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– Albert Einstein 

 
“The secret to creativity is knowing how to hide your sources” 

– Albert Einstein 



ABSTRACT 
 
 
 

The notion of maximizing software reuse among 
the family of products has gained considerable attention 
in the last decade. Lots of research has been done on 
designing and managing the commonalities and 
variabilities between the products. However, very few 
metrics have been developed to assist architects in 
designing product line architectures. The structure of 
the product line holds immense importance towards 
increasing the life span of the product line. Since many 
of the product line architecture design methodologies 
follow a component based approach, it seems logical to 
attempt to adapt the component based metrics to the 
product line domain. In this thesis, we attempt to derive 
metrics that quantify the structural quality of product 
line architecture. 

 
Keywords: Software Product Line Architecture 
(SPLA), Component Based Software Engineering, 
Software Metrics. 
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1 INTRODUCTION 
 

Why must every new developer start from scratch? Can’t the Software be more or 
less like hardware that could be built by first choosing and then assembling 
different components? Wouldn’t this increase reliability and decrease high costs 
associated particularly with large software? How can this be achieved? 

1.1 Software reuse  
 

Software developers have been seeking the answers of the above questions for 
long time now [Jan '02, p.162]. Lots of solutions have been proposed. The case for 
object oriented design had been the strongest for attainting reusability in the 80’s and 
early 90’s [Mayer ‘87]. In the 90’s, component oriented programming has evolved as 
an effective approach to software reuse [Jan '02, p.162] primarily triggered by an old 
article by McIlroy [Jan '00, p.1] in 1969.  

Software reusability means simply the ability in a software part (e.g. class, 
component, API, etc.) to be reused over a certain period of time against the changes. 
Software reusability is one of the most desired quality attributes in the Software 
systems. A lance into the history of Software Engineering will prove that the 
reusability in software parts is as a long standing goal in software development. 
McIlroy gets inspired by the hardware component, and presents the term “software 
component” for the first time in 1969 [McIlroy ‘69]. Then, after few years in 1976 
Parnas presents the idea of product families and reusing the software assets among the 
software products, and he also gives the idea of delaying the design decision to cope 
up with future evolution [Parnas 1976]. Now, in the near past 1996, Roberts and 
Johnson presents the idea of software frameworks that provide a common reusable 
infrastructure (i.e. architecture) for software products with the places (code insertion 
points) for product specific code [Roberts ‘96]. 

1.2 Reusable Software Architecture  
 
Making reusable software implies making a reusable software architecture that is 

flexible enough to respond to the future needs. Future needs may occur because of new 
or varying features in new releases of the software. An architecture, which is unable to 
cope with future needs may not survive for long, and may require to be redeveloped.   

Mikael divides the software reusability in two categories; one is reusability among 
the products; and the other is reusability among the releases of same products 
[Svahnberg ‘03]. Mikael opines that reusability among the products is not an easy task 
as it requires adjusting to the varying requirements of more than one product 
[Svahnberg ‘03, p.151]. Software development companies developing multiple 
products with overlapping but non-identical functionality use SPL (Software Product 
line) approach. The notion of having a common architecture for a Product Line helps 
in minimizing the gaps among overlapping functionalities [Mattsson ‘00].   

Mikael and Jilles argue that variability in software architecture is the key to 
software reuse. In other words, delaying the decisions based on future forecasting, by 
the effective usage of variant parts in architecture, makes architecture reusable. The 
next section provides our motivation towards our thesis. 

1.3 Motivation  
 
There is almost no published research available on metrics for the product line 

domain. Although the Software Engineering Institute (SEI) has published works in 
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measurement programs for Software Product Line organizations, they however do not 
address architectural assessments. The only available published research on the area is 
an article by Andre van der Hoek [Hoek ‘03]. Since the area remained virtually  
untouched, we feel that there is a great room for our own contributions. 

Another motivating factor is the large amount of published research in the 
Component Based software engineering domain. Many approaches that have been 
suggested for developing product line architectures. [Clements ‘02], [Jan ‘02], 
[Atkinson ‘01] (the most widely used ones) follow a component based approach. 
Therefore, it seems logical to adapt the component based measures to the product line 
domain. 

1.4 Research Questions 
 
In the context of SPLA, a sound architecture is the one that is supportive for the 

future evolution in the products involved in a certain SPL. In our Master thesis we 
attempt to quantify the factors which influence the structural soundness of the 
architecture in the context of product lines. We attempt to answer the following 
question in this thesis. 
 
Ø What is a ‘Structurally Sound’ Product Line Architecture? 
Ø How can we quantify this property? 
Ø How can we use this measure to build a ‘better’ Product Line Architecture? 

1.5 Research Methods  
 

The methodology used in the development of metrics adopts Jagdish Bansiya’s 
approach for designing the QMOOD (Quality Model for Object Oriented Design) 
[Jagdish ‘02]. The steps adopted from the QMOOD are shown in the figure below.  

 
The figure shows four 

steps towards formulating 
the metrics. At level 1, 
quality attributes are 
collected. At level 2, 

metrics extracted from 
CBSE literature that 
quantifies the quality 

attributes. At level 3, the 
metrics are harmonized to 

ensure that they use the 
same units. At step 4, 

these metrics are 
validated. 

 

 
 

Figure 1 Research Approach 
 

The figure shows four levels connected by links. At L1, we identify the quality 
attributes that we think contribute toward the property of ‘structural soundness’; at L2 
we identify the metrics for measuring the quality attributes; at L3, we identify 
architectural measurable elements that are used in these metrics and then finally, at L4, 
we validate the metrics by applying it on a academic case study of a Product Line 
Architecture. The third step is especially significant, as here we attempt in basing all 
the metrics on the same measurable elements (units). This is to ensure that later, some 
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of these metrics could be replaced by improved metrics and hence preventing the 
model from being obsolete. The approach will be explained in detail in later sections. 

1.6 Road Map 
 
Section 1 gives and introduction into the topic for the thesis, presents some 

research questions and the research methodology adopted. Section 2 is concerned with 
familiarizing the reader to some important concepts necessary to grasp the discussion 
that follows later in the thesis. It also gives an overview of the property, ‘structural 
soundness’, which we attempt to quantify in our thesis. In Section 3 we present our 
approach (in detail) that we adopt to formulate the metrics. Section 4 gives an 
overview and builds an understanding of how these metrics are calculated. In Section 
5, we give a walkthrough of the case study performed on a product line for Library 
Systems along with the analysis and results. Finally, we present our conclusions. 
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2 SOFTWARE ARCHITECTURE AND PRODUCT LINE 
ARCHITECTURE 

 
Clements and Northrop [Clements ‘02] define software architecture as: 

 
“The software architecture of a program or computing system 
is the structure or structures of the system, which comprise 
software components, the externally visible properties of those 
components, and the relationships among them. By "externally 
visible" properties, we are referring to those assumptions other 
components can make of a component, such as its provided 
services, performance characteristics, fault handling, shared 
resource usage, and so on.” [Clements ‘02]. 

 
In literature, we find various interchangeable terms with minor differences such as 

product lines, product family and product population. Below we present our 
understanding of the terms.  

2.1 Product Lines, Families and Populations 
 

The difference between the concept of software product lines and product family is 
quite similar; a set of software intensive systems sharing common set of features. 
These features are managed to produce a common set of software assets from which 
these systems are produced [Geyer ‘02]. However, the fine difference between the two 
terms is only of their viewpoints; product line sees the related systems from the 
viewpoint of common functionality whereas the systems comprising a product family 
are derived from common assets. A product population is also quite similar to a 
product line/family containing a set of products with many similarities. However, 
unlike product family, the products also have significant differences. 

