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Abstract
Reliability growth modeling plays an important role in measuring 
and controlling software quality. One main approach to reliability 
growth modeling is based on the statistical correlation of observed 
failure intensities versus estimated ones by the use of statistical 
models. This research concentrates on identifying the best 
distribution from list of important life data distributions. 
The failure data collected are from apache web server which is 
important and popular Open Source Software (OSS) product. The 
objective of the research is to determine which of the available 
models best fits the failure data of the selected OSS products as 
well as analyzing the reliability analysis pattern based on available 
failure history. The outcome reveals that overall reliability on the 
basis of available failure data of Apache2 is very good and this 
can be one of the reasons of popularity of this version of Apache 
Web Server.
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I. Introduction
Apache is one of the widely used free open source web server 
developed under Apache HTTP Server Project [2]. The Apache 
HTTP Server (“httpd”) is a project of the Apache Software 
Foundation.  This Project is an effort to develop and maintain an 
open-source HTTP server for modern operating systems including 
UNIX and Windows NT. In this research, different versions of 
Apache HTTP Server 2 have been considered for estimating 
their reliability and for predicting the failure process. Samples 
are collected from two important versions of Apache viz. 2.0 and 
2.2. The rationale behind choosing this project is popularity of the 
products in terms of number of users and downloads, the time-span 
in which the products have been in operation, and availability 
of the bug reports. The failure data collection concentrated on 
two popular archive sources, i.e. Bugzilla [3] and Sourceforge.
net [4].     
Apache2 series came into existence in year 2000 and 2.0 version 
of Apache was released by Apache Software Foundation release 
on March 10, 2000. From year 2000 to 2005 different sub versions 
of 2.0 was released. Later on by adding lot of new features 2.2 
versions was released on 1st December 2005 which is still 
considered as most stable version of Apache. Here in this research 
both stable version of Apache2, 2.0 and 2.2 are considered for 
analysis purpose.
The approach to the reliability estimates of Apache 2 consists of 
three steps: bug collection, bug preprocessing and bug analysis. 
Bug collection is associated with collecting a data related to failure 
of a product. In the bug collection step, the online bug-repository 
systems are used to collect the failure data. Total of 1,250 records 
were extracted from repository and after pre-processing finally 
501 records were stored in Mysql Table. 

II. Review of Literature
Software Reliability Growth Models (SRGM) have been in 
existence for approximately 40 years with the intent to creating 
models that can accurately quantify software quality [1]. In [5], 

a number of models are discussed with information that can help 
the users and practitioners on deciding a model and assessing the 
reliability of software.
In [6], authors have explained various growth models and 
suggested goodness of fit test approach on how to decide on a 
model. However, because of so many interacting factors, no single 
model can be trusted to universally perform well at all times 
in estimating reliability or predicting the expected number of 
remaining defects. 
In [7], non-linear regression to analyze defect data obtained 
from testing of three releases of a commercial system authors 
has been used. In this paper they have applied four reliability 
models for selecting a suitable reliability model, which can best 
fit the customer defect data as testing progresses. In [8], several 
models are compared on one set of OSS failure data and it is 
concluded that the logarithmic Poisson execution time model fits 
better than the other SRGMs. Their work is mainly concentrated 
on the goodness-of-fit without any assessment on prediction 
capability of these models. 
In [9], the author compares different SRGMs on various data sets 
taken from earlier researches. Eighty percent of failure data is 
used to estimate the goodness-of-fit of those models and the other 
twenty percent is selected to validate the prediction capability of 
the models. 
A similar approach is used in [10], in that some observations from 
the end of failure data are removed for the purpose of comparing 
predication performance between two SRGMs.
It is very difficult to analyze reliability by calculating only 
reliability estimate of a software product. For this purpose here 
final conclusion is given on the basis of following calculations:

Weekly Failure Count of Apache 2 as well as its sub • 
versions.
Graphical view of Failure Count with respect to Severity. • 
Weekly Reliability Estimates and• 
Hazard function which is ratio of pdf and reliability.• 

In present study, the Probability Density Function (PDF) of the 
chosen distribution models are used to model the failure patterns 
of the selected products. PDF, denoted as f(t), shows the relative 
concentration of failures at different points of time t. The following 
gives a brief introduction to the distribution models considered 
in this study.

