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Parameter Estimation and Prediction for NHPP Software Reliability Model
and Time Series Regression in Software Failure Data

Kwang-Yoon Song and In-Hong Chang’

Abstract

We consider the mean value function for NHPP software reliability model and time series regression model in software
failure data. We estimate parameters for the proposed models from two data sets. The values of SSE and MSE is presented
from two data sets. We compare the predicted number of faults with the actual two data sets using the mean value function

and regression curve.
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1. Introduction

The pioneering attempt in non-homeogenous Poisson
process based on software reliability growth mod-
els(SRGM) was made by Goel and Okumoto!). The
model describes the failure observation phenomenon by
an exponential curve. There are also SRGM that
describe either S-shaped curves, or a mixture of expo-
nential and S-shaped curves (flexible). Goel and Oku-
moto!!! presented a stochastic model for the software
failure phenomenon based on a nonhomogeneous Pois-
son process (NHPP). Also, they developed a suitable
mean-2 value function for the NHPP; expressions are
given for several performance measures. Goel-Oku-
moto compared the NHPP and the Jelinski-Moranda
models. Yamada and Osaki'? summarized existing soft-
ware reliability growth models (SRGM's) described by
nonhomogeneous Poisson processes. And they classi-
fied the SGRM's in terms of the software reliability
growth index of the error detection rate per error.
Yamada and Osaki discussed the maximum-likelihood
estimations based on the SRGM's for software reliabil-
ity data analysis and software reliability evaluation.
Pham and Zhang®! proposed software reliability models
based on a nonhomogeneous Poisson process (NHPP)
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are summarized. They proved that all models are
applied to two widely used data sets. It can be shown
that for the failure data used here, the new model fits
and predicts much better than the existing models.
Pham and Zhang!*! presented a cost model with war-
ranty cost, time to remove each error detected in the
software system, and risk cost due to software failure
is developed. They used a software reliability model
based on nonhomogeneous Poisson process. And Pham
and Zhang provided the optimal release policies in
which the total software system cost is minimized.
Pham! considered software reliability growth models
(SRGMs) incorporating the imperfect debugging and
learning phenomenon of developers have been devel-
oped by many researchers to estimate software reliabil-
ity measures such as the number of remaining faults and
software reliability. Pham proposed a software reliabil-
ity model connecting the imperfect debugging and
learning phenomenon by a common parameter among
the two functions, called the imperfect-debugging fault-
detection dependent-parameter model. Grag et al.! pre-
sented a computational methodology based on matrix
operations for a computer based solution to the problem
of performance analysis of software reliability models
(SRMs). They used a set of seven comparison criteria
have been formulated to rank various nonhomogenous
Poisson process software reliability models proposed
during the past 30 years to estimate software reliability
measures such as the number of remaining faults, soft-
ware failure rate, and software reliability. Crag et al.
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selected the optimal SRM for use in a particular case
has been an area of interest for researchers in the field
of software reliability. Kapur and Pham”! proposed two
general frameworks for deriving several software relia-
bility growth models based on a nonhomogeneous Pois-
son process (NHPP) in the presence of imperfect
debugging and error generation. The proposed models
are initially formulated for the case when there is no dif-
ferentiation between failure observation and fault
removal testing processes, and then extended for the
case when there is a clear differentiation between failure
observation and fault removal testing processes. Kapur
and Pham developed a unified framework for two cases,
i. e. the case when failure observation or removal are
considered as one testing process (GINHPP-1), and case
when failure observation and fault removal processes
are considered to be two different testing processes
(GINHPP-2). Some of the important contributions of
these types of models are due to Yamada er al®
Ohba, Kapur and Garg"”, Kapur et ol and
Pham!'?,

Research activities in software reliability engineering
have been conducted over the past 30 years, and many
statistical models have been developed for the estima-
tion of software reliability!>'*!. Software reliability is a
measure of how closely user requirements are met by
a software system in actual operation. Most existing
models for quantifying software reliability are based
purely upon observation of failures during the system
test of the software product!!-3%15-18],

This paper is organized as follows: In Section 2, we
propose the mean value functions for NHPP software
reliability model and time series regression curve
model. In Section 3, the mean square error as goodness-
of-fit criteria is presented for model estimation from
actual data. We also present parameter estimates and
predictive values for the proposed models from two
actual data sets. And we compare the predicted number
of faults with the actual two data sets using the proposed
models. Section 4 presents conclusions in this paper and
further research direction in software reliability mode-
ling.

