarameters xx ~ (input.) parameter of damma function
c gx - (output.) value of damma function
c
c
subroutine samma(xxrdx) |
1P(%x~57,) &vbr4 j
4 d€x=1.0e30 1
return ;
é x=xx ‘
err=1.e-é ;
ax=1., 3
ir({x-2.) 50,50,15 ;
10 if (x-2.) 110,110,515 3
15 x=x-1.
EX=gxEX
: k go to 10
S50 if (x-1.) 6051205110
80 if (x-err) 42+62,80
62 w=float(int(x))-x .
it (abs(w)-err) 120+120+64 i
é4 if (1.-w-err) 120,120,770
3 70 if(x~1.) 805,805,110
80 dx=gx/x
x=x+1.
g0 to 70
b 110 w=x-1.

dy=1.49%k(-0.5771017+u%X(0.9858540+u%x(-0.8764218+4%(0.,8328212+u%x(-0.5684729
\ctu%k(0,2548205+u%(-0.,0514993)))))))
dx=dxXdy
120 return
end

c-25
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C.4 Program for Bayesian Software Correction Limit Policies
(Section 5)
Computer programs to compute the optimum policies for model 1

and model 2 are given in Tables C.19 to C.23. These programs per-

form the following functions:

- For model 1, simulate error occurrence time and correction time
and then compute Bayesian estimates of mean correction time,
optimum correction limit time, and its minimum cost per unit
: time (SUBROUTINE MDL1)
| - For model 2, simulate error occurrence time and correction time
and then compute Bayesian estimate of mean correction time,
optimum ocrrection limit time, and its minimum cost per unit %
times, and also provide the optimum sample size

(SUBROUTINE MDL2)

The programs are self-explanatory and include the required

subroutines (eg. DATA 1, GGUB and OPTMM).
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subroutine mdll
function -

usade -
parameters iseed -
nn -

xmui -
xmau2 -

alrha -

beta -

xXn -~
-n -

tt -
ct ~
read. subroutines

gﬂﬂ»ﬂmmd -ngc /
FROR 00FY TURBISED

TABLE C.19 SUBROUTINE MDL1

(iseedrnnsrexmul rmulscralrpharbetarxnrunstiret) ~————=e-
simulate error occurrence time and correction time
and then comrute bauesian estimate of mean

correction times ortimum correction limit times
and its minimum cost rer unit time
call mdll (iseedsnnsrsxmul sxaulscralrharbetarxnsunsttrct)
(inPut.) an inteder value in the exclusive range
(1,2147483647)., 1iseed is rerlaced by a3 new iseed
to be used in subseaquent calls.,
(inrPut.) no. of observations
(inrPut.) error occurrence rate
{(inPut.) mean correction time in rhase 1
(inrPut.) mean correction time in rhase 2
(inrput,) a vector of lendth 3
c(l1) - cost rer unit time of error correction
in rpase 1
c(2) - cost rer unit time of error correction
in rase 2
c(3) - samprlind cost rper samrle size
(input.) a3 vector of length 2
alpha(l) - share rarameter of inverted gamma
prior for mean correction time
in pase 1
alerha(2) - share rParameter of inverted damma
prior for error occurrence rate
(inFut.) 3 vector of lendgth 2
beta(l) - scale rparameter of inverted damma
prior for mean correction time
in pase 1
beta(2) - scale rarameter of inverted gamma
prior for error occurrence rate
(outrut.) bavesian estimate of error occurence rate
(outrut.) bavesian estimate of mean correction
time in rpase 1
(output.) ortimum correction limit time
(outrut.) minimum cost rer unit time
- datals ortmm

subroutine mdl1l

(iseedrnnsrexmulyxmu2scsalrharsbetarinrvunsttrct)

dimension £(3)ralrha(2)sbeta(2)yxu(2)
call datal (iseedrynnryryxmul siiiruy)
xn=(xxtbeta(2))/(alrha(2)+float(nn-1))

