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Metrics for Measuring the Quality
of Modularization of
Large-Scale Object-Oriented Software

Santonu Sarkar, Member, IEEE, Avinash C. Kak, and Girish Maskeri Rama

Abstract—The metrics formulated to date for characterizing the modularization quality of object-oriented software have considered
module and class to be synonymous concepts. But, a typical class in object-oriented programming exists at too low a level of
granularity in large object-oriented software consisting of millions of lines of code. A typical module (sometimes referred to as a
superpackage) in a large object-oriented software system will typically consist of a large number of classes. Even when the access
discipline encoded in each class makes for “clean” class-level partitioning of the code, the intermodule dependencies created by
associational, inheritance-based, and method invocations may still make it difficult to maintain and extend the software. The goal of this
paper is to provide a set of metrics that characterizes large object-oriented software systems with regard to such dependencies. Our
metrics characterize the quality of modularization with respect to the APIs of the modules, on the one hand, and, on the other, with
respect to such object-oriented intermodule dependencies as caused by inheritance, associational relationships, state access
violations, fragile base-class design, etc. Using a two-pronged approach, we validate the metrics by applying them to popular open-

source software systems.

Index Terms—Superpackage, modularization, software metrics/measurement, module, interface, object-oriented software, large-
scale software, maintenance and enhancement, maintainability, coupling.

1 INTRODUCTION

BJECT-ORIENTED software is of more recent vintage than

the old-style procedural code. Nonetheless, there now
exist many commercial object-oriented applications that
show the same signs of aging as the legacy procedural code.
So what may have started out as a well-modularized
architecture may have decayed into a system of interde-
pendent modules that are difficult to maintain and extend
on an individual basis.

As is well known in the literature, whereas the main
factor responsible for the disorganization of the procedural
legacy code is the unregulated function-call traffic between
what might have started out as well-partitioned modules,
for object-oriented legacy code, there exist multiple avenues
that can lead to a high state of software disorganization.
These include a module extending a class defined in
another module, a class in one module using an instance
of a class in another module as an attribute or as a
parameter in a method definition, the implementation code
for a method in a class in one module calling on a method
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defined for a class in another module, etc. The metrics we
propose in this paper seek to characterize the quality of a
given modularization with respect to each such mechanism
for code degradation.

To be sure, there does exist a significant body of
literature dealing with the metrics for object-oriented
software. But, as we point out in the next section, much of
this previous work considers a module and a class as
synonymous concepts. Even when the contributors have not
explicitly stated their metrics on a per-class basis, many of
the core metrics can often be reformulated straightfor-
wardly on a per-class basis.

With an eye to the future, our goal in this paper is to go
beyond the OO metrics formulations of the past. Our vision
of the future is dictated by the fact that software for many
commercial applications now runs into millions of lines of
code. When such code is object-oriented, as is increasingly
the case, the granularity of a class is often at much too low a
level to serve as a unit for software modularization. A
module in large object-oriented software may contain
hundreds of classes. As in the software of the past, the
purpose of a module is still to provide some focused
functionality to the rest of the world. Nonetheless, due to its
complexity, it may take a large number of classes to
implement that functionality.

Since many of the classes in the sort of modules we have
mentioned above are intended solely for the internal
functioning of a module, it makes no sense to simply
declare all of the public methods for all of the classes as the
API of a module. It makes a lot more sense to construct
module-level APIs with only those public methods that are
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intended to be used by the outside world.! The metrics we
propose in this paper are for such large object-oriented
software. Our metrics measure the quality of the modular-
ization of the software by measuring the extent to which all
intermodule method call traffic is directed through the APIs
of the modules, the extent to which the module are free of
the linkages created by inheritance and associations, etc.
Our metrics also measure the quality of the APIs from the
standpoint of the cohesiveness of the services provided, etc.

Since the metrics we propose in this contribution are API-
centric, we must bring to the reader’s attention our previous
contribution [4], which also has API-based metrics as its
primary focus. But note that the API-based metric suite
proposed in [4] is for non-object-oriented systems only. The
intermodule couplings created by inheritance, containment,
access control, polymorphism, encapsulation, etc., are strictly
outside the purview of the metrics proposed in [4].

In what follows, Section 2 presents a review of the
previous work in metrics for object-oriented software. In
order to accommodate the increasingly popular notion of
plugins, Section 3 provides a brief overview of two different
types of APlIs, one a Service API and the other an Extension
API. A Service API is the traditional API for software
modules. An Extension API describes the services that must
be provided by an external plugin module. To get ready for
the presentation of our metrics, Section 4 presents the
notation we have used in the rest of this paper. Our metrics
are presented in Sections 5 through 13. As a convenience for
the reader, Section 14 tabulates all of the metrics and states
succinctly the main rationale for each metric. Section 15
presents an exhaustive experimental validation of the new
metrics. Finally, we conclude in Section 16.

2 PREVIOUS WORK ON OO SOFTWARE METRICS
RELEVANT TO OUR CONTRIBUTION

Object-oriented software is based on the notions of class,
encapsulation, inheritance, and polymorphism. These no-
tions make it more challenging to design metrics for the
characterization of OO-based software vis-a-vis what it
takes to do the same for the purely procedural code [5], [6].