A. Weibull

                  (1)
where the scale parameter, η, defines where the bulk of the 
distribution lies. The shape parameter, β, defines the shape of the 
distribution and the location parameter, γ, defines the location of 
the distribution in time.

B. Gamma
This model has properties similar to that of Weibull distribution 
with the scale and shape parameters α and β, respectively. The 
PDF of the Gamma distribution is given by:
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   (2)

    (3)

C. Generalized Gamma Distribution
With 4 parameters is one of the life data distributions which are 
widely used in life data analysis. This distribution is used in many 
researches regarding reliability Analysis.
Its  pdf  is given by  

   (4)
where k=continuous shape parameter, α=continuous shape 
parameter , β=continuous scale parameter and γ=continuous 
location parameter(k,α,β>0).

D. Gen Extreme Value
Pdf for this distribution is given by 

 (5)                                                               
Here k=continuous shape parameter, σ=continuous scale parameter 
(σ>0) and µ=Continuous Location Parameter.

III. Research Methodology Used
Prior to analyzing the performance estimates of the reliability 
growth models, the failure data for the five selected OSS products 
must first be collected and filtered. Therefore, the reliability 
estimate process is partitioned into three steps: bug-gathering, 
bug-filtering, and bug-analysis 
For the bug-gathering step bugs are extracted from online 
repositories and stored in csv files. Although the breadth and depth 
of the bug reports vary from one repository system to another, 
each bug report normally contains a Bug Id, the actual time/date 
the bug is reported, some information about the user reporting 
the bug, the product name, and also the status of the bug report 
filled by the organization in charge of the product development, 
such as whether the bug is fixed, valid, or deleted.  The quality 
of reliability estimation highly depends on sufficient error reports 
and the accuracy of reports provided by the users.
During the second step, i.e. bug-filtering following records were 
deleted:

Versions other than Apache2. Because here only Apache2 • 
with major subversions are considered, thus versions other 
than Apache2 are not considered.
The records whose status was Need Info. These types of • 
records may or may not be considered as failure records.
The records having low severity were deleted.• 
Some of the records were irrelevant means there open date • 
were less than that of the release date. All those records were 
deleted.
Some of the records were without any versions, all those • 
records were deleted.

Finally, in the last step, i.e. bug-analysis by using different 
techniques analysis is performed. For reliability estimation and 
analysis of Apache2, initially the entire sample is considered 
as a single sample and analyzed. Later on it is divided on the 
basis of sub versions of Apache2 and each of these sub samples 

are taken individually and reliability estimation and analysis is 
performed for each of these sub samples. After analysis of all these 
sub samples comparative analysis is performed and discussed in 
detail. From collected data time to failure in week for Apache2 
as a complete sample as well as for each of the sub versions are 
calculated and stored for further analysis. From this data weekly 
frequency for each of these sub versions as well as main version 
Apache2 is calculated and shown graphically. This ttfdata is used 
further for model construction and reliability analysis.
As all these versions of Apache2 are still in use thus here complete 
ttfdata for Apache2 as well as its sub versions are considered for 
analysis purpose. 

A. Goodness of Fit Test and Parameter Estimation
The goodness of fit [11] of a statistical model describes how well 
it fits a set of observations. Measures of goodness of fit typically 
summarize the discrepancy between observed values and the 
values expected under the model in question. Such measures can 
be used in statistical hypothesis testing, e.g. to test for normality 
of residuals, to test whether two samples are drawn from identical 
distributions or whether outcome frequencies follow a specified 
distribution. Here in this research for statistical calculations Easy 
Fit which can be easily incorporated with Microsoft Excel 2007 
is used.
There are various methods used for goodness of fit test. Most 
important among them are as given below:

Kolmogorov-Smirnov• 
Anderson-Darling• 
Chi-Squared• 

Abstract of final collected data is shown in fig. 1.