2.2 Product Line Architecture 
 

The above definition for software architecture (naturally) does not completely 
describe the entire aspects associated with product line architecture. The main 
difference lies in the intended life span of the architectures. The life span of software 
product line architecture is much longer than an ordinary software product [Svahnberg 
‘03]. Therefore, the architecture of the product line should be more robust and adaptive 
to evolution. In contrast to ordinary software product architecture, SPLA should 
support a number of different instantiations. These instantiations help in  
commonalities as well as variability within software product line. Hence, the product 
line architecture provides a common structure of the software system while capturing 
the variabilities and commonalities of the products contained in the product line 
[Svahnberg ‘03].  

One of the main concepts behind Product line architecture is software reuse 
through managing variability between the products in the PL. Below we explain to the 
reader our understanding of variability: 

 
Variability. We view variability as the difference between software products. We 

also agree with [Svahnberg ‘03] & [Jilles ‘03] who define variability as the ability to 
change or customize a system.  At architecture level, we view variability as delaying 
design decisions in order to avoid constraining the system too early.  
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Variability may be implemented at different levels in the software. Since we are 

concerned with the architecture, we discuss variability at architecture level. At 
architecture level the system is described in terms of components and connectors 
[Jilles ‘03]. Therefore, variability point is represented in the architecture in terms of 
both, components and connector. A variability point (at architecture level) can be 
viewed as a generic representation of a component, which at a later stage is replaced 
with a variant. This replacement is usually made by selecting from a number of 
probable; only the most appropriate one is ultimately selected. A variability point is 
considered to be either open or closed that indicates whether a new variants can be 
added to a variability point [Svahnberg ‘03] [Jilles ‘03].  To further clarify how a 
product is instantiated from a product, we present the instantiation process in the next 
section. 

2.3 SPL Instantiation Process 
 
The instantiation process involves using an adapting a product line to deliver a 

working product that meets the product specific requirements. The process typically 
involves the following steps [Jilles ‘03]: 

 
a. Identifying product specific requirements 
b. Initial screening of the components and selecting the ones that can be 

reused for the product 
c. From the component selected in the previous step, select only those 

components that are reusable after some adaptation 
d. Binding and adding variants for the variability points in the selected 

components 
e. Implementing new components to fulfill new requirements (product 

specific requirements). Some of these might end up being included in the 
product line architecture 

f. Integrating the resulting components and perform product specific 
development 

g. Finally, maintaining the product after deployment 
 
The next section provides our understanding of a component based design. 

2.4 Component based design 
 
The term software component was first used by McIlroy in 1969 [McIlroy 1969] 

with the idea of creating software component in a similar manner to the hardware 
components, according to some specifications; then constructing a software product by 
assembling those components together. During the last decade or so, various 
component techniques have evolved such as CORBA, JavaBeans, and COM etc. Their 
usefulness and success has fueled the interest in McIlroy theory of assembly of 
components [Jilles ‘03].  

Although these techniques have been used to create large software systems, their 
original goal (as foreseen by McIlroy) to create a market for reusable COTS 
components has not been achieved. The market for the usage of COTS components 
has been restricted to larger systems [Jilles ‘03] such as operating systems, data bases, 
application servers etc. 

 
Component: “A software component is a unit of composition 
with contractually specified interfaces and explicit context 
dependencies only. A software component can be deployed 
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independently and is subject to composition by third parties” 
[Szyperski ‘97] 

 
Figure 2 gives a more accurate picture of our understanding of a software 

component. 
 

Component A has two 
Required interfaces R1 

and R2 and five Provided 
interfaces. A component 
may have any number of 

Provided or Required 
interfaces. A Provided 

interface is plugged into a 
Required Interface(s) of 

one or more components.  

 
 

Figure 2 Component showing Required and Provided Interfaces. 
 

 
Interface. An interface can be a small set of coherent functions. In Java an 

interface is declared as follows: 
  

interface IShape{ 
  void setColor(Color color);  
  Color getCoordinates(void);  
  } 
 
Provided Interface . An interface that is exposed by the subject component, in 

order to provide services to the other components. 
 
Required Interface. An interface that is connected to a ‘provided interface’ of 

another component. For the proper functioning of the component, most of the required 
services need to be provided by one or more components within an architecture. 

2.5 Component Classifications 
 

It is important to classify the component as they have different roles to play (or 
influence) in the architecture. Therefore, the metrics evaluating various aspects of 
architecture should be able to differentiate between them. Literature [Washizaki ‘02] 
& [Jilles ‘03] on the component based software engineering and product lines suggest 
that the software components can be categorized on the following basis: 

  

2.5.1 Generality / Specificity: 
a. Generic components are the domain-independent components that can be used in 

applications of varying domains.   
b. Domain Specific components are the ones that can be used in applications lying 

in a particular domain.  
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c. Application Specific components are built with the intention of usage in a single 
application. Hence their reusability is low and limited within the application. 

  

2.5.2 Granularity Level: 
a. Coarse-grained components are large sized subsystems implementing business 

logic.   
b. Fine-grained components are small sized component with minimum logic. GUI 

components and components providing generic functionally are considered as 
fine-grained. 

c. Medium grained components are composed of fined grained component 
implementing some specific logic. Application component are an example of 
medium grained components. 

 

2.5.3 Specification / Implementation:  
a. Specification components provide a solution to a particular business or a 

technical problem e.g. design patterns, object types etc. 
b. Implementation components are realized by means of a particular 

implementation technology e.g. driver classes, controls, application frameworks 
etc. 

  

2.5.4 Usage: 
a. Mandatory components constitute the core part of the architecture (PLA in 

particular) and these components are present in all product instantiations. They 
provide features that are mandatory  

b. Variant components implement the set of mutually exclusive but related 
features.  

c. Optional components implement optional features in the architecture (PLA) and 
usually provide auxiliary functionality. As the name suggests, they are not 
essential to have in a product instantiation. 

d. External components are not directly part of the system. However, the system 
required their services and depends on them. For example, the operating system 
services - a software system might use a TCP connection; however the Transport 
control protocol is actually implemented at the operating system level.  
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The figure shows variant 
and optional components. 

The highlighted (grey 
portion) represent a 
variant component 

consisting of four 
variants. The components 

with dashed outlines 
represent optional 

components. 
 

 
 

Figure 3 Service Utilization Concept 
 

To explain the need for component classification, consider the service utilization 
concept expressed in Figure 3 (more information can be found in [Hoek ‘03] and 
Section 4.6). The figure shows component interactions with variant and optional 
components along with the required and provided services by the component. Closing 
a variation point will take into account the selection of variants on the basis of services 
provided by the variants. There might be situations where these services could be 
provided by both, optional as well the variant components. As shown in figure 1, the 
services required by component B can be provided by three optional components C, D 
and E as well as by the variant F. Moreover, there could be situations where these 
components (variants amongst which selection has to be made) have different 
granularity levels. How should an architect decide which component to prefer; variant 
or the optional; and similarly fine grained or coarse-grained components or vice versa. 
Hence, component classification is a vital consideration for architects in making the 
appropr iate selection of variants. 

2.6 Structural Soundness 
 

In order to measure structural soundness, we must clarify our understanding of a 
structurally sound design. Our definition of a structurally sound design is consistent 
with [Yourdon ‘79] analysis of a good design. They explain it as “art of designing the 
components of a system and the interrelationships between the components in a best 
possible way”. In our words, a good design is one where the units of the system are 
divided, planned and then connected together in the most effective way possible to 
provide a solution for a well specified problem. In our thesis, we consider the 
components to be the units of the system and not classes. 

Since every other software is bound to provide a solution to a different problem, 
therefore the property of ‘structural soundness of architecture’ cannot be generalized 
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for all the architectures – the property should only be compared when two or more 
different architectures provide solution to a similar problem. 