An early work by Coppick and Cheatham [7] attempted
to extend the then popular program-complexity metrics,
such as the Halstead [8] and the McCabe and Watson
complexity measures [9], to OO software. Subsequently,
other works on OO software metrics focused mostly on the
issue of how to characterize a single class with regard to its
own complexity and its linkages with other classes. This
“one class at a time” focus can be considered to apply even
when we take into account interclass couplings induced by
the methods of one class calling the methods of other
classes. Major exemplars of this early work are the
contributions by Brito e Abreu and Carapuca [10], Chen
and Lum [11], Lee et al. [12], Chidamber and Kemerer (CK)
[5], Lorenz and Kidd [13], Li and Henry [14], [15],
Henderson-Sellers [16], and Briand et al. [17]. These

1. This vision of large object-oriented software of the future is also the
subject of a proposal currently under review in the Java Community Process
(JCP) [1], [2]. The Java Specification Request JSR-294 [2] and Strnisa et al. [3]
propose the notion of a superpackage that coincides with how we talk about
modules in this paper.

researchers proposed that OO software be characterized
by per-class criteria such as the average number of attributes,
average number of methods, average number of ancestor
classes, average number of abstract attributes, coupling
between objects (CBO) as measured by the average number
of other-class methods called by all the methods of a given
class and by the average number of other-class attributes
used by all of the code in a given class, and so on. Other
metrics proposed during the same period—metrics that are
straightforwardly reformulated on a per-class basis—in-
clude the MOOD metrics of Brito e Abreu et al. [18], [19]
and Harrison et al. [20]. In particular, we should mention
the following MOOD metrics: the Attribute Hiding Factor
(AHF) and the Method Hiding Factor (MHF) metrics for
measuring the extent of encapsulation, both defined as the
ratio of the attributes and methods that are visible in a class
vis-a-vis the total number of the same; the Method
Inheritance Factor (MIF) metric, which is a ratio of the total
number of inherited methods to the total number of the
same; and the Coupling Factor (CF) metric that measures
the frequency with which a class references an attribute or a
method in another class. Recently, Counsell et al. [21] have
carried out a rigorous mathematical analysis of two
previously known cohesion metrics, cohesion among methods
in a class (CAMC) [22] and normalized Hamming distance
(NHD) [23], to understand their behaviors and evaluate
their usefulness in measuring class cohesion. The prior
work that we have cited also includes some non-per-class
metrics. These include the depth of the inheritance tree in a
software system, the inheritance fan-out, number of
ancestor classes, etc. Another previously proposed non-
per-class metric is the system-level coupling factor (COF)
proposed by Ghassemi and Mourant [24].

There has been significant debate in the literature about
the merits of the aforementioned metrics, especially with
regard to the extent to which they capture the subtleties
introduced by features that are peculiar to OO software.
Consider, for example, when, in a purely count-based
approach to software characterization, the number of
attributes and methods defined for a class is supposed to
tell us something about the complexity of that class. In OO
software, even when a class is explicitly devoid of its own
attributes and methods, it may nonetheless possess a rich
set of the same through inheritance. By the same token,
when the code in a class makes polymorphic method calls,
it becomes very difficult to figure out through static analysis
as to which piece of code is actually being called for
execution. This has caused some researchers [25], [26], [27],
[28], [29], [30] to argue that the quality measures produced
by the previously mentioned metrics may be open to
interpretation.

There is also a body of work in the literature that has
focused on OO metrics from the standpoint of their ability
to predict software maintainability [31], [27], [32] and
design flaws [33], [34], [35]. Much of the work on using
metrics to predict design flaws has focused on the CK
metrics. Researchers have also analyzed whether the fault
tolerance of software can be predicted by the same or
similar metrics [36], [37], [38], [39]. Recently, Olague et al.
[40] have carried out an empirical analysis of the CK and
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the MOOD metric suites on six versions of an open source
software to evaluate their ability to predict fault proneness.
Similarly, researchers have reported an empirical study of
previously known cohesion metrics on a large corpus of
software [41] that revealed a bimodal behavior by most of
these metrics.

There has also been work [42] on using metrics to
determine a need for code refactoring (such as moving a
method or an attribute from one class to another, derivation
of a new class, and so on). We should also note the work of
Alshayeb and Li [43] who, through an empirical study on
the Java Development Kit (JDK), showed that the same
metrics can reasonably predict the needed refactoring and
error correction efforts, especially toward the end of the
software development cycle (and specifically when the
design cycle is short). Recently, Carey and Gannod [44]
have used existing OO metrics [5], [16] and machine
learning techniques to identify domain concepts from
source code.

This brings us to the subject of frameworks for analyzing
the metrics for their theoretical validity. Theoretical valida-
tion of a set of metrics means that the metrics conform to a
set of agreed-upon principles. It is the principles that then
constitute a framework. Briand et al. [29] have proposed a
framework that formalizes how one can exercise different
options when applying coupling, cohesion, and complexity
metrics to object-oriented software. This framework was
used by Arisholm et al. [45] to propose metrics to measure
coupling among classes based on runtime analysis for
object-oriented systems.

3 Two TYPES OF INTERFACES FOR A MODULE

The work we present in this paper assumes that the
relationship of a module to the rest of the world can be
characterized with two different kinds of APIs.