Fig. 1: 

From above fig. it is clear that in both sub versions maximum 
of the bugs having bug severity normal. Very few bugs are from 
blocker, critical and major category. Further it can be analyzed 
that maximum number bugs are from Version 2.2. This is mainly 
due to worldwide usability of Apache 2.2
Abstract of Apache 2 without separating it into different sub 
versions is shown as in fig. 2.
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Fig. 2:

From above fig. it is clear that overall for Apache 2 Web Server 
only 3% are from blocker , 8% from critical,16% from major 
and maximum 73% from normal category which is again a 
representation of excellent efficiency as well as stability of 
Apache2 web server. 

Fig. 3: Failure Count of Apache 2,Apache 2.0 and Apache 2.2

From fig. 3, nothing can be concluded regarding its distribution 
as well as trend, thus Goodness of fit Test is applied for all the 
samples and best distribution is identified.
Apache 2 as a complete sample
We have total of 501 preprocessed bugs for this sample. 
Goodness of Fit Test is applied for collected sample data. For 
goodness of fit test 23 life data distributions are tested by using

Kolmogorov Smirnov Test• 
Anderson Darling Test and • 
Chi Square Test• 

All above tests are applied on 1%, 2%, 5%, 10% and 20% level 
of significance. On the basis of these tests best distribution which 
is accepted by maximum of the tests and at maximum number of 
level of significance is selected for reliability model construction. 
For statistical and mathematical calculations in entire research 
Easy Fit 5.5 software with Microsoft Excel 2007 is used.
On the basis of goodness fit test following is the list of distributions 
which are suitable for time to failure data of Apache 2 sample.

Beta Distribution• 
Gen. Extreme Value Distribution.• 

Among these two distributions on the basis of their test statistic 
ranking and detail result of goodness of fit test Beta Distribution 
is identified as best distribution to be fitted.
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The goodness of fit test result for Beta distribution is as given below in Table 1:

Table 1 : Goodness of Fit Test Detail for Beta Distribution  (Apache 2 as a Complete Sample)
Kolmogorov-Smirnov

Sample Size 501
Statistic 0.04272
P-Value 0.31096
Rank 2
α 0.2 0.1 0.05 0.02 0.01
Critical Value 0.04794 0.05464 0.06067 0.06782 0.07278
Reject? No No No No No

Anderson-Darling
Sample Size 501
Statistic 1.0393
Rank 1
α 0.2 0.1 0.05 0.02 0.01
Critical Value 1.3749 1.9286 2.5018 3.2892 3.9074
Reject? No No No No No

Chi-Squared
Deg. of freedom 8
Statistic 8.4791
P-Value 0.38813
Rank 1
α 0.2 0.1 0.05 0.02 0.01
Critical Value 11.03 13.362 15.507 18.168 20.09
Reject? No No No No No

This distribution is accepted by all three tests and at all level of 
significances. On the basis of Beta Distribution reliability model 
is constructed and all other measures are estimated and shown 
graphically.

B. Apache 2.0 
From Mysql table on the basis of version data related to Apache 
2.0 version is extracted and stored in a separate table. By using 
appropriate sql query Time to Failure in terms of week is calculated 
and stored. For Apache 2.0 we have total of 112 preprocessed 
failure records. 