2.7 Morphology 
 
Morphology refers to the pictorial representation of the shape of the overall system 

structure. Studies by Yourdon and Constantine suggest that morphological 
characteristics can be used to differentiate between good and bad designs. The size, 
depth, width, edge-to-node ratio are some of the directly measurable characteristics 
[Fenton ‘97]. We use some of the morphological characteristic to identify possible 
areas of improvement in the product line architecture. We discuss this in detail when 
we measure modularity of product line architecture. 
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3 MEASURING STRUCTURAL SOUNDNESS OF 
PRODUCT LINE ARCHITECTURE. 

 
A Component Based Design focuses on developing subsystem (components) that 
are reusable as well on developing systems from reusable components [Washizaki 
‘02]. Product line architecture developed using a component based approach 
inherently utilizes this reuse principle. Therefore, the greatest measure of the 
structural soundness of product line architecture would depend upon the 
effectiveness of this reuse mechanism. However, the main problem in designing a 
sound product line arises when we have to make a decision to choose between 
numbers of variants to close a variation point. What are the factors that we should 
consider when making a choice between variants (considering the fact that one or 
more can be chosen to provide for the desired functionality). Not only this, when 
instantiating a new product from the product line, the different versions of the 
variants can also come into play in making a decision in closing a variation point. 

 
Model development- This sections below describes the approach used to derive 
and measure the quality attributes for the product line architecture. The four steps 
involved are described below: 

3.1 Identifying Design Architecture Properties / Quality 
Attributes (L1) 

 
A set of quality attributes was collected from literature on component based 

design. These quality attributes were reviewed to see if they contributed towards 
defining the design quality (structural soundness) and included all the aspects of 
design. We categorized the quality attributes in two levels: Architectural level and 
Component level. As the name suggests, the architectural level attributes can be used 
to judge the quality of the architecture as a whole, where as the component level 
attributes capture the quality of individual components within the architecture. 
However, some of the architecture level attributes (e.g. Reusability) can be expressed 
in terms of component level attributes.  

 
Architecture Level and 

Component Level 
Attributes. Some of the 

attributes are an 
aggregate of a number 

of attributes. We 
consider only the 

attributes expressed at 
the root level.  

Architecture Level 
Attributes 
Ø Reusability Level 
Ø Modularity 

 

Component Level Attributes 
Ø Modifiability/Adaptability/Customiza

bility/Configurability 
o Understandability 
o Coupling (# of required 

services) 
Ø Self Completeness 
Ø Maturity 
Ø Size 

o Component Granularity 
o Services Provided 

Ø Observability 
Ø Interface Complexity 

 
 

Table 1 Architecture and Component Level attributes 
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Figure 4 Categorization of Quality Attributes 
 
 

Hypothesis. The above discussion leads us to the hypothesis that the structural 
soundness of product line architecture is a function of reusability level of the 
components and modularity of the architecture. 

 

Structural Soundness PLA(SS)= f (R, M) . (1) 

 
Where R = Reusability Level of the components and M = Modularity of the 

architecture. 
 
Therefore,  

 SS = s1R + s2M . (2) 

 
Where s1 & s2 are coefficients for their respective attributes and their sum is 

equal to 1. These coefficients are determined on the basis of the contribution of the 
attribute towards the structural soundness. 

 
In turn, Reusability of the architecture can be represented as the function of 

Observability, Customizability, Interface Complexity, Self Completeness, Provided 
Service Utilization and Maturity of the component. Hence, it can be represented as 
follows: 

 

Reusability (c) = f (O, C, I, Sc, Sp, Ma) . (3) 

 
O = Observability of the components, Ic = Level of Interface complexity of the 

component, C, = Customizability of the components, Sc = Self completeness of the 
component, Sp = Services Provided by the component in terms of services it provides 

Understandability 

Configurability 

Coupling 

Self Completeness 

Maturity 

Size 

Comp. Granularity Services Provided 

Observability 

Interface Complexity 

Reusability 



Metrics for the Structural Assessment of Product Line Architecture  9 

that are actually used in the architecture (service is considered to be a unit size), Ma = 
Level of the maturity of the components. 

 

R(c) = c1O + c2C + c3Ic + c4 Sc + c5 Sp+ c6 Ma . (4) 

 
Where c1, c2, c3, c4, c5, c6 are coefficients for their respective attributes and their 

sum is less than 1. These coefficients are also determined on the basis of the 
contribution of the attribute towards the structural soundness. 

  
Attributes such as fault tolerance, testability, usability, reliability, efficiency, 

expandability may also determine the reusability of a component and hence influence a 
decision towards closing a variation point. However, we feel that these attributes hold 
more significance in a few domains such as real time systems. Therefore, we do not 
include these attributes as determinants towards a selection of an appropriate variant. 
 
Note: The reader might get the impression here that we are discussing component based architecture and not product 
line architecture. It might be usefu l here to inform the reader in advance that the consideration of the product line 
specific attributes, variability and optionality will later play their part. 
 

3.1.1 Calculating the coefficients 
 
The contribution of the quality attributes towards the overall qua lity (in this case, 

structural soundness) may not be equal. What this implies is that we need to have a 
mechanism to decide their relative influence towards the overall quality. The relative 
influence, however, depends upon many things including organizational goals [Jagdish 
‘02] and architect’s vision. Some available techniques to calculate these coefficients 
are Analytical Hierarchy Process (AHP) which is based on pair-wise comparison and 
Planning Game (PG), which is based on pile partitioning [Karlsson ‘04]. We describe 
AHP in the next section. 

3.1.2 Analytical Hierarchy Process (AHP)  
 

The AHP technique was developed for multiple -criteria decision-making situations 
by Thomas Saaty [Saaty ‘92]. It involves comparing all possible pairs of alternatives 
with the goal to determine which one of two is of the higher priority and to what extent 
[Karlsson ‘04]. The technique has been widely and successfully used in several fields 
[Saaty ‘92], including software engineering [Svahnberg ‘03]. It has been reported 
effective in several case studies and experiments [Svahnberg ‘03]. The AHP is based 
on the idea of decomposing multiple -criteria decision-making problem into criteria 
hierarchy. At each level in the hierarchy the relative importance of factors is assessed 
by comparing them in pairs. Finally, the alternatives are compared in pairs with respect 
to the criteria. The rankings obtained through paired comparisons between the 
alternatives are converted to normalized rankings using the eigenvalue method 
[Svahnberg ‘03]. The major disadvantage of the AHP technique is that it is time 
consuming when use for larger problem [Karlsson ‘04]. Since, we are concerned with 
a relatively small problem (comparison of 2 and 6 values), this is not an issue in our 
case. The rating process shall involve experienced software developers/architects that 
are aware of various component design techniques and patterns.   

3.2 Identifying Component Based Product Line 
Architecture Metrics (L2) 

 



Metrics for the Structural Assessment of Product Line Architecture  10 

After the categorization of the quality attributes, the next step was to find the 
metrics that captured the individual quality attributes. We argue with support of 
research done by [Raymond ‘95] , [Washizaki ‘02], [Gill ‘04], [Hoek ‘03] & [Fenton 
‘97] that the following metrics (given in Table 2) can be used to measure the desire 
quality attributes that determine the structural soundness of a component based 
architecture. 

 
Attribute Measured 

Characteristic 
Measure/Metric 

Observability Easiness to observe a 
component in terms of its 
operational behavior. 
(Important in the case of 
visual component). 