2. Model Description

2.1. Model
In this section, we consider the NHPP software reli-
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ability models and time series regression models.

Goel-Okumoto Model:

The Goel-Okumoto model(also called as exponential
NHPP model) is based on the following assumptions;
1. All faults in a program are mutually independent
from the failure detection point of view. 2. The number
of failures detected at any time is proportional to the
current number of faults in a program. This means that
the probability of the failures for faults actually occur-
ring, i. e., detected, is constant. 3. The isolated faults are
removed prior to future test occasions. 4. Each time a
software failure occurs, the software error which caused
it is immediately removed, and no new errors are intro-
duced.

The mean value function is given by

m(t)=a(1—e™™) (1

where a is the expected total number of faults that exist
in the software before testing and b is the failure detec-
tion rate or the failure intensity of a fault.

Yamada Imperfect Debugging Model:

The NHPP imperfect debugging model is based on
the following assumptions; 1. When detected errors are
removed, it is possible to introduce new errors. 2. The
probability of finding an error in a program is propor-
tional to the number of remaining errors in the program.

The mean value function is given by

m() =2 () @

where the initial condition 72(0) = 0, a(7) = ae® is defined
as the error content function of time ¢ during software
testing and b(r) = b is a constant error detection rate.

Pham-Zhang Model:

The model®! assumes that; 1. The error introduction
rate is an exponential function of the testing time. In
other words, the number of errors increases quicker at
the beginning of the testing process than at the end. This
reflects the fact that more errors are introduced into the
software at the beginning, while at the end testers pos-
sess more knowledge and therefore introduce fewer
errors into the program. 2. The error detection rate func-
tion is non-decreasing with an inflection S-shaped model.
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Table 1. Software Reliability Model and Time Series Regression Curve

Type Model Mean value function
G-O m(t) = a(1-e™)
Yamada Imperfect Debugging m(t) = ﬂ(eo”—e_l")
a+b
Software
Reliability model ((c fa)[l—e -2 (e—af_e—bt))
Pham-Zhang m(t) = b—a
1+ ﬂeibt
Logarithm Y,=atblnt
i =a+bt+b,*+bst
Regression Curve Cubic Ymatbitthat byt
S a+l—7
Y,=e '
Assume the time-dependent fault content function  given by
and error detection rate are, respectively, a(f) = ct+o(1— U
pectively, a(n) = e 3 (m(t)»)’

e ™), b(t)= blat+fe™, m(0)=0.
Then the mean value function is given by

((C +a)[ 1 _e—bt] —ﬁ(@im—eib’))

14 e "

m(t)= (€)
Now, we consider the time series regression models.
We might use simple linear regression:

Y,=a+bt+w,

where Y; is total number of failure observed at time ¢
and ¢ is not variable but time, and @ and b is parameters.
And we consider the logarithm curve model, cubic
regression model and s-curve model instead of linear
regression model.

The curve models are as follows;

Logarithm: Y, = a + bln¢,
Cubic: Y,=a+b,t+b,r +bst, (4)

b
a+;
S-curve: Y, =e

2.2. Criteria for Model Comparisons

In this paper, the analytical expression for the mean
value function is derived and the model parameters to
be estimated in the mean value function can then be
obtained. We are used common criteria for the model
estimation of the goodness-of-fit such as the sum of
squared errors (SSE), the mean squared error (MSE).