C. Goodness of Fit Test 
As in previous case Goodness of Fit Test is performed and result 

is used for further analysis. 
On the basis of goodness fit test result following is the list of 
distributions which are suitable for time to failure data of Apache 
2.0 sample

Gen. Extreme Value Distribution.• 
Rayleigh (2P) Distribution and• 
Weibull (3P) Distribution• 

Among these two distributions on the basis of their test statistic 
ranking and detail result of goodness of fit test Gen. Extreme value 
Distribution is identified as best distribution to be fitted.
The Detail of Goodness of fit test of this distribution is as shown 
below in Table 2:

Table 2: Goodness of Fit Detail for Gen. Extreme Value Distribution-Apache 2.0
Kolmogorov-Smirnov

Sample Size 
Statistic 
P-Value 
Rank

112 
0.04783 
0.94905 

1
α 0.2 0.1 0.05 0.02 0.01
Critical Value 0.10139 0.11556 0.12832 0.14344 0.15393
Reject? No No No No No

Anderson-Darling
Sample Size 
Statistic 
Rank

112 
0.46327 

2
α 0.2 0.1 0.05 0.02 0.01
Critical Value 1.3749 1.9286 2.5018 3.2892 3.9074
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Reject? No No No No No
Chi-Squared

Deg. of freedom 
Statistic 
P-Value 
Rank

6 
2.5651 
0.86111 

1
α 0.2 0.1 0.05 0.02 0.01
Critical Value 8.5581 10.645 12.592 15.033 16.812
Reject? No No No No No

D. Apache 2.2
After study of Apache 2 as a complete sample and Apache 2.0, 
time to failure in terms of week is extracted for Apache 2.2 and 
stored for further analysis.

E. Goodness of Fit Test [11]
Goodness of Fit Test is applied for collected sample data.
For goodness of fit test 23 life data distributions are tested by 
using

Kolmogorov Smirnov Test• 
Anderson Darling Test and • 
Chi Square Test• 

All above tests are applied on 1%, 2%, 5%, 10% and 20% level 
of significance. On the basis of these tests best distribution which 

is accepted by maximum of the tests and at maximum number of 
level of significance is selected for reliability model construction. 
For statistical and mathematical calculations in entire research 
Easy Fit 5.5 software with Microsoft Excel 2007 is used.
On the basis of goodness fit test result following is the list of 
distributions which are suitable for time to failure data of Apache 
2.2 sample.

Gen. Gamma Distribution• 
Gen. Extreme Value Distribution.• 

Among these two distributions on the basis of their test statistic 
ranking and detail result of goodness of fit test Gen. Gamma 
Distribution is identified as best distribution to be fitted.
The goodness of fit test result for Gen. Gamma Distribution is as 
given below in Table 3.

Table 3: Goodness of Fit Detail of Apache 2.2 TTF Data for Gen. Gamma Distribution

Gen. Gamma (4P)

Kolmogorov-Smirnov

Sample Size 389
Statistic 0.02916
P-Value 0.88569
Rank 1
α 0.2 0.1 0.05 0.02 0.01
Critical Value 0.0544 0.06201 0.06885 0.07697 0.08259
Reject? No No No No No

Anderson-Darling

Sample Size 389
Statistic 0.44158
Rank 1
α 0.2 0.1 0.05 0.02 0.01

Critical Value 1.3749 1.9286 2.5018 3.2892 3.9074

Reject? No No No No No
Chi-Squared
Deg. of freedom 8
Statistic 5.5903
P-Value 0.69301
Rank 2
α 0.2 0.1 0.05 0.02 0.01
Critical Value 11.03 13.362 15.507 18.168 20.09
Reject? No No No No No

This distribution is accepted by all three tests and at all level of significances. On the basis of Gen. Gamma Distribution reliability 
model is constructed and all other measures are estimated and shown graphically.
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IV. Model Construction
Model Construction and Reliability Estimation using Beta 
Distribution Apache 2 [14]
In probability theory and statistics, the beta distribution [15-16] 
is a family of continuous probability distributions defined on the 
interval (a, b) parameterized by two positive shape parameters, 
typically denoted by α1 and α2. This distribution [20] is widely 
used in life data analysis.
Pdf of this distribution is as given by 

           (6)                                                        
Where α1 = continuous shape parameter α1 >0, α2 = continuous 
shape parameter, α2 >0 and a, b is continuous boundary parameter 
(a<=b). Domain of this distribution is given by a ≤t ≤b.
Here

  (7)                                                          
Incomplete Beta function is given by