 
% of readable 
properties 

[Washizaki ‘02] 

Customizability The ease with the 
component can be 
customized and configured  

% of writable 
properties 

[Washizaki ‘02] 
Interface 
Complexity 

Indicates the easiness of an 
interface compatibility 

aCs + bCc + cCg 

[Gill ‘04] 
Self 
Completeness 

Degree to which the 
component provides the 
required functionality 

% of business 
methods without any 
return value 
 
% of business 
methods without any 
parameter 

[Washizaki ‘02]  

 
Modularity Degree of decomposition 

into smaller 
subcomponents 

2 (e–n+1) / (n-1)(n-2) 
[Fenton ‘97] 

Provided Service 
Utilization 

Unit of functionality 
provided by the 
component that is actually 
utilized by the consumers 
of the component. We take 
a unit service as the unit of 
functionality provided by 
the component.  

 
PSU = Pactual / Ptotal 

 
[Hoek ‘03] 

Maturity Readiness to reuse # of faults in reqmts 
and design 
# of open faults 
# of closed faults 
Avg. # of days a fault 
remains 
Avg. # of days to 
close a fault 
Avg. age of a fault 

[Raymond ‘95] 
 

Table 2 Quality Attributes, characteristics and corresponding metrics 
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3.3 Identifying CBPL Architectural measurable elements 
(L3) 

 
In this step, the metrics identified in the previous level are examined to see if they 

are based on the same elements. This is done to make sure that the metrics are 
consistent with each other. To explain this concept further, assume that a particular 
metrics used a unit Service to measure the size of the component. Now we need to 
examine that if any other metric in the model also uses a size measure, it needs to be 
Service. We call this process, ‘harmonizing’ the metrics. Hence, we examined all the 
metrics to see if they use the same elements to capture the same property of the 
components. In our case, most of the metrics were already based upon the same 
element. The only thing we need to do was to differentiate between a Business Method 
/ Service / Operations.  We realized that the difference was only of the perspective and 
nothing more. Hence we use these three terms interchangeably. The measurable 
elements upon which the metrics are based are listed below:  

 
Architecture Level and 

Component Level 
Attributes. Some of the 

attributes are an 
aggregate of a number 

of attributes. We 
consider only the 

attributes expressed at 
the root level.  

1. Properties 
a. Readable 
b. Writable 

2. Business methods  
a. Without 

parameter 
b. With parameter 

3. Events 
4. Connectors  

(edges between component 
when architecture is 
represented as a graph) 

5. Services 
a. Provided 
b. Required 

6. Faults 
a. In requirements 
b. In the design of the 

component 
c. Open  
d. Closed 
e. Average Age of a 

fault 
7. Component Classification 

 
Table 3 Measurable element upon which the metrics are based 

   

3.4 Validating the Metrics (L4) 
 
The validation of our approach was carried out at two levels: correlation analysis 

of the various quality attributes with the assumption that they were independent; and 
an attempt to generalize the results for component based product lines in general. 
These steps were performed during a case study on a product line for Library System. 
The case study is described in detail in section 6. 
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4 MEASURING QUALITY ATTRIBUTES 
 

This section presents our understanding of the quality attributes in detail and what 
aspect of an architecture / component they measure.  

4.1 Observability 
 

Observability measures the ease with which a developer can peek into the 
component and learn about its functions (through it operational behaviors, input 
parameters) with the intention of predic ting the outputs more accurately. The behavior 
of the component is observed by read methods corresponding to the read properties. 

Consider JavaBeans as an example. It allows the developers to plug the 
components together either programmatically or visually. Here, the properties are 
accessed either programmatically or through a visual interface. However, some 
properties are not exposed by the components and their value cannot be read. 
Although, this may be logically and programmatically correct to do that, it affects the 
understandability of the component. We identified the following measurable attributes 
for the observability of a component: 

• # of readable properties. 
 
The readable  properties are normally accessed through readable methods. To 

understand the behavior of the component from outside, the observability of the 
component should be high.  

O (c) = 
( )
( )

( )( )
( )







>

otherwise
CA

cA
c 0

0

Pr
 (5) 

where Pr (c) is the number of readable properties in component c and A(c) is the 
total number of properties in component c. 

4.2 Customizability 
 

Customizability refers to the ability or the extent to which a component can be 
configured i.e. the extent to which its behavior (functional features) can be modified 
without actually changing its code. For this purpose, again, the properties are used. 
Hence, the components must allow their properties to be changed programmatically or 
through some kind of visual interface. Therefore, the measurable attributes for 
customizability are: 

• # of writable properties 
 
The writable properties are normally accessed through writable methods. To adapt 

to the changing user requirements, the customizability of the component should be 
high. However, if the customizability of the component is too high, it can lead to the 
wrong use of the component. 

C (c) = 
( )

( )
( )( )

( )






>

otherwise
CA

cA
cPw 0

0
 (6) 

where Pw (c) is the number of writable properties in component c.  



Metrics for the Structural Assessment of Product Line Architecture  13 

 

4.3 Interface complexity 
 

According to Norman and Fenton complexity of a software system can be 
interpreted in the following ways (we think that they hold true for components as well, 
since components are sub-systems within a system): 

 
Problem complexity measures the complexity of the underlying 
problem addressed by the component, also referred to as 
computational complexity. 
Algorithmic complexity determines the complexity of the algorithm 
used to solve the problem. 
Structural complexity measures structure of the component used in 
providing the functionality. 
Cognitive complexity measures the effort required to understand 
the purpose, functioning and usage of the software. 

 
Since the subject of our discussing is component complexity, we add another 

aspect to it – interface complexity. Interfaces are the mechanism through which a 
component interacts with the external world.  Therefore, interface complexity 
determines the degree to which a component is specified or packaged to facilitate its 
usage. We only consider the interface complexity of the component in our thesis. The 
reasons for not considering other complexity measures are: (i) structural complexity is 
captured by other metrics; (ii) problem complexity is not relevant in optional or 
variants case as they normally provide solution to a same underlying problem;(iii) we 
capture cognitive complexity through other metrics such as observability and 
customizability; (iv) algorithmic complexity could be relevant and can be considered 
in later stages as an improvement to the model.  

Below we describe various aspects of interface complexity and how to measure 
them. 

4.3.1 Measurable elements to measure interface complexity 
 
Interface complexity can be represented as an aggregate of signature complexity, 

constraints complexity and packaging and configuration complexity [Gill ‘04]. We 
explain them in detail below: 

4.3.1.1 Interface Signature  
The interface signature of the component comprises of properties, operations and 

events. However, overall complexity of the component is mainly due to operations and 
events [Gill ‘04]. 
 

Properties. The externally observable properties form an 
essential part of the component interface. They provide a 
mechanism for the component’s user to change the behavior 
(configuration) of the component. However, a component 
may also provide properties that can only be read and not 
changed. 
  
Service. The service represents the operation or 
functionality that the component provides. The 
understanding of a service is the same as described earlier 
in the thesis. 
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Events. To assist reactive control, event mechanism is used 
by components. Events offer a proactive way of control 
through events. 

 
Therefore, the measurable attributes for an interface signature are: 

• # of properties 
• # of services 
• # of events 

4.3.1.2 Interface constraints 
Interface constraints are the constraints imposed by properties and services of the 

component interface that limits the use of component in some manner. These 
constraints can be on individual elements as well as due to the relationships among the 
elements. For example, service semantics (rules that a service should comply with e.g. 
pre-post condition) and range constraints on properties are example of former. An 
example of the later would be that (in some cases) different properties might be 
interrelated in terms of their value setting. Constraints on sequence of method 
invocation are another example of on relational constraints. Therefore, the measurable 
attributes for the interface constraints are: 

 
• # of pre-conditions (sum of all the pre-conditions on services) 
• # of post-conditions (sum of all the post-conditions on services) 
• # of distinct range constraints on properties 
• # of constraints on sequence of interface invocations (sum of such 

constraints  on services) 
 

4.3.1.3 Interface Packaging and Configurations  
Components play different role in a given context as well as it may be used in 

different contexts. These contexts actually represent the various scenarios that a 
component may function in. Therefore, the measurable attributes for an interface 
packaging and configurations are: 

 
• # of different configurations a component can operate in 

 
Thus the interface complexity metric of a software component should consider all 

the aspects discussed above. It can be represented as below: 
 

CICM (c) = a Cs + b Cc + c Cg. (7) 

Where Cs is the signature complexity,  Cc is the complexity contributed by the 
interface constraints, and Cg is the complexity contributed by interface configurations. 
a,b,c are the respective coefficients. 