The sum of squared errors and the mean squared error

SSE='y. (m(t)-y)’ , MSE="—

A n—-N
where y; is total number of failure observed at time ¢
and according to the actual data and m(%;) is the esti-
mated cumulative number of failure at ¢, for i = 1,2,...,n.
The MSE measures the distance of a model estimate
from the actual data with the consideration of the
number » of observations and the number N of param-
eters in the model. The lower MSE indicates less fitting
error, the lower value of MSE is the better the model
fits, relative to other models run on the same data set.

3. Numerical Examples

The Data 1 set, given in Table 2 is the data collected
from the test of system T at AT&T. We obtained infor-
mation for Data 1 in Ehrlich (1993) and Pham (2006).
The AT&T's system T is a network-management system
developed by AT&T Bell Laboratories that receives
data from a telemetry network The network presents
telemetry events, such as alarms, facility-performance
information, and diagnostic messages, to operators for
action. The events are detected by local telemetry inter-
faces and are transmitted through telemetry network
interfaces. Events arrive at System T's central processor
as alarm messages. System T expands them by referring
to stored information in the database. Using that infor-
mation, it filters and groups them and then presents
them to operators. The operators - alarm, surveillance
and control-respond mainly by entering commands to

J. Chosun Natural Sci., Vol. 7, No. 1, 2014



70 Kwang-Yoon Song and In-Hong Chang

request more information, to alter the network, or to
change data. Database operators update the network
description and other data in a system database. Each
instance of System T is networked to other instances of
System T. To test the system, system testers executed
it in a manner that emulated its expected use by Unix
system administrators; System T system administrators;
database operators; alarm, surveillance, and control
operators; field users; and report analysts. Testing was
conducted in a controlled-load test environment consist-
ing of a command mix and alarm rate characteristic of
field use. Thus, the database for the test environment
was based on a snapshot of the database from the beta

Table 2. Data 1

site (the largest system site(the largest system site), with
transaction rates for autonomous events and commands
also reflecting use at the beta site. System testers also
created operational scenarios, representing software
installation, database conversion, maintenance of the
transport network, database provisioning, and report
generation and analysis, and ran them against back-
ground load. The system was not restarted unless nec-
essary so that its stability could be tested under
continuous operation.

The Data 2 set, listed in Table 3, was extracted from
information about failures in the development of sofi-
ware for the real-time multi-computer complex of the

t(week) 1 2 3 4 5 6

data 3 6 10| 14 141616 1717 ] 19] 2 |2 | 21] 22
Table 3. Data 2
t(week) 1 2 3 4 5 6 7 8 9 10
data 2 3 14 21 22 23 23 23 26 26
t(week) 11 12 13 14 15 16 17 18 19 20
data 26 27 28 30 30 30 30 30 31 31
t(week) 21 22 23 24 25 26 27 28 29
data 31 31 31 31 31 31 32 33 34
Table 4. Parameter Estimates from Data 1
Model Parameter Estimate SSE(fit) MSE
G-0 a=20.877, b=0.219 8.40218 1.05027
Yamada Imperfect 4=20.877, h=0.219, &=0.00001 8.40245 1.20035
Debugging
a=78.589, b=1.060, x=0.009,
Pham-Zhang 37,062, ¢~8.060 3.11298 0.62260
Logarithm a=2.592, b=7.023 7.08701 0.88588
Cubic a=-3.633, b, =6.823, b, =-0.823, h,=0.036 3.95315 0.65886
S a=3.073, b=-2.084 7.56321 0.94540
Table 5. Parameter Estimates from Data 2
Model Parameter Estimate SSE(fit) MSE
G-0 a=31.238, b=0.198 51.85387 225452
Yamada Imperfect 4=29.510, h=0.218, &=0.00327 50.84656 231121
Debugging
a=30.687, b=0.237, &=7.510,
Pham-Zhang 320,000, 2-0.0001 4253271 2.12664
Logarithm a=4.979, b=8.836 70.02417 3.04453
Cubic a=0.589, b, =4.941, b,=-0.279, b,=0.005 70.03075 3.33480
S a=3.574, b=-2.861 29.04012 1.26261
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Table 6. Predictive Values in Data 1