  (8)
CDF of this distribution is given by 

F (t) =            (9)                 
  
 Here Iz is regularized incomplete beta function. β (α1,α2) is beta 
function given by

IZ (α1,α2)=          (10)
                                                                                
Likelihood function is given by

L=          (11)

To estimate parameters following equations are used

By using method of Maximum Likelihood these parameters are 
estimated as α1=2.076, α2=1.0478, a=0.79999 and b=455.0                                          
Thus we have 
Reliability Model R(t) =1-F (t) =

    (12)                                                  
and Hazard function which is defined as failure rate is given by 

H(t) = )(
)(

tR
tf

 where f(t) is defined in above equation and R(t) is 
given in equation (12) and α1=2.076, α2=1.0478, a=0.79999 and 
b=455.0 .
By using above equations value of pdf, cdf, reliability and hazard 
function (failure rate) is estimated and is stored. Value of these 
estimates (after every 8 weeks) is shown in following Figure 4.

   Pdf (Weekly)

  
  Reliability (Weekly)

  
  Hazard Function (Weekly)

Fig. 4: Graphical Representation of Pdf, Reliability and Hazard 
Function Apache2 as a Complete Sample

A. Reliability Model Construction and Model Fitting for 
Apache2.0 using Gen. Extreme Value Distribution
Pdf for this distribution is given by 

      (13)                                                                   
Here k=continuous shape parameter, σ=continuous scale parameter 
(σ>0) and µ=Continuous Location Parameter.
 Its cdf is given by 
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F (t) =                                 (14)
                                                             
Here z=standard normal variate = where µ=mean and σ=standard 
deviation. Parameters as earlier are estimated by using method 
of maximum likelihood and is given by µ=145.62, σ=107.02 and 
k=-0.12056. 
From equation (14) Reliability Model is given by
R (z) =1-F (z) =1-              (15)
and Hazard function 
H (z) =pdf/R(z)     (16)
Now by using above value of parameters pdf, reliability and 
Hazard functions for each value of t is estimated. Value of these 
estimates (After Every 8 Weeks) is shown graphically in fig. 5.

Fig. 5: Graphical Representation of Reliability Estimates-Apache 
2.0

B. Model Construction and Reliability Estimation Using 
Generalized Gamma Distribution for Apache2.2
Generalized Gamma distribution with 4 parameters is one of the 
life data distributions which are widely used in life data analysis. 
This distribution is used in many researches regarding reliability 
Analysis.
Its pdf is given by

  (17)                                           
Its CDF is given by

    (18)                                                                
where k=continuous shape parameter, α=continuous shape 
parameter , β=continuous scale parameter and γ=continuous 
location parameter(k,α,β>0).
Here to construct reliability model parameters are estimated. 
Parameters are estimated by using method of Maximum 
Likelihood. These parameters are estimated with the help of Easy 
Fit 5.5 and is given by  K=160.77, α=0.00844, β=287.0 and 
γ=-3.3081.
Thus we have 
 Reliability Model R(t) =1-F (t)  

= 1-       (19)
                                   
and Hazard function which is defined as failure rate is given by  

H (t) = )(
)(

tR
tf

                  (20)
                                                              
By using above equations value of pdf, cdf, reliability and hazard 
function (failure rate) is estimated. 
Bi-Monthly value of these estimates is shown graphically in fig. 
6.
   PDF
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Fig. 6: Reliability Estimates Apache 2.2

V. Conclusion
Data related to failure reports of a product are the main source 
for understanding the failure distribution, classifying failures, and 
building accurate dependability models. The quality of analysis 
heavily depends on comprehensive and accurate recording of 
these data and accurate determination of distribution to be fitted. 
The dearth of a commonly accepted data format for archiving 
bug reports and efficient tool/technique for goodness of fit adds 
to the complexity and inaccuracy of failure data analysis. As there 
are multiple distributions for life data analysis with different 
set of parameters there is confusion in selection of appropriate 
distribution. 
Here in this research after preprocessing of data, failure data 
related to open source Web Server Apache2 is studied in detail. 
Initially it is studied as a complete Sample and later on segregated 
into two sub samples on the basis of major release of Apache 2, 
(2.0 and 2.2). In other words records are grouped on the basis 
of Apache2 versions and then each sub samples Apache2.0 and 
Apache 2.2 are studied and analyzed in detail.
Each of these sub samples are further grouped on the basis of Bug_
Severity (Blocker, Critical Major and Normal) and weekly number 
of failures are calculated. The abstract is as shown below:

Table 4: Summary of  Bug_Severity
BUG_SEVERITY FAILURE COUNT
BLOCKER 16
CRITICAL 41
MAJOR 79
NORMAL 365
TOTAL 501

Apart from above, Severity Wise failure counts corresponding 
to each of the sub versions of Apache2 is calculated and shown 
in Table 5.

Table 5:  Severity Wise Failure Counts for Each of the Sub 
Versions
VERSION BUG_SEVERITY COUNT
2.0 blocker 2
2.0 critical 11
2.0 major 20
2.0 normal 79
Total APACHE2.0 112
2.2 blocker 14
2.2 critical 30
2.2 major 59
2.2 normal 286
Total APACHE2.2 389

From these two tables it is clear that in case of Apache 2 series 
maximum of records (73%) have Severity Normal. Only 3% of 
total bugs are very severe (Blocker), 8% of Bugs are from Critical 
category and 16% of bugs are from Major category. It indicates 
overall better quality of Apache2 series. Further, it has been 
observed that maximum of failure records are from Apache 2.2 
series which is mainly due to world wide popularity and usability 
of this series of Apache 2.2. After this, each of these sub versions 
(2.0 and 2.2) is studied in detail. Before applying Goodness of fit 
test, for each of these sub versions weekly failure frequency is 
calculated and is shown. From this plot no concrete conclusion can 
be drawn. Thus further analysis becomes essential. On the basis 
of goodness of fit test it has been observed that Time to Failure 
Patten of Apache 2(Complete), Apache2.0 and Apache2.2 are 
different and it is not possible to fit a single statistical distribution 
to each of these sub versions. Thus for each sample distributions 
are identified and on the basis of that distribution reliability models 
[17] are constructed. 
Here it has been observed that by calculating only reliability (1-F 
(t)) we cannot decide “whether a particular software is reliable 
or not”. To solve this problem in this research entire sample is 
studied by considering the following factors:

Weekly Failure Count,• 
Severity Analysis of Bugs,• 
Probability of occurrence of failure,• 
Weekly or Monthly Reliability and • 
Hazard Function.• 

Mathematically Hazard function is ratio of pdf and reliability thus 
it represents pdf and reliability as well. It is termed as failure rate 
of a product.

C. Weekly Failure Count and Severity Analysis of Bugs
As weekly failure count does not have a fixed pattern, thus nothing 
can be concluded on the basis of Weekly Failure Count. We have 
already seen that very few bugs are of blocking nature (3%).
Maximum of the bugs have normal severity which indicates a 
better trend in terms of failure of the product as a complete sample 
as well as sub samples Apache2.0 and Apache 2.2.
For this sample i.e. Apache 2 we conclude that

Total number of blocking bugs means failures having blocker • 
severity which can immediately stop the functionality of 
particular module are least. 73% of bugs are normal which 
are not very severe.
Due to Heterogeneous pattern of data for each of the sub • 
samples under study different distributions are fitted and by 
using corresponding model value of reliability as well as 
hazard function are calculated. Since Reliability is 1-CDF. 
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Thus it is always decreasing with respect to time. 
Apart from this, it has been observed that probability of failure 
decreases with respect to time and in almost all the cases hazard 
rate that is failure rate is not more than 9 % which is a good 
indicator of reliability of Apache2 series.
Thus, it can be concluded that overall reliability of Apache2 is 
very good and this can be one of the reason of popularity of this 
version of Apache Web Server. 
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