 
As discussed earlier, the signature complexity is mainly contributed by events and 

services supported by the component. Hence, Cs can be represented by the following 
equation: 

 

Cs = f (E, O) = a1O+b1E. (8) 

 
The constrain set of the component can be represented by C = {c1, c2, c3, c4, … ,ck} 

where c1, c2, c3, c4, … ck are k different interface constraints. Hence constraint 
complexity can be represented as:  
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Cc = ( )∑ ii cα . (9) 

Where ai represent the constraint complexity of the respective constraint type. 
     

The interface configuration of the component can be represented by F = {f1 , f2, f3 , 
f4, … ,fm} where f1, f2, f3, f4, … ,fm are m different interface configurations. Hence 
configuration complexity can be represented as:  

 

Cg = ( )∑ .jj cβ  (10) 

Where ßi represent the configuration complexity of the respective configuration 
type. 

 
The overall interface complexity of a component is represented as an aggregate of 

signature, constraints and configuration complexity in the equations below: 
 

CICM (c) = ( ) ( ) ( )∑∑ +++ .11 jjii cccbEbOaa βα  (11) 

 

4.4 Self Completeness 
 

The self completeness of a component indicates the degree of independence in 
term of the functionality that it provides. We measure the self completeness of a 
component on two dimensions: what it requires from the system and what it returns 
back to the system. If we discuss this in any programming language context, we are 
referring to the function parameters and return values of the business methods/ 
provided services. Parameters and return values to the system reflect upon the 
dependency of the component upon the rest of the system. Hence, services provided by 
the component that neither require parameters nor return values provide functions that 
are ‘self-completed’ within the component. The self completeness of a component is 
the measured by the metrics below: 

 

SCr (c) = 
( )
( )

( )( )
( )







>

otherwise
CB

cB
cBr 0

1
 (12) 

where Br (c) is the number of business methods/ provided services without return 
value and B(c) is the total number of business methods/ provided services in 
component c. 

 

SCp (c) = 
( )
( )

( )( )
( )







>

otherwise
CB

cB
cBp 0

1
 (13) 

where Bp (c) is the number of business methods/ provided services without 
parameters and B(c) is the total number of business methods/ provided services in 
component c. 
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4.5 Modularity (Architectural Attribute) 
 

One of such directly measurable characteristic  of architecture is  modularity. 
Modularity refers to the use of common units to create product variants. The goal of a 
modular design is to formulate a set of independent, standardized or interchangeable 
units to provide a variety of functions [Huang ‘98]. This unit in a software design can 
be at any level of abstraction that we wish to view as a single construct and are also 
referred as a module. This thesis discusses modules as components. 

Most of the opinions that exist in the published research while calculating 
modularity view units (classes, components etc.) as nodes and analyze how these units 
interact (connectors) with each other. They view the units as the nodes of a graph and 
apply graph theory concepts to present results. 

A module call-graph is the most common way of representing modularity. It has a 
distinguished root node (representing the highest level module) in a directed graph that 
presents the interactions between different modules [Fenton ‘97]. Ince and 
Hekmatpour opinion about a module  design is that “the more a system deviates from a 
being a pure tree structure toward being a graph structure, the worse the design is…” 

Fenton and Pfleeger [Fenton ‘97], created a measure, called tree impurity to 
measure how far a graph deviates from a tree. To explain tree impurity, we first need 
to define a few terms. A graph is said to be connected if there exist a path between 
each pair of nodes. A complete graph is the one in which there is a direct path between 
each pair of nodes. A connected graph having no cycles is called a tree. 

On this notion of tree impurity, [Fenton ‘97]’s metrics help in explaining to what 
degree a design deviates from being a tree. The more the deviation, the greater the 
units are dependent on each other and therefore violate the principle of a modular 
design. System design should strive for a value of m nearing zero, but not at the 
expense of duplication of modules [Fenton ‘97]. 

 
 

m(G) =     no. of edges more than the spanning tree 
max. no. of edges more that the spanning tree 

 
 

Formal equation for Tree 
Impurity Measure.

where e = no. of edges
and,

 n = no. nodes.
 [Fenton ‘97]

m(G) = 2 (e – n + 1) / (n-1)(n-2) 
 

(14) 

 
Figure 3 models fictitious product line architecture. As mentioned earlier 

in the thesis, when calculating measures for a PLA, we need to consider two 
characters: variability and optionality. The grey portion in the figure 
represents the variability point and the components with dotted outlines are 
optional. Now if we measure the modula rity of this architecture it comes out 
to be the following: 

 
 

( ) ( )maxmin GmMGm ≤≤  
m(Gmax): n = # of nodes = 7, e = # of edges =9 
m(Gmin): n = # of nodes = 4, e = # of edges =3 

   

Tree impurity calculated 
for Figure 3. Gmax

represents the architecture 
considering all possible 

optional components and 
Gmin considers architecture 

with none optional 
components.

m(Gmax) = 2 (9 –7 + 1) / (7-1)(7-2) 
  = 2*3/6*5 
  = 1/5 

m(Gmin) = 2 (3 –4 + 1) / (4-1)(4-2) 
  = 2* 0/3*2 
  = 0 
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We calculate m(Gmax) by considering all the components and m(Gmin) by taking the 

case when none of the optional components are selected. This will end up in a range 
that gives an idea about the modularity of the architecture. This value is useful when 
comparing two probable architectures. 

4.6 Provided Service Utilization 
 

We take the metric defined by A. van der Hoek, Ebru Dincel & N. Medvidovic  in 
their article [Hoek ’03] to measure the structural quality of a PLA as our base metrics. 
Their metric is based upon the concept of service utilization. Service here includes 
things such as public methods and any directly accessible resources such as data 
structures (as explained earlier in the thesis).  

 
Key Concepts  
The key concepts related to the service utilization metric are presented below. 
 

Component Interfaces: An interface defines a contract between 
a two parties, one that requires the functionality and the other 
that provides that functionality.  
 
Provided Service(s): These are the methods exposed by the 
subject component that are utilized by other components. 
 
Required Service(s): These are the methods exposed by the 
other components and are required by the subject component. 
 
Provided Service Utilization (PSU): The metrics of PSU are 
given below.  Here Pactual is number of services provided by 
component X that is actually used by the other components in 
the architecture. Ptotal is the total number of services provided 
by component X.   
 
Required Service Utilization (RSU): The metrics of RSU are 
given below. Here Ractual is number of services required by 
component X that are provided by the other components in the 
architecture. Rtotal is the total number of services required by 
component X.  

 
PSU and RSU metrics. 
Total refers to number 

of total services 
required/provided by 

the component X. 
 

(15) 

 
Metric 1 Provided Service Utilization and Required Service Utilization 

Metrics [Hoek ’03, p .3] 
  

It is quite obvious that PSU and RSU values of the components depend upon the 
architectural configuration. To make the concept of this metric clear, consider Figure 
5. Component C1 provides one service [goo()] that is required by component B. 
Component B provides three services [foo(), bar() & foobar()] from which only one 
[foo()] is required by A1. Component A1 does not provide any services. The PSUs and 
RSUs for the two architectures (a & b) in Figure 5 are calculated below: 
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(a) PSUA1  = 0, RSUA1  = 1, PSUB  = 1/3, RSUB  =1/3 , PSUC1  = 1, RSUC1  = 0. 
(b) PSUA2  = 0, RSUA2  = 1, PSUB  = 1, RSUB  = 2/3, PSUC2  =1 , RSUC2  =0. 