Service API: This is a module interface as it is most
commonly used and understood. A Service APl (S-API)
declares the services that the module provides to the rest of
the software system. An S-API exposes a set of methods that
can be called by other modules.

Extension API: An Extension API (E-API) is a declaration
of what functionality needs to be provided by an external
plugin for the module. Over the years, plugins have become
an important approach to adding versatility to the workings
of a module without changing the source code in the
module itself. With a properly declared E-API for a module,
a third-party developer would not need access to the source
code of the module in order to create a plugin for it. A
module that a plugin is intended for is sometimes referred
to as the host application vis-a-vis the plugin. For object-
oriented host applications and plugins, an E-API commonly
consists of the declaration of an abstract class and its
abstract methods, with the expectation that the plugin will
provide the implementation code for the abstract methods.
Such software systems are based on a design principle
commonly referred to as the inversion of control [46]. With
inversion of control, the main body of the code calls the
plugin but the plugin never calls the main body of the code.
In other words, control is inverted and the main body of the
code is responsible for control flow.

It is important to note that a module may possess
multiple APIs of both types mentioned above. If a module
possesses multiple S-APls, each S-API may be intended for
a specific usage of that module. As a case in point, an
interest-calculation module in a financial software system
may contain multiple user-directed S-APIs. For example,
there could be an S-API designed specifically for regular
banking applications, another for co-op banking applica-
tions, yet another for banking-like financial services
provided by mutual-fund operators, and so on. While the
basics of interest calculations for all of these related
applications are likely to be the same, each different usage
of the software may entail using a function name
vocabulary that is peculiar to that application. Obviously,
in addition to vocabulary differences, the different S-APIs
for the same module may also differ with regard to the
functionality offered.

As the reader will recall, we are talking about very large-
scale software where there can be hundreds of classes in
each module. In such a case, it is not necessary for all of the
public methods of the classes in the module to belong to an
S-API. A published S-API for a module would ordinarily
consist of a small subset of all of the public classes and a
small subset of the public methods of those classes. The role
of the non-API classes and/or non-API methods would be
to support the intramodule development of the software.

4 NOTATION

We will use the following notation in the rest of this paper.
Our notation is similar to that used by Briand et al. [29] in
their framework for the measurement of coupling metrics in
object-oriented software.

4.1 System, Classes, Methods, Modules, and API

We represent an OO software system by S ...< Ent; Rel >,
where Ent is a set of entitiesand Rel Ent Entis a set of
pairwise relationships among the entities. An entity can be a
class, an attribute of a class, a method defined in a class, a
module, and so on. Formally, Ent..CLALMELI [P,
where C is the set of all classes, A the set of all attributes, M
the set of all methods, P the set of all modules, and I the set
of all APIs in the system.

Classes and methods. A class ¢ 2 C possesses a set M ¢
M of methods and a set A ¢ A of attributes. A method
m 2 M ¢ may constitute either a new method definition for
the class ¢ or may be an override definition for a method of
an ancestor class or an implementation of an abstract
method in a parent class. Similarly, a2 A ¢ is either a
newly defined attribute for class c or hides the definition of
the same attribute in an ancestor class.

Regarding the access discipline that applies to the
methods in a class, we assume that any given method of a
class is either public or private. A public method of a class c,
denoted my,, is assumed to be accessible to the rest of the
software system. The set of all public methods in a class ¢ is
denoted My, ¢ . Taking liberties with the Mpy, ¢ notation,
we use My, p to denote the set of all public methods in
module p.

An abstract method of a class ¢ is denoted by mgs. In
order to keep the notation simple, we assume without loss
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of generality that the access discipline for an abstract
method is public. When needed, we use the notation mggnc
to indicate a concrete method, that is, a method that is not
abstract.

Modules and API. We assume that the system S can be
partitioned into a set P of modules. For a module p 2 P, we
use C p to denote the set of classes in module p. Extending
further the notation M ¢ , we use M p to denote the set of
methods in module p. An APl {21 is a set of selected
methods. We will take liberties withwhat M ¢ standsforand
use the notation M { to denote the set of methods that
constitutes an API {. Further, we use the notation I p to
denote the set of APIs for amodule p. Obviously, foramodule
API{21p,M{ M p.Foramodulep, weuselISp to
denote the setof S-APIsand IE p the set of E-APIs. We define
Module ¢ to be the module to which class ¢ belongs,
Module m to be the module to which the method m belongs,
and Module { be the module to which the API { belongs.

4.2 Relations

Having defined the entities, we now define various types of
relationships among them. For our purpose, we define
Rel ... fPar [ Ovride [ Imp [ Call [ Usesg. These rela-
tionships are as follows:

Class relations. The main inheritance relationship among
classesisthe predicate Par c;d thatistrueifclassdisaparent
of class c. For convenience, we define additional predicates,
Anc c;d and Chld c;d , that can be inferred straightfor-
wardly from Par c;d . Anc c;d is true when class d is an
ancestor of class c and Chld c;d is true when d is a child of
class c. To economize on notation, we use the one-argument
version of Par, as in Par c , to denote the set of all parent
classes of c. We use one-argument versions of the other two
predicates, Anc and Chld, in the same manner. Thatis, Anc ¢
denotes the set of all ancestor classes of cand Chld ¢ denotes
the set of all child classes of c. We use Depth ¢ to denote the
depth of a class c in the inheritance graph. That is, Depth ¢ is
the number of ancestors of ¢ along the shortest path from the
root class to class c.

Method relations. The relation Ovride m; m, is a predicate
that is true when a method m,, defined for some class c,
overrides method m defined for aclass in Anc ¢ . We use the
notation Call mg; m; as a predicate that is true when a
method m¢ calls another method m;. The predicate is
evaluated through static analysis of the code. For economy
of notation, we use the one-argument version of the predicate
Ovride, that is, Ovride m , to represent the set of all methods
that override a given method m. With regard to the predicate
Call m¢;me, we extend it by defining two functions,
Callto m and Callby m , the former representing the set of
methods that call a given method m and the latter the set of
methods called by m.

Uses relation. The notation Uses c;d represents a pre-
dicate that is true when class ¢ uses class d in the sense that
a method directly implemented in c either calls a directly
implemented method of d or refers to (reads/writes) an
attribute defined directly for d. The Uses predicate is
determined statically. Like other predicates, we extend the
Uses predicate to Uses ¢ , which returns a set of classes that
c uses. For an attribute a of class c, the predicate Uses a; d

is true if class d uses the attribute a. Similarly, Uses a
denotes a set of all classes that use the attribute a.

5 COUPLING-BASED STRUCTURAL METRICS

Starting with this section, we will now present a new set of
metrics for large object-oriented software. We will begin
with coupling-based structural metrics that provide differ-
ent measures of the method-call traffic through the S-APIs
of the modules in relation to the overall method call traffic.

5.1 Module Interaction Index

This metric calculates how frequently the methods listed in
a module’s APIs (both S-APIs and E-APIs) are used by the
other modules in the system. As stated in Section 4, | p
denotes all of the APIs for a module p. For an API {21 p,
let ExtCallRel { be the set of calls made to any of the
methods of { from methods outside p. That is,

ExtCallRel { ... f<mgme>jCall megmy "me2 M {
“"mg28M pg:

Now, let ExtCallRel p denote the set of all external calls
made to all of the methods of all classes in module p. Thus,

ExtCallRel p ... f< m¢; my > jCall mg; my

"m2Mp "mg8Mpg:
We express the Module Interaction Index by

S
1 p ExtCallRel {

MIlp .. JExtCallRel p j ; 1

1
MIITS .= Mllp:
PpZP

In an ideal state, all of the external calls to a module p should
take place only through its officially designated S-API
methods. The MII S value ranges from 0 to 1. A max
MIIl S value of 1 indicates an ideal system where all
intermodule interaction is only through the officially desig-
nated S-API methods. AminMI1 S valueofQisindicative of
a system with very bad intermodule interaction.

5.2 Non-API Method Closedness Index

We now analyze the function calls from the point of view of
the methods other than those listed in the APIs of the
modules. In our earlier paper [4], we had argued that,
ideally, such functions of a module should not expose
themselves to the external world. In reality, however, a
module may exist in a semimodularized state where there
remain some residual intermodule function calls outside the
APIs. (This is especially true of large systems that have been
only partially modularized.) In this intermediate state, there
may exist non-API public methods that participate in both
intermodule and intramodule call traffic.

As stated in Section 4, let | p be the current officially
designated APIs of a module p. Let M, p refer to the
actual non-APl public methods in a module that are
definitely not being called by other modules. Ideally, of
course, these two sets would be mutually exclusive and
their union would be the set of all public methods My, p
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in a module p. But, in practice, the set of actual non-API
methods would be smaller than the set difference
fMpw p  Declared AP I methods of pg. We use the follow-
ing metric to measure this disparity between the declared
API methods for a module and the methods that are
actually participating in intermodule call traffic. We call this

metric the “Non-APl Method Closedness Index” and
represent it by NC:
NCp .. JM.,@apr o
Mpub p {21 p M { 2
1 X
NC S .. B NC p
p2P

Note that this metric calls for a zero-by-zero division when
all of the public methods in a module are declared to be the
API methods for the module. This is a common occurrence
for a certain class of software systems, such as the Java
platform. If we think of each package of the platform as
constituting a module, then, in general, all of the public
methods for all of the classes in the package would be
considered to constitute the module’s API. What the value
of NC p should be under this condition depends entirely
on the nature of the software system. If it was the intent of
the software designers that all of the public methods for all
the classes in a module constitute that module’s API, then
NC p must be set to 1 when both the numerator and the
denominator go to 0. On the other hand, if we are talking
about a very large business application in which each
module may consist of hundreds of classes (that interact
with one another to provide the functionality of the
module) and for which only a subset of all of the public
methods is meant to constitute the module’s API, then we
set NC p to 0 when the denominator goes to 0. In the
absence of division by zero, NC for a module p becomes 1
(best case) when all of the public methods of a module p
that are not “Declared APl methods of p” are actual non-API
methods, i.e., they never participate in intermodule call
traffic.

6 METRICS TO MEASURE INHERITANCE-BASED
COUPLING BETWEEN MODULES

It is not uncommon for a client of vendor-supplied software
to customize a class by deriving from it and embedding
client-specific functionality in the extended class. If the
software created by the client resides in a separate module,
this would naturally create dependencies between the
vendor-supplied modules and the client-created modules.
In the rest of this section, we will first elaborate on some
specific forms of these dependencies that make it more
difficult to maintain the code and to extend it further.
Subsequently, we will provide metrics to measure these
different types of inheritance-induced dependencies be-
tween the modules.

6.1 Inheritance-Induced “Fragile Base-Class”

Problem
When a class in module B extends a class in module A, that
naturally introduces a dependency between the two

SEPTEMBER/OCTOBER 2008

Base Base
foo() { | Dase foo() {
i Changed bar():
' |:‘> Fi
bar () { bar () {
} } 45

I I
Derived Derived
bar () { bar () {
H H
(a)
Base Base
foo() (| Dase foo() {

bar (] Cha nged e

} :> F;

bar() { bar () {

; 25 : 4}.

Z“.\ ;

Derilved Derived

bar (] bar ()

I 1

¥ H

(b)

Fig. 1. Two cases of the fragile base-class problem. (a) Case 1. (b) Case 2.

modules. But, one would expect that as long as the subclass
in module B used only the information made public in the
relevant section of module A’s API, it would be possible to
change module A without affecting B and vice versa. But, as
is now well known, a phenomenon known as the fragile
base-class problem may nevertheless introduce dependencies
between the two modules that may cause module B to break
when A is modified [47], [48]. The following two cases,
depicted pictorially in Figs. 1a and 1b, illustrate the fragile
base-class problem.

Case 1. The base class, Base, contains two methods, foo
and bar , that stand on their own. The derived class,
Derived, inherits both but is provided with an override
definition for bar that does NOT use Base’s foo . At
some future time, Base’s vendor modifies foo so that it
directly calls on bar for some of its functionality and this is
done without changing the base class’s public interface. But,
due to polymorphism, for a client of the derived class, the
inherited foo will behave differently from what the base
class’s vendor had in mind. When the inherited foo is
invoked on an instance of Derived, it will call on
Derived’s bar as opposed to Base’s bar

Case 2. The second case is the opposite of the previous case.
Now, the designer of the base class writes a method, foo
that explicitly calls another of base’s methods, bar . The
derived class inherits both but provides an override defini-
tion for bar . So, when the client of the derived class invokes

Authorized licensed use limited to: Purdue University. Downloaded on October 30, 2008 at 16:38 from IEEE Xplore. Restrictions apply.



SARKAR ET AL.: METRICS FOR MEASURING THE QUALITY OF MODULARIZATION OF LARGE-SCALE OBJECT-ORIENTED SOFTWARE 705

foo onaninstance of Derived, its base-class definition will
use the Derived’s bar due to polymorphism. This is the
class behavior that Derived’s clients get accustomed to.
Now, assume that, at some later date, the base class’s
vendor rewrites foo and bar in such a way that they
become standalone functions. This the vendor does without
changing the base class’s public interface. Subsequently,
however, Base’s foo as experienced by a client of
Derived will behave differently because it would no
longer call Derived’s bar

In both of these cases, the base-class fragility was
introduced by one method of the base class directly calling
another method of the same class either before or after code
revision and the called method being overridden in the
subclass. Both of these cases reflect the normal semantics of
polymorphism. To the extent that polymorphism is a
cornerstone of the object-oriented paradigm, we do want
a call to foo of the base class to use bar of the derived
class if the former needs the latter for a part of its
functionality and if foo is invoked on an instance of the
derived class. This situation arises all the time in object-
oriented application programs. For example, you may write
a software package for GUI programming in which a high-
level method of a widget class needs to make calls to low-
level methods of the same class that interact directly with
the operating system for the purpose of determining the
various attributes of the display on which the GUI is to be
drawn. Now, someone else may try to adapt your software
package to a different operating system by extending your
widget class and providing override definitions for the low-
level methods that interact directly with the operating
system. Your inherited high-level methods should work for
the new operating system because any calls to them would
use the subclass override definitions designed specifically
for the new operating system.

However, as demonstrated by the two cases shown
above, this polymorphic behavior of a class hierarchy will
elicit a price when a class and its subclass exist in two
separate modules—it can make the module containing the
subclass dependent on the implementation details of the
module containing the base class even when the subclass is
honoring the public interface of the base class.

So, whereas, on the one hand, polymorphism allows us
to write compact code that can easily be extended to adapt
to new application circumstances, on the other hand, it can
make modularization more challenging. That naturally
leads to the question of whether it is possible to detect
polymorphic invocations of methods that do and that do
not create modularization difficulties. When a method foo
of a base class calls bar of the same class and when bar is
overridden in a derived class, under what conditions
should we construe that as an acceptable recourse to
polymorphism and under what conditions as a situation
that may create a modularization headache?

We take the position that all such base-class/derived-class
relationships constitute acceptable usages of polymorphism when
both classes reside in the same module. However, when such
relationships cross module boundaries, we consider them harmful
in the sense of their limiting the independent further development
of the two modules involved. Our position is based on the

assumption that it is usually the same team of programmers
that would be in charge of any single module. We can
expect the programmers to be intimately familiar with the
intent underlying each method of a base class and whether
or not it would be safe to extend it in a derived class.
Obviously, the same cannot be said of two different
modules. The module containing the base class may belong
to a vendor-supplied library and the module containing the
subclass may belong to a client who is trying to adapt the
vendor-supplied library to a different application context.
Now it would be much more difficult for the base-class
programmer’s intent to come through when the subclass
client examines the base class’s public interface.? For
example, if the base-class programmer wrote up a method
foo to call the base’s bar without expecting this call to
translate into an invocation of a derived class’s bar , that
fact would not normally be in the base class’s public
interface. But, when both the base class and the subclass are
within the same module, there is a greater likelihood that
this information concerning the base class would be
apparent to whoever is writing the derived class. The same
cannot be hoped for when the two classes are in two
different modules.

We therefore need a metric that can measure the extent
of such base-class/derived-class relationships when the two
classes are in different modules. Such a metric is presented
in the next section.

6.2 Metric to Measure the Extent of the Fragile
Base-Class Problem

Based on the above observations, we now propose a metric
to quantitatively measure the extent to which the fragile
base-class problem may exist in a software system. We
assume that the code was initially written by programmers
cognizant of the fragile base problem and that, therefore, at
the beginning, the code did not exhibit instances of
polymorphism mentioned in our Cases 1 and 2 when a
base class and a subclass derived from it reside in different
modules. The fragile base-class problem ceases to exist if no
methods of a class call any of the other methods of the same
class or the ancestor classes. We may refer to this as the
ideal state of the software since it ensures the absence of the
fragile base-class problem. Any departures from this ideal
may indicate the presence of the fragile base-class problem.
So, it is worthwhile to measure the extent of the departure
from the ideal as an indication of the possibility of the
existence of the fragile base-class problem. If a software
system exhibits a high value for the departure from the
ideal or if a software system suddenly shows a jump for this
value after the system is extended with subclasses, it means
that the users of the software need to more carefully test the
extensions for potential instances of the fragile base-class
problem. The extent to which a given software system
conforms to the ideal with regard to base-class fragility will
be measured by a metric we call the Base-Class Fragility
Index BCFI .

As defined in Section 4, let Anc ¢ be the set of all
ancestor classes of a class ¢. We define Manc € to be the set

2. Unless, of course, one extends the programming language as
advocated by Aldrich and Donnelly [48].
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Fig. 2. The figure illustrates the idea of base-class violation. Module p
contains the two classes named Base and Derived, module pl just the
class Derivedl, module p2 just the class Derived2, and, finally,
module p3 just the class Derived3. The arrows from foo tobar and
barl mean that foo calls on these two methods for a part of its
functionality.

of concrete methods inherited from the ancestor classes of ¢
that are not overridden in class c. Thus,

Manc € ... mi . 2M ¢ jc’" 2 Ancc

" 8mam ¢ -Ovride ml

m

For a method m of class c, let UpCallby m be the set of
concrete methods called by m that are either defined in a
class ¢ or inherited from its ancestor classes but not
overridden. That is,

UpCallby m ... m) jCall m;m,

N 0 0
Meone 2Mc — Meone

2 Manc €

In order to define BCF I, we first define the notion of base-
class violation BCVio m for a method m that measures the
extent to which the methods that have overridden m exist in
other modules:

BCVio m’
m? 2 Ovride m’ jModule m’ 6. Module m}
jOvride m? j
...0when Ovride m' ... ::

BCVio m' is proportional to the number of times m’ is
overridden outside of the module in which m® resides. The
idea of this violation is illustrated in Fig. 2. In this figure, the
method bar () in module p is overridden 3 times outside p.
Therefore, BCVio bar ... 3.

Having defined BCV io, we now compute the maximum of
BCV io values of all of the concrete methods in UpCallby m ,
for a method m. We denote this as BCV Max as follows:

BCVMax m ... MaXmzupcaliy m FBCVio m’ g
..0when UpCallby m ... ;:

At the class level, BCV Max ¢ for a class ¢ is the maximum
of the BCVMax m of all of the methods in class c, i.e.,
BCVMax ¢ .. maXmam ¢ BCVMax m .

To measure the violation at the module level, we first
need to determine the set of classes in the module for which
BCV Max is applicable. This set, denoted by BCV Set p for

a given module p, is the set of classes that contains at least
one method with nonempty UpCalledby set.

Thus, BCVSet p .. fc2Cyj9mam ¢ UpCallhy m 6. ; g.
We will now define BCF1 as follows:

1

BCFlp .1 ——=—— BCVMaxc,;

JBCV Set p Jeo,

X
BCFI'S ..o BCFlp; 3

PP e
where P' ... fp' 2 PjBCV Set p 6. ;g
.1when P .. ::

Observe that, for classes not in the set BCVSetp,
BCVMax ¢ will always be 0. Hence, the value for
BCFI1 p will range between 0 and 1, with the worst case
being 0 and the best case (no base-class violation) being 1.

Finally, the base-class violation for the entire system
BCFI S is the average of the BCFI p for all of the
modules in the system for which the violation is applicable.
The value for BCF1 S ranges from 0 to 1, with 0 indicating
a system that has the worst base-class violation and 1
indicating a system that is completely free of base-class
violation.

6.3 Inheritance-Based Intermodule Coupling
Metrics

These dependencies may be measured either at the module
level or at the class level or at both. With P representing the
set of modules and C p denoting the set of all classes in the
module p, the following metric measures such dependen-

cies at the module level:

P’ 2 Pj9gac p 9c2c p Chld c;d ~p 6. p’

ICip .1 1

..1lwhenjPj .. 1

For a given module p, the numerator of the fraction is the
number of other modules such that at least one of their
classes is derived from at least one class of module p.

If the modules vary widely in the number of classes they
contain and in the extent to which the classes in one module
extend classes in other modules, the above metric may not
tell the entire story about the inheritance-based intermodule
dependencies. With C representing the set of all classes in
the software system, the following metric measures such
dependencies at the class level.

d 2Cj9cp Chld c;d ~Module d 6. p

\Cp .1 iC Cpj

..1whenjPj .. 1

Here, the numerator of the fraction indicates the number of
classes in other modules that extend any of classes in p. The
above two metrics measure inheritance-based dependencies
of the other modules on a given module p. The following
metric measures such dependencies in the opposite direc-
tion. If all of the classes in a given module are derived from
classes in other modules, the value of this metric would be
zero for that module.
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€2 C p j94oparc Module d 6. p

iCpj
Here, the numerator indicates the number of classes in
module p that are derived from any of the classes in any of
the other modules. Given the three different ways to
measure inheritance-based couplings between the modules,
we now combine all of them in the form of a composite
IC metric, first at the module level and then at the system
level, as follows:

ICsp .1

IC p ..min ICy;1Cy; 1C;5 ; 4
1 X

ICS .. — ICp: 5
JFJJpZP

The maximum and minimum IC S values are 1 and 0,
respectively. An IC S value of 1 is indicative of a system
that does not have any inheritance-based couplings.
Conversely, an IC S value of 0 is indicative of a system
that has maximum inheritance-based couplings.

7 A METRIC FOR NOT PROGRAMMING TO
INTERFACES

It is now accepted wisdom in object-oriented programming
that a client of a class should only program to the interfaces
that are at the roots of the class hierarchies and not to the
concrete classes that implement those interfaces. This
allows the implementation code to be altered without
affecting the clients of a class hierarchy.

Our use of the word “interface” in this section is not to be
confused with “interface” in a module’s API. The interface
as used in this section reflects the fact that each module will,
in general, contain class hierarchies and each hierarchy will
have a root interface. A recommended OO practice is to
program to the interfaces at the roots of the class hierarchies
as opposed to their implementations in the child classes.

In our context, what that means is that, when a module
needs to act as a client of another module, the former
should access the latter’s functionality only through the root
interfaces of the class hierarchies in that module. Obviously,
in well-engineered code, module p; will access the
functionality of module p, only through p,’s APIs and the
methods listed in py’s APIs will be a subset of the methods
in the root interfaces of all of the class hierarchies in p,. But,
as the code ages, it is not unlikely that some of the methods
in p; may call on some of the methods in p; that are only
defined for the concrete classes of p, and that are NOT
included in any of the APIs of p,.

Our goal is to capture this aspect of code degradation
through a metric we call Not-Programming-to-Interfaces Index
(NPII) that we now present. With Callby m denoting the
set of methods called by m, let AbsCallby m ... TMpsjMaps 2
Callby m g be the set of abstract methods called by m.
Now, we consider calls made to those concrete methods
whose defining classes belong to some inheritance
hierarchy. We ignore calls to those methods which belong
to isolated classes (that is, classes that do not belong to
any inheritance hierarchies) from the NP1l perspective.

Let InhConcCallby m be those concrete methods called by
m. It is defined by

InhConcCallby m ... fmgoncjMeonc 2 Callby m
AQuae Meone 2 M ¢ ~Anc ¢ 6. ;g:

Next, we introduce the notion of a bad call made to a
concrete method from the NP Il perspective. Leaving aside
the called methods that are defined/declared in the root
interfaces, a call is considered to be bad when the called
concrete method (defined in a class that belongs to some
inheritance hierarchy) has overridden or implemented
another method. This is defined by

BadConcCallby m ... fm’jm’ 2 InhConcCallby m
~ DoesOvride m’ _ DoesImpl m' g;

where DoesOvride m' is a predicate that is true when m’
overrides a method and DoesImpl m' is a predicate that is
true when m' is an implementation of some abstract
method. Now, we define NP 11 as

L
AbsCallby p ... 2 AbsCallby m ;

InhConcCallby p ... 0 InhConcCallby m ;

2M

BadConcCallby p ... oM

jAbsCallby p j
" jAbsCallby p j jlnhConcCallby p j
jinhConcCallby p  BadConcCallby p j
JAbsCallby p j jInhConcCallby p j

.2 when AbsCallby p [ InhConcCallby p ... ;;

A BadConcCallby m ;

NPII p

where 0 1

where ? means undefined.
Let P'.. fp2PjAbsCallby p [ InhConcCallby p 6. ;g.
We can now write

>
NPII p

p2P’ 6
LL1ifPY L

1
NPII'S ..o

The value of NPII ranges between 0 and 1. The value of
NP 11 of a module is 1 when only the abstract methods in
the root interfaces of class hierarchies in a given module are
called by the implementation code in other modules.

8 ASSOCIATION-INDUCED COUPLING METRICS

These measure the extent to which a class in a module uses
another class in some other module either as an attribute or
as a parameter in a method definition. As with the
inheritance-based coupling, first we measure how the
modules are coupled through association. This we accom-
plish with the help of the three metrics, AC; p , AC, p , and
AC3 p , described here. We define

' 2 Pj9 ' 9 Uses c;d ~p6.p’
ACip .1 p J9c2c p dzjcP;} - po.p

..1whenjPj .. 1.

Here, the numerator denotes the total number of other
modules that contain at least one class that uses at least one
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Fig. 3. lllustration of the problem that arises when the state of an
instance is accessed directly.

class of module p as an attribute or as a parameter in a
method definition. AC; p measures as to what extent other
modules use p through associational dependencies. Next,
we define

€ 2 Cj9ypc p Uses c;d ~Module c 6. p

ACzp -1 iC Cpj

..1lwhenjPj .. 1:

Here, the numerator indicates the total number of classes in
other modules that use at least one class of module p as an
attribute or as a parameter in a method definition. Finally,
we define

€2 C p j94ousesc Module d 6. p

iCpij
Here, the numerator indicates the total number of classes in
module p that use at least one class from any of the other
modaules either as an attribute or as a parameter in a method
definition. Given the three different forms of this metric, we

can now combine them all into a composite AC metric, first
at the module level and then at the system level, by

AC p .. min AC;;AC,;ACs ;
= 7
ACS ..— ACp:
JPJ p2P

Like other metrics, the min value of AC S is 0 and the max
value is 1.

9 COUPLING INDUCED BY DIRECTLY ACCESSING
THE STATE

The commonly stated dictum that the state of an instance
constructed from a class should only be accessed through
appropriate accessor/mutator methods is honored more in
the breach than the observance. That the effects of accessing
the state directly can seriously compromise the integrity of
the code is made clear by the following example by
Mikhajlov and Sekerinski [47]. Let us say that a Base/
Derived class pair started out as shown in Fig. 3 left, with
Derived directly accessing the state variable x as shown.
As shown in this figure, the state variable x is modified by
both foo() and bar () methods. Assume that the writer of
the original Base class decides to enlarge its functionality
by providing it with another data member y. Also assume
that the same programmer decides to reimplement foo()
and bar () as shown. Further assume that this programmer
does not alter the API description of foo and bar made
available to the clients of this class since, in the base class

itself, the behavior of foo and bar vis-a-vis the variable x
has not changed. Unfortunately, for a client of Derived,
this change in Base’s implementation code will alter the
behavior of Derived. In the “Application Program” of
Fig. 3 right, the value of x will be 3 before the base-class
change and 1 afterward.

The problems created by directly accessing the state are
perhaps more manageable when such accesses take place in
the same module (for reasons that we stated earlier in
Section 6.2). However, such accesses crossing module
boundaries could be a source of serious code deterioration.
The metric we present below measures to what extent the
state of a given class has been accessed by classes in other
modules.

In accordance with Section 4, suppose that A ¢ is the set
of attributes of class c. A ¢ defines the state of the instances
constructed from c. Some of these attributes will be private
to ¢ and the rest will be accessible to other classes. Also
recall that Uses a denotes the set of other classes that
directly access the attribute a2 A ¢ . In an ideal state, we
obviously want that 8,55 c Uses a ... ;.

Now, we measure the extent of intermodule and
intramodule access of the state by first defining the
following four sets. The first two sets, prefixed with “Inter,”
are for measuring the extent of intermodule access of state.
The second two sets, prefixed with “Intra,” are for
measuring the extent of intramodule access of state:

InterStAccl ¢ ... a2 A ¢ j9gouses a Module ¢ 6.
Module d g;

' 2 Pj9aza ¢ 9u2c  Module ¢ 6.
p' ~used a;d g;

a2 A ¢ j9goused 2 Module ¢ ...
Module d g;

d2C pj9pa. Modulec ..

Module d ~used a;d g:

InterStAcc2 ¢ ...

IntraStAccl ¢ ...

IntraStAcc2 ¢ ...

Of the first two sets, InterStAccl ¢ is the set of attributes of
c that are accessed by classes residing in other modules,
whereas InterStAcc2 ¢ is the set of modules that directly
access attributes of c¢. Similarly, IntraStAccl c is the set of
attributes of c that are accessed by classes in the same
module where ¢ belongs. Finally, IntraStAcc2 ¢ is the set
of classes residing in the same module as c that directly
access the attributes of c.

In terms of the above four sets, we now define a State
Access Violation Index (SAVI) as follows: We first define it
for a class, then for a module, and, finally, for the software
system:

jinterStAccl c j jInterStAcc2 ¢ j

SAVlc .1 L3} L

jAc] ‘ iPj
' jIntraStAccl c j . jIntraStAcc2 c j
2 jAc DY ’
1 X
SAVIp ..-— SAVlc;
J F’chcp
S S XS
AV e AVI p:
JPJpZP
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