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Software reuse has been shown to increase

productivity, reduce costs, and improve

software quality. The identification of

reusable code in existing (legacy) code is an
important part of the software reuse process.
Most research that has addressed this problem

has concentrated on code created in the

Sfunctional paradigm.

decomposition
However, it has been shown in many places
that object-oriented code is inherently more
reusable than functionally-oriented code. In
many cases eventual reuse of the code was not
considered in the sofiware development
process, and so even though the paradigm

tends to result in more reusable code than that

developed in the functional decomposition

paradigm, the code itself was not specifically
designed for reuse. This paper describes
various views of reuse in object-oriented
systems. These views employ object-oriented
metrics to aid in the quantification of the

reusability  of code  components in

object-oriented systems.

Keywords:  software reuse, object-oriented
metrics, knowledge-based, program
understanding.

1. Introduction

The ability of a second (or later) software
project to benefit from the effort involved in
producing software products on a previous
project has been a long term goal of software

developers. The goal has been to reuse some
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of the software products on a subsequent

software product, and hence avoid the costs of
redevelopment [4][14]. While this idea has
shown some promise, the inherent nature of
software development has caused some
difficulties that tend to obstruct software

reuse. Some of the technical aspects that

hinder software reuse lie in the numerous

paradigms by which software is organized and
developed. One research area in the domain of
software reuse is the identification of reusable
code in existing (legacy) code. The research
that has addressed this problem has primarily
concentrated on code created in the functional
decomposition paradigm. However, in recent
years much object-oriented code has been

developed. In many cases eventual reuse of
the code was not considered in the software
development process. Thus even though the
object-oriented paradigm tends to result in

more reusable code [1][14][22], the code itself

has not been specifically prepared for

eventual reuse.

The identification of reusable components in
existing object-oriented code has two main
sub-problems: 1) understanding the function
of the possibly-reusable components (a
component might not be useful in one
domain, whereas it is very useful in another
domain) 2) applying an appropriate set of
metrics to a candidate component to
determine the extent of its reusability. The
CHRIiS (Conceptual Hierarchy for Reuse
including Semantics) module, which is a large
part of the PATRicia system (Program
Analysis Tool for Reuse), is involved with
automatically understanding the functionality
of reusable components in object-oriented
code via the use of a knowledge-based
system[9][10][11][12][13]. However, the
second subproblem, that of applying an
appropriate set of metrics to object-oriented

code in order to quantify its reusability, which

is also a task performed by the PATRicia



Fig. 1 PATRicia System Context Diagram

system, is the primary subject of this paper
[13]. See Figures 1 and 2 for a description of
the PATRicia system. Figure 2 shows the
relationship between the CHRiS module and
the metrics related modules (the Metrics
Analyzer and the Determiner of Reuse
Quality) whose operation is described in this
paper.

2.0 Object-Oriented Metrics
Much work performed in the field of
object-oriented metrics has focused on
attempting to predict maintainability and
reliability by using traditional complexity
metrics McCabe's

(such as cyclomatic

complexity measure and Halstead's Software
Science) and showing how those metrics
relate to object-oriented code [24], or by
developing new object-oriented metrics and
showing (often by a regression analysis) how
those relate to complexity and thus to

o od

[3][15][16][20]. In several cases these new

elichil

object-oriented metrics are more appropriate
when applied to the design of object-oriented
software than figuring in a code complexity
calculation. For example, one metric often
discussed is the depth of the inheritance
hierarchy. This metric can be derived at
design time. The study of object-oriented
metrics leads one to believe that

object-oriented code maps more closely to its
original design than functionally-oriented
code. This is advantageous since during
software development it makes an evaluation

of the current design practicable before the

design has been converted into code. This also
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means that, in a situation such as the

automated extraction of reusable code, that
meaningful design metrics values can be

calculated by the examination of the source
code. This has applicability to reuse in that
often a reusable component cannot be reused
verbatim (unchanged) but must be leveraged
(modified) [4][5][14][22]. A "good" value for
design metrics implies that modification will
be easier. Some object-oriented metrics

currently in use are described in the following
paragraphs.

Chidamber and Kemerer [7][8] proposed six

object-oriented design metrics: 1) DIT --

depth of inheritance tree. The lower a class is
in the inheritance treee, the more superclass
properties it may inherit, the larger the
coupling, and the lower the maintainability.
2) NOC -- number of children. The more
children a class has, the more classes it may
affect if modified (because of inheritance),
the larger the coupling, and the lower the
maintainability. 3) RFC -- response for a
class. The response set of a class consists of
all the local methods, and all the methods
called by local methods. The larger the
response set for a class, the more complex the
class, and the lower the maintainability. 4)
LCOM -- lack of cohesion of a class. The
cohesion of a class is characterized by how
closely the local methods are related to the
local instance variables. LCOM = number of
disjoint sets of local methods. Any two
methods in one disjoint set access at least one
common local instance variable. The larger
the lower the

lack of cohesion, the



maintainability. 5) WMC -- the static

complexity of all the methods. The WMC is
the summation of the McCabe's cyclomatic
complexity for all local methods. The more
methods, and the more complex the methods,
the more complex the class, and the lower the
maintainability. 6) CBO - non-inheritance
related coupling. The CBO is a count of the
number of accesses by the class to variables
and uses of member functions that have been
defined neither in the class nor in any of its
proper ancestors.

Li and Henry [15][16] used Chidamber and
Kemerer's metrics DIT, NOC, RFC, LCOM,
and WMC in their study of object-oriented
metrics to predict maintainability. They did
not use CBO. They also defined some

additional metrics: 1) coupling through

inheritance -- DIT and NOC are used to
measure the inheritance characterization. 2)

coupling through message passing -- MPC =

number of send statements defined in a class.

The number of messages sent out from a class
may indicate how  dependent the
implementation of the local methods is on the
methods in other classes. 3) coupling through
abstract data types (ADTs) -- A variable
within a class X may be defined with type of
an abstract data type (in this case, another
class definition). This is another type of
coupling. DAC (Data Abstraction Coupling)
= number of ADTs defined in a class. 4)
NOM -- number of local methods. This is a
measure of the complexity of a class'
interface. 5) SIZE1 -- number of semicolons
in a class. This is a traditional lines of code
metric. 6) SIZE2 -- number attrributes +
number of local methods. This is a measure of
class complexity.

Rajaraman and Lyu proposed four coupling
metrics, intended primarily for C++ software,
but that could be extended to other
object-oriented languages [20]. These four
inheritance-related

metrics are: 1) class



coupling (CIC) -- This metric counts the
number of times that a class accesses a
variable or uses a member function defined in
a proper ancestor class. 2) class
non-inheritance related coupling -- This
metric counts the accesses to variables and the
uses of member functions that have neither
been defined in the class itself, nor in any of
its proper ancestor classes. 3) class coupling
(CC) -- the sum of the method couplings
(MC) of all methods in the class, where
method coupling (MC) = number of non-local
references = qv + gf + om + iv, where qv = #
of global variable references, gf = # global
function accesses, om = # references to other
classes, and iv = # references to instance
variables of other classes. 4) Average method
coupling(AMC) -- AMC = CC/n, where CC =
class coupling, n = the number of member
functions in the class.

Lorenz describes a number of design metrics

[17]. These include various metrics related to

measuring method size, such as number of
message sends, number of statements, lines of
code, and average method size. These also
include measures of class size, such as
number of public instance methods in a class,
number of instance methods in a class,
average number of instance methods per
class, etc., as well as class inheritance related
measures, such as depth of inheritance tree,
number of methods overridden by a subclass,
number of methods inherited by a subclass,
and number of methods added by a subclass.
Additionally, Lorenz defines measures for
class internals, including a class cohesion
measure (the Chidamber and Kemerer LCOM
measure is specified), use of friend functions,
average number of parameters per method,
etc. Lorenz specifies thresholds for many of
these measures -- these thresholds were
empirically derived over several Smalltalk
and C++ projects. Lorenz's work is more

experimentally based, and less theoretically



based than the other approaches discussed
here.

3.0 Reuse Views for Object-Oriented
Systems

Reusability of a particular code component at
a high level can primarily be considered as
consisting of the understandability and
modifiability of the code component [5][14].
Other software quality factors such as
efficiency are usually very domain dependent.
Rombaugh and Basili's GQM
(goal-question-metric) approach [21] claims
that quality metrics in general are valid only
in the particular domain for which they have
been validated, and that they are not
necessarily extendable to other domains.
However, the qualities of understandability
and modifiability are somewhat less domain
dependent, or at least certain qualities
independent of domain have heavy influence
on understandability and modifiability.

Obviously, code in some particular domains

would be less understandable than code in
other particular domains, depending largely
on the background of the software engineer
examining the code. A software engineer who
was trained primarily in the area of
communications software might find more
difficulty understanding code written for the
domain of simulations than a software
engineer who was heavily trained in the area
of simulations. Also, some domains are
simply more complex, and thus less

understandable than other domains. However,
some