 
The figure shows 

components with provided 
and required services. 

The arrow showing 
fulfillment of a required 

service. 
[Hoek ‘03, p.4] 

 
 

Figure 5 Two example Architectures 
 

The figure shows 
components with provided 

and required services. 
The dotted components 
represent the optional 

components. The required 
services by the component 

B can be fulfilled by any 
of the two optional 

components D1 or D2. 
Both components can also 

be used to completely 
satisfy the required 

services for component B. 
[Hoek ’03, p.4] 

 
 

Figure 6 Concept of Optionality 
 
From the values above we can see that PSUB and RSUB of architecture (a) are low 

as compared to architecture (b). PSU and RSU values when used to compare two 
related but different architectures can highlight some potential problems. For e.g. a 
component with RSU close to 0 suggest that it may not function properly as its 
required services are not provided by other components. On the other hand, the low 
PSU suggest that a lot of functionality provided by a component is not being used by 
any other component. 
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4.6.1 Application to Architecture as a whole 
Having analyzed the individual component, we now move to analyze the 

architecture as a whole. For this the article [Hoek ’03] presents two metrics shown in 
metrics below. 

 
CPSU and CRSU are 

compound provided 
service utilization and 

required service 
utilization respectively.   

 
 

(16) 

 
Metric 2 Provided Service Utilization and Required Service Utilization 

Metrics [Hoek ‘03, p .3] 
 

Span of RSU for 
component B 

 
 

Metric 3 Span of RSUB of figure 2 [Hoek ‘03, p.5] 
 

CPSU and CRSU for architecture should be close to 1 as this indicates that the 
components are plugged in well into the architecture. It indicates that architecture is 
more cohesive, little functionality provided by the components is utilized and almost 
all the required services by the components are available. On the other hand, low 
values for CPSU and CRSU indicate an ‘unbalanced architecture’ – the components 
provide more functionality than is actually required by the system. 

4.7 Maturity 
 
We know intuitively and from literature [Raymond ‘95] that mature components 

tend to be more reusable for obvious reasons:  
I. less testing effort 

II. low probability of defects 
III. more familiarity of developers with the component usage 
IV. known behavior in multiple situations 

 
However, from our industrial experience we know that some characteristics of 

mature components tend to decrease the probability of reuse: 
I. increase in size 

II. non-conformance from the component model 
 
On the whole, maturity of a component holds importance when measuring 

reusability of a software component. We use the following measures to quantify 
maturity of a software component [Raymond ‘95]: 

I. # of faults in requirements and design 
II. # of open faults 

III. # of closed faults 
IV. Avg. # of days a fault remains 
V. Avg. # of days to close a fault 

VI. Avg. age of a fault 
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5 CASE STUDY: LIBRARY SYSTEM 
 

The Library System case study was performed at Fraunhofer Institute for 
Experimental Software Engineering (IESE) to illustrate the Kobra approach for 
developing component based product line architectures. The case study is publicly  
available on the institute’s web site [IESE]. According to them, the domain of the 
library systems had appropriate features to elaborate how their approach handled 
commonalities and variabilities of product line architecture. Moreover, the choice was 
even better since almost everyone is familiar with most of the features offered by a 
library. We have chosen the case study for similar reasons. 

 
The case study classifies German library into the following main categories: 
 
• National Libraries 
• Central Subject Libraries 
• Regional Libraries 
• Academic Libraries 
• Special Libraries 
 
More information can be found in [IESE ‘01].    
 
For this case study, the scope is based on three types of library systems: a city 

library, a university library and a research library. The IESE research library is a 
specialized, scientific library for the researchers, students, and employees working at 
the IESE. Main purpose of the library is to cater for the special need of IESE personnel 
and help them in information gathering, documentation, training, and consulting tasks 
[IESE ‘01] [Ebru 2002]. Similarly, the university library is a scientific library with the 
purpose of providing university members with scientific literature. Lastly, the city 
library is a public library and its purpose being to provide all citizens of a city and the 
surrounding areas with literature and media for personal education and training. There 
is also an additional artificial fourth member, basic library system, which provides 
only the basic functionalities of a library. The first part of the case study provides a 
generic framework to accommodate these three types of libraries. 

Additionally, the case study provides a product map (refer to the Kobra approach 
at [IESE]) that shows the relationship between the members of the product line and the 
features or services for the library system product line. The second part shows an 
instantiation of this generic framework for the basic library system.  

Figure 7 shows the component diagram for LibrarySystem component. The 
LibrarySystem component has 23 provided services and 12 required services. 
However, not all of them are show in the diagram. Figure 8 shows the class diagram 
for the library system. The case study considers only a limited number of components, 
twelve to be precise, which are listed in the table Table  4 below. The table also shows 
the respective metric calculation for the components.  
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The Component 
LibrarySystem has two 

Required interfaces 
Printer and 

ExternalDatabase 
(variant) and 23 Provided 

interfaces. All of the 
provided interfaces are 

not show here. For detail, 
refer to the excel sheet 

that captures the data for 
the case study. 
 

 
 

Figure 7 Required and Provided Services of the Library System component 
 

The figure shows class 
diagram for the library 

System. 
[IESE ’01, p.29] 

 
 

Figure 8 Library System Class Diagram 
 

The State diagram 
illustrates the conceptual 

states of the library 
management system 

[IESE ’01, p.35]. 
 

 
 

Figure 9 Required and Provided Services of the Library System component 

5.1 Limitations 
 

Although we were able to take help from two case studies done on the same 
system, some information was still not available. We list these limitations below: 
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1. Detail information for all the operations/services was not available. For 

example, we had to assume that some operation returned void or required 
some parameters. 

2. Information on range constraints on properties was not available required for 
the interface complexity metric. 

3. Sequence of method invocations for all the operations was not available. 
4. Information required to measure Maturity of the component was not available. 
5. The variability between the variant components was small. 

5.2 Metric Calculations 
 
The metric calculations for the Library System are presented in the Table 4. The 

component specification can be found in the excel file for the case study [WEBd]. The 
first two sheets present the data and their analysis. 

 

Component O(c) C(c) SCr SCp 
CICM(c) 

[Noramlized] Maturity PSU R(c) 

LibrarySystem 0 0 1 0,086957 1 1 1 0,59058 

AccountManager 0 0 1 0,5 0,1875 1 1 0,489583 

ReportWriter 0 0 1 0,5 0,0625 1 1 0,46875 

LoanManager(v1) 0 0,75 1 0,2 0,703125 1 0,66 0,618854 

LoanManager(v2) 0 0,75 1 0,181818 0,78125 1 0,7 0,637027 

UserInterface(v1) 0 0 0 0 0 1 0 0,166667 

UserInterface(v2) 0 0 0 0 0 1 0 0,166667 

UserInterface(v3) 0 0 0 0 0 1 0 0,166667 

ExternalDB 0 0 1 0 0,015625 1 1 0,419271 

OPAC 0 0 1 0 0,015625 1 1 0,419s271 

ItemManager 0 0 0 0 0,015625 1 1 0,335938 

MessageHandler 0 0 1 0 0,015625 1 1 0,419271 

 
Table 4 Metric calculations  

 
In order to validate our selection of the quality attributes, we perform two tests. At 

first step we perform correlation analysis of the six quality attributes in equation (2), 
which measures the property of structural soundness. On the next step we have used a 
non-parametric test to verify our hypotheses. 