a=0,0
b=xn

call ortmm (nnryyscralrharbetarxmu2rarsbrunstisct)

return
end
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subroutine mdl12
function -

usade -
rarameters iseed -

xmul -
xBu2 -

slrha -

beta -

nn -
®xn -
¥n -
tt -

ct -
read. subroutines

sgstqulbtfltiﬂﬁﬂgﬂgﬁl
A

TABLE C.20 SUBROUTINE MDL2

(iseedsroxmulrxmu2rcralpharbetasnnexnrvnrttrct)———=—=—-

simulate error occurrence time and correction time

and then compute bavesian estimate of mean

correction time» ortimum correction limit timer
and its minimum cost rer unit timer and also

provide ortimum samrle size

call mdl2 (iseedrrixmul sxmu2scralrharbetasnnrxnrsunsttect)

(inPput.) an inteder value in the exclusive range
(1,2147483647). iseed is rerlaced by a new iseed

to be used in subseauent calls.
{inPut.) error occurrence rate
{inrPut.) mean correction time in phase 1
(input.) mean correction time in phase 2
(input.) a vector of lendth 3
c(1) - cost Per unit time of error correction
in rase 1
©(2) - cost rer unit time of error correction
in rase 2
c(3) ~ samrling cost rPer samrle size
(input.) a vector of lendgth 2
alpha(1l) - share rparameter of inverted dgamma
erior for mean correction time
in rase 1
alrha(2) - share rparameter of inverted dgamma
errior for error occurrence rate
(inrut.) a vector of lengath 2
beta(l) - scale rarameter of inverted dsamma
srior for mean correction time
in rase 1
beta(2) - scale rarameter of inverted samma
rrior for error occurrence rate
(output.) ortimum samrle size
(output.) bavesian estimate of ereor occurence
(outrput.) bavesian estimate of mean correction
time in rase 1
(outrut.) optimum correction limit time
(outrut.) minimum cost rer unit time .
- dgduby orPtmm

rate
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subroutine mdl2

(iseedsrixmulrxmu2scralrhasrbetarnnsxnsunsttrct)
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TABLE C.20 (Continued)

dimension c(3)ra3lrha(2)sbeta(2) rxu(2)
%%=0.0

wy=0,0

do S nn=1,100

call gdub (iseedsr2yxny)
xx=xx-rkalog(xy(1))
wy=yy-xmulXalod(xy(2))

if (nn .eaqa. 1) d0 to S
xn=(xxtbeta(2))/(alrha(2)+float(nn-1))
a=c(3)xfloat(nn)

b=xxt+xntuy

c3ll ortmm (nnryyscralrhasbetarxmu2sarsrbrunstirecl)
a=c(3)xfloat(nn+l)

b=xx4+2.0%kxntuutun

call ortmm (nnrugscralrhasrbetarxmu2rarbrunrst2rc2)
rrint 100snnynyynstisclrst2yc2
format(iSréel1S.5)

it (t1-t2) 11,225

if (cl1-c2) 11,11,5

continue

tt=t1

ct=ci1

return

end
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TABLE C.21 SUBROUTINE DATAl

subroutine datal (iseedrsnnrrexmul rixryuy)
function - simulate error occurrence time and correction
time in rPhase 1
usade - call datal (iseedsnnyroxmulsxiiruy)

(inPput.) an inteder value in the exclusive
rande (192147483647). iseed is rerlaced
by 3 new iseed to be used in subsecuent calls.