T (weeks) Real Data G-O Yamada | Pham-Zhang | Logarithm Cubic S
1 3
2 6
3 10
4 14
5 14
6 16
7 16
8 17
9 17
10 19
1 20 19.000 19.001 18.920 19.433 20.200 17.880
12 20 19.369 19.371 19.528 20.044 22.518 18.165
13 21 19.666 19.668 20.130 20.606 25.806 18.409
14 22 19.904 19.906 20.726 21.126 30.282 18.621
SSE (Predict) 7.571 7.553 3.769 1.243 98.080 25.991
Table 7. Predictive Values in Data 2
T (weeks) Real Data G-O Yamada | Pham-Zhang | Logarithm Cubic S
1 2
2 8
3 14
4 21
5 22
6 23
7 23
8 23
9 26
10 26
11 26
12 27
13 28
14 30
15 30
16 30
17 30
18 31
19 31
20 31
21 31
22 31
23 31
24 31
25 31
26 31 31.056 31.553 30.614 33.768 33.293 31.944
27 32 31.089 31.677 30.629 34.101 34.577 32.074
28 33 31.116 31.797 30.641 34.423 36.159 32.196
29 34 31.138 31.914 30.651 34.733 38.071 32.309
SSE (Predict) 12.575 6.212 18.807 14.638 38.427 4.401
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US Naval Fleet Computer Programming Center of the
US Naval Tactical Data Systems (NTDS). We obtained
information for this Data 2 in Goel" and Pham!'?, The
NTDS software consisted of some 38 different modules.
Each module was supposed to follow three stages: the
production (development) phase, the test phase, and the
user phase. The data are based on the trouble reports or
‘software anomaly reports’ for one of the larger mod-
ules, denoted as A-module. The times (days) between
software failures and additional information for this

Kwang-Yoon Song and In-Hong Chang

module are summarized in Goel!". Twenty six soft ware
errors were found during production phase and five
additional errors during test phase. The ‘last’ error was
found on 4 Jan 1971. Then, one error was observed dur-
ing the user phase on 1971 20 Sep and two more errors
(1971. Oct. 5, 1971 10 Nov) during a subsequent test
phase, indicating that a rework of the module had taken
place after the user error was found.

We use a MATLAB and SPSS program to perform
the analysis and all the calculation for MSE. The param-

—4—Real Data

MVF

—a- Logarithm
—4— Cubic
—$

—4-G0

—o—Yamada
—— Pham-Zhang

L]

1 2 3 4 5 6 7

8

time
9 10 1 12 13 14

Fig. 1. The Mean Value Function and Time Series Regression Curve from Data 1.
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Fig. 2. The Mean Value Function and Time Series Regression Curve from Data 2.
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eter estimation results MSE values for goodness-of-fit
of the existing models is presented. We obtain MSE
when 7= 1,...,t= 10 from Data 1 (Table 4) and obtain
MSE when ¢=1,...,t =25 from Data 2 (Table 5).

The 6 models are fitted to the same subset of data to
predict the number of future faults: these results are
compared. The lower SSE (predict) indicates less pre-
diction error, the lower value of SSE (predict) is the bet-
ter the model predicts, relative to other models run on
the same data set. Table 6 presents the prediction results
from week 11 to week 14 in Table 2 (Data 1). The log-
arithm model predicts better than other model for every
week. And Table 7 presents the prediction results from
week 26 to week 29 in Table 3 (Data 2). The S model
predicts better than other model for every week. Fig. 1
and Fig. 2 shows the graph of mean value functions for
6 models from Data 1 and Data 2, respectively.

4. Conclusions

The mean value functions for NHPP software relia-
bility model and time series regression curve models are
considered. We presented parameter estimates for the
proposed model. The values of SSE and MSE for mod-
els in two data sets is presented. We compared the pre-
dicted number of faults the actual two data sets using
the mean value functions and time series regression
curve. In Data 1, the logarithm model predicts better
than other model for every week. The S-model predicts
better than other model for every week in Data 2.
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