5.3 Correlation Analysis of quality attributes 
 
The variable on the right hand side of the equation (2) , which measures the 

property of structural soundness, and equation (4), which measures the reusability of 
the components, are considered to be independent variables and are not related to each 
other, i.e. they are independent of one another. However, when we later analyze our 
equations, and if multicollinearity exists (i.e. the above assumption is violated), the 
pair or the triplet must be broken down and one or more independent variables must be 
removed. The reason why it is important to remove multicollinearity in our metrics is 
because if there is strong correlation between any two quality attributes, the targeted 
quality factor (the one that is being calculated, in our case reusability and structural 
soundness) can be measured using only one of the two metrics [Washizaki ‘02]. In 
case we do not remove multicollinearity from our metrics, we would be counting the 
contribution of a particular quality attribute more than once. 

However, what level of correlation constitutes multicollinearity is debatable. We 
present three distinct perspectives from the literature [WEBa]. 
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Conservative: If two variables have a correlation coefficient R = 0.5, one 
of them must be eliminated from the equation.   
Liberal: If it can be assumed that the relation between the two variable 
will remain constant than multicollinearity is not a problem. 
Jenson: If two variables have correlation coefficient R = 0.9, one of them 
must be eliminated from the equation. 

 
We have chosen the Conservative definition of multicollinearity. The reasons for 

choosing this follow. Firstly, we know from the literature that various quality attributes 
are known to influence other quality attributes. Therefore we don’t want to double 
count. Secondly, we don’t expect to have large data points. Lastly, we have carefully 
categorized the quality attributes so that they don’t influence each other and hence 
slight indication of a correlation shall be alarming.  

5.4 Choosing an Analysis Test 
 

In the Library System case study, we only chose a portion of system and calculated 
our metrics for them. Now, we need a test to estimate the closeness of sample to the 
actual population (the whole system) i.e. whether our metrics values for the sample 
component are representative of the components of the whole system. 

In order to choose the appropriate analysis test, we used a selection procedure 
described on [WEBc]. Although the link provides information on choosing an 
appropriate analysis method for an analysis tool (Graphpad Prism), the guidelines are 
detailed enough to use even if we do not intend to use the tool. We briefly describe the 
procedure below: 

The decision is based on the nature of data one expects to analyze. We need to 
answer three questions about our data: 

I. Paired or Un-paired: The first thing that we need to decide is whether to use a 
paired or an un-paired test. We should use a paired test when the two columns of 
the data are matched. 

II. t-test or non-parametric test: The t-test assumes that the sample data from the 
population follows the Gaussian (bell shaped) distribution. On the other hand, a 
non-parametric approach does not assume the sample data to be bell-shaped. The 
non-parametric test fewer assumptions about the distribution of the data. 
However, non-parametric tests are less powerful than the tests that assume a 
Gaussian distribution. This results in higher P-values (probability) making it 
hard to estimate for the whole population. It is important that we consider the 
distribution of the whole population and not only the sample. Another thing to 
consider is the size of the sample. If size of the sample is small (< 12), non-
parametric tests are not that powerful. 

III. Unequal Variances: The unpaired test assumes that the two populations have 
the same variances. Non-parametric test such as Wilcoxon does not assume any 
thing about the variances (variance is calculated by squaring the standard 
deviation). 

 
The table below summarized the selection choice [Webc]: 
 

Test Paired Nonparametric Unequal variances 
Unpaired t test No No No 

Welch's t test No No Yes 
Paired t test Yes No N/A 

Mann-Whitney No Yes N/A 
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Wilcoxon test Yes Yes N/A 
 

Table 5 Statistical test selection criteria 
 
Based on the selection procedure described above, we choose Wilcoxon Signed-

Rank Test (non-parametric test). We realized that our data would be paired and might 
not follow a Gaussian distribution.  

 
The assumptions of the Wilcoxon signed-rank test are [WEBb]:  
 

• that the paired values of XA and XB are randomly and 
independently drawn (i.e., each pair is drawn independently 
of all other pairs); 

• that the dependent variable (e.g., a subject's probability 
estimate) is intrinsically continuous, capable in principle, if 
not in practice, of producing measures carried out to the nth 
decimal place; 

• that the measures of XA and XB have the properties of at least 
an ordinal scale of measurement, so that it is meaningful to 
speak of "greater than," "less than," and "equal to."  

5.5 Analysis of the Component Level metrics 
 
The primary thing that we wanted to identify is the correlation between the metrics 

that contribute towards the reusability of the architecture. For that we verified 
correlation among four metrics. We did not consider the observability and maturity of 
the component. The reason for this is that the observability in the library system ended 
up being zero for all the components. As for maturity, the case studies on the Library 
System did not give enough information on the measurable attributes required for this 
metric. We assumed that all the components were equally mature and assigned them a 
value of 1. 

On examining the library system we found that except for three components: 
LibrarySystem, LoanManager(v1) and LoanManager(v2); all other are stateless 
components and hence do not contain any properties to maintain their states. This can 
be seen in the low observability ratings for the component. In our hypothesis, we 
claimed that high observability rating would result in a more reusable component. 
However, this is only true for fine-grained components e.g. visual components. In 
cases of coarse-grained and medium grained components, this value will be close to 
zero. Performing the correlation analysis of the four quality attributes resulted in the 
values given in Table 6. 

 
  SCr SCp CICM (c) PSU 

SCr 1 ****** ****** ****** 
SCp 0,482794 1 ****** ****** 
CICM(c) 0,459422 0,196872 1 ****** 
PSU 0,754741 0,351909 0,211687 1 

 
Table 6 Correlation coefficients 

 
Most of the coefficients were less than 0.5 with only one exception; the value of R 

for SCr-PSU was 0.75471(highlighted in the table). On investigation we realized that 
the strong correlation was a result of the design standard followed by the architects. 
Most of the services did not return any value. The reason behind this could be the 
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nature of components that were selected: LibrarySystem component is understandably 
self complete (as this component constitutes the core part system); component such as 
AccountManager, ReportWriter, ExternalDB, OPAC are auxiliary components and 
hence self complete; the variant component LoanManager (highlighted in Figure 10) 
was self complete as far the return values are concerned; lastly, the UserInterface 
component (highlighted in Figure 10) did not have any provided services, hence does 
not return any values. Therefore, we do not consider this correlation to be alarming 
and regard it as an incorrect representation for the population (other components in the 
Library System that we did not consider in our case study). 

 
Product Line 

Architecture of the 
Library System. The 

figure shows the 
components in the 

product line and their 
interactions. The 

LoanManager and 
UserInterface 

components are the 
two variant 

components. 
LoanManager has 

two variants where as 
UserInterface has 

three variants. 
 

 
 

Figure 10 Product Line Architecture for Library System 

5.6 Analysis of the Architecture Level metrics 
 
To analyze the product line architecture as a whole, we use the four different PLA 

presented in [Ebru 2002]. Figure 10  presents an overall picture of the architectures. 
The difference between the four architectures (PA-1 to PA-4) is of the selection of the 
variant components (highlighted in the figure). Unfortunately, the architecture does not 
contain any optional components. Table 7 shows the configurations for the four 
architectures.  

 
Component PA-1 PA-2 PA-3 PA-4 

LibrarySystem C C C C 

AccountManager C C C C 
ReportWriter C C C C 
LoanManager(v1) N/A N/A v  v  

LoanManager(v2) v  v  N/A N/A 

UserInterface(v1) v  v  N/A N/A 

UserInterface(v2) N/A N/A v  N/A 

UserInterface(v3) N/A N/A N/A v  

ExternalDB C C N/A N/A 

OPAC C C C C 
ItemManager C C C C 

MessageHandler C C C C 
C =compulsory and therefore included; N/A = not applicable(not included); v  =  included  

Table 7 Product Line Architecture Configurations  
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Since the architectures do not contain optional components, when calculating 
Modularity of the architecture, the max and the min values for modularity are the 
same. Since the difference between the architectures is also only of the variants, the 
modularity of the architectures resulted in the same value (M=1/14). The small value 
indicates that the components were well divided and connected.  

5.7 Analysis Test- Wilcoxon Signed Rank Test 
 
We apply Wilcoxon Signed-Rank test on three pair of component metrics in order 

to judge the extent to which out small sample of components represent the whole 
population in the Library System. The results are given in the table below: 

 
Pairs  (W , N) Level of Significance 
SCp and SCr  (36, 8) 0.005 (Directional) 
PSU and SCr (0, 3) No possible values, sample is too small 
CICM and SCr (10, 9) > 0.05 (Directional) 

 
Table 8 Results of Wilcoxons Signed Rank Test 

 
We can imply from the table that there is only 0.5 % chance that out conclusions 

(that SCp and SCr are not correlated) is incorrect or not representative for the whole 
population. The data point are too small for PSU and SCr and therefore we cannot 
make any judgments regarding there relationship. As for CICM and SCr, the chance 
that our conclusion is incorrect is 5%. None of the relationships that we examined 
were alarming and therefore we can assume that for the Library System, these 
attributes are not correlated. 
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6 CONCLUSIONS 
 
The structural assessment of product line architecture can make use of component 

based metrics provided we adapt these metrics according to the new reuse strategy. 
This adaptation requires the special consideration of product line specific attributes as 
well as other details such as component classification, particularly important when 
designing and selecting variant components. The use of quality attributes such as 
observability, interface complexity etc. require combining of quality attributes with 
structural measures to improve the design of product line architecture.  

Below we answer our research questions raised earlier in the thesis: 
 
1) What is a ‘Structurally Sound’ Product Line Architecture? 
In our thesis, we have established that developing a sound product line architecture 

means designing and choosing the components of a system and the interrelationships 
between the components in a best possible wa y. This cause of selecting the best 
possible architecture is greatly helped by using metrics that indicate the probable 
anomalies in the structure of the architecture. 

2) How can we quantify this property? 
In the beginning of the thesis, we identified the property, structural soundness, and 

represented it as an aggregate of architecture level quality attributes (Reusability Level 
and Modularity) which in turn depended upon component level quality attributes. We 
then presented some metrics to calculate these quality attributes. Since these metrics 
were based on similar measurable elements, any one of the metrics can be replaced 
with an improved one in the future as long as it is based on the same measurable 
elements. 

3) How can we use this measure to build a ‘better’ Product Line Architecture? 
In order to increase our understanding, we iterated the whole process once and 

performed a case study on a product line for Library Systems. We calculated our 
metrics on a portion of the product line and tried to generalize our results for the whole 
product line. The confidence level in our results was low due to the limitations 
identified in the case study. An industrial case study would have greatly helped our 
cause. However, we still feel these metrics can be used by the architects to identify 
badly designed parts in the architecture. 

6.1 Contributions of the Thesis 
 
Our main contribution has been that we managed to identify that the structural 

soundness of the architecture need to be represented an aggregate of different quality 
attributes of the architecture. These quality attributes in turn depend upon the quality 
and structural attributes of the components that form the architecture. Hence, to assess 
the quality attributes of the components as well as the architecture, a model comprising 
of a set of metrics is necessary and a single metric is inadequate for the job. This thesis 
was an attempt in adopting the component based metrics (to calculate various quality 
attributes of the components) to the product line domain. We ended up presenting 
some the issues and considerations that we think are important for any one carrying 
out a similar activity.  

6.2 Future Research 
 
We intend to focus on the following areas in the future. 
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6.2.1 Influence towards overall quality 
 
The contribution of the quality attributes towards the overall quality (in this case, 

structural soundness) may not be equal. What this implies is that we need to have a 
mechanism to decide their relative influence towards the overall quality. We identified 
that the relative influence, however, depends upon many things including 
organizational goals and architect’s vision. We also suggested the use of a technique, 
namely, AHP to calculate the relative importance of the quality attributes. However, 
due to time and resource limitations we were not able to complete activity.  

6.2.2 Degree of relation 
 
Many of the available literature [Washizaki ‘02], [Gill ‘04] & [Jagdish ‘02] on 

object oriented metrics and component oriented metrics assume this kind of relation to 
be linear without any justification. In order to draw precise metrics, the degree of 
relation (linear, quadratic etc.) needs to be drawn by applying statistical techniques on 
the data points. 

 

6.2.3 Unavailability of Product Line Architecture 
 

Probably the major hindrance towards research in this area is the unavailability of 
the product line architectures. The metrics need to be validated on more than one 
architecture. The coefficient of correlation needs to be calculated which can be only 
done when we have sufficient data points. Therefore, the research community needs to 
share suffic ient details about their product line architecture in order to facilitate 
researchers working in this area. 
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8 APPENDIX 
 

Attribute Measured 
Characteristic 

Measure/Metric 

Observability Easiness to observe a 
component in terms of its 
operational behavior. 
(Important in the case of 
visual component). 

 
% of readable 
properties 

[Washizaki ‘02] 

Customizability The ease with the 
component can be 
customized and configured  

% of writable 
properties 

[Washizaki ‘02] 
Interface 
Complexity 

Indicates the easiness of an 
interface compatibility 

aCs + bCc + cCg 

[Gill ‘04] 
Self 
Completeness 

Degree to which the 
component provides the 
required functionality 

% of business 
methods without any 
return value 
 
% of business 
methods without any 
parameter 

[Washizaki ‘02]  
 

Modularity Degree of decomposition 
into smaller 
subcomponents 

2 (e–n+1) / (n-1)(n-2) 
[Fenton ‘97] 

Provided Service 
Utilization 

Unit of functionality 
provided by the 
component that is actually 
utilized by the consumers 
of the component. We take 
a unit service as the unit of 
functionality provided by 
the component.  

 
PSU = Pactual / Ptotal 

 
[Hoek ‘03] 

Maturity Readiness to reuse # of faults in reqmts 
and design 
# of open faults 
# of closed faults 
Avg. # of days a fault 
remains 
Avg. # of days to 
close a fault 
Avg. age of a fault 

[Raymond ‘95] 
Appendix 1 Metrics use to calculate the Structural Soundness 

 

Structural Soundness PLA(SS)= f (R, M) .  

SS = s1R + s2M .  

Appendix 2 Metric to calculate Structural Soundness 
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Reusability (c) = f (O, C, I, Sc, Sp, Ma) .  

R(c) = c1O + c2C + c3Ic + c4 Sc + c5 Sp+ c6 Ma .  

Appendix 3 Metric to measure  Reusability 
 

O (c) = 
( )
( )

( )( )
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Appendix 4 Metric to measure  Observability of a component 
 

C (c) = 
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Appendix 5 Metric to measure  Customizability of a component  
 

CICM (c) = ( ) ( ) ( )∑∑ +++ .11 jjii cccbEbOaa βα   

Appendix 6 Metric to measure  Interface Complexity of a component 
 

SCr (c) = 
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Appendix 7 Metric to measure  Self Completeness (based on return value) of a 
component 

 

SCp (c) = 
( )
( )

( )( )
( )
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otherwise
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Appendix 8 Metric to measure  Self Completeness (based on parameter) of a 
component 

 
 

m(G) =     no. of edges more than the spanning tree 
max. no. of edges more that the spanning tree 

 
m(G) = 2 (e – n + 1) / (n-1)(n-2) 

  

Appendix 9 Metric to measure  Modularity of a PLA 
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Appendix 10 Metric to measure  Provided and Required Service Utilization of a 
component 

 