rarameters iseed

nn - (inPput.) samrle size
r - {(inPut.) error occurrence rate
xmul - (inPput.) mean correction time in rhase 1
x% - (outrut.) total asmount of error occurrence time
wy - (outrut.) total amount of error correction time

in phase 1
ddub

read. subroutine

nNnNnNNNNNNNNNNNNNDN

subroutine datal (iseedrnnsrrxmul s Xxryuy)
dimension xu(2)
*xx=0,0
wy=0,0
! do S5 i=1lynn
| call gdub (iseedr2sxy)
i xx=xx-rkalogd(xy(1))
wys=yy-xmulXalog(xu(2))
S continue
return
end

i
{
!
|
|
|
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TABLE C.22 SUBROUTINE GGUB

subroutine gdgub (iseedsnrr) from
function - basic uniform (0s1) pseudo-random number
dgenerator
usade - call gdgub (iseedrn»rr)

parameters iseed - (inrut.) an integer value in the exclusive
rangde (1+2147483647). iseed is rerlaced by
a8 new iseed to be used in subseauent calls.,
n - (inrut.) no. of deviates to be generated
r - outrut vector of lendgth n» containing the
deviates in (0s1)

subroutine ddub(iseed»nsr)
diwmension r(1)
double rrecision zrdemrdrnrde
data demr»drn/2147483647.d0»1.d0/
de=den/ (drm+drn)
z=iseed
do S i=1sn
2=dmod (16807 .d0%x=ydrm,
S r(i)=zXder
iseed==z
return
end
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TABLE C.23 SUBROUTINE OPTMM

subroutine orteam (Nnevvrcralrharbetarxmu2rarbrunsttrct)———~==- -
function - comrute bavesian estimate of mean correction
timer ortimum correction limit timer» and
its minimum cost rer unit time
usasge = czll ortam (Nnryyrcralrharbetarxmu2rarbrunsttsct)
raraneters mn - (inrut.) no. of observations
Wy - (inrut.) total amount of obse~ved correction
time
e = (inrut.) @ vector of lendth 3
c(1) - cost rer unit time of error correction
in pase 1
¢c(2) - cost per unit time of error correction
in rase 2
c(3) - samrling cost rer samrle size
alrha -~ (inrut.) a vector of lensth 2
alrha(l) - share parameter of inverted samma
esrior for mean correction time
in rase 1
slrha(2) - share rarameter of inverted damna
rrior for error occurrence rate
beta - (inrut.) @ vector of lenath 2
beta(l) - scale rarameter of inverted gamma
prior for mean correction time
in rase 1
beta(2) - scale rparameter of inverted gsamma
srior for error occurrence rate
xmu2 - (inPut.) mean correction time in rase 2
8 - (input.) constant of a3 in equation (a-1)
b -~ (input.) constant of b in eauation (a3-1)
wn - (output.) bauesian estimate of mean correction
time in rase 1
tt (outrut.) ortimum correction limit time
ct (outrut.) minimum cost rer unit time

subroutine ortmm (nnsyyscsalrhasbetarxmurarbrunsttrct)

dimension c(3)ralrha(2)sbeta(2)

aa=c(2)xb-a

bb=(c(1)Xb-a)/xmu2 i
sl=yyibeta(l) }
80=alprha(1)+float(nn-1) |
un=g1/a0
#2=hd/(aatunkc(2)-c(1))
43=(20+1.0)/91
t=(23/492-1.0) %41

if (¢t .1t. 0.0) g0 to 22
do S i=1,20 {
rt=43/(1.0+t/491) ,
Hdt=g1/a0%(1.0-(1.04+t/41)%%(~-230))

at=(1,04t/91)%%(-30-1.0) |
Xi=aat(c(2)~c(1) ) xagt

fO0=rtxxi+(c(2)-c(1))xat-bb

rri=-g3/41/(1.04t/41)%%2

Pf=prrixxl

h=-f0/7t

t=tth

print 10058t 81§ PAGE
100 format(iSre15.5) FROB 002X




| TABLE C.23 (Continued)

if C(abs(h/t) .le. 0.00001) 50 to 11
S continue

11 tt=t
ct=(c(1)-c(2)Xkxmu2Xrt)/(1,0-xmu2%rt)
return
22 Lt=0.0
ct=(atc(2)Xxmu )/ (btxmu2)
return
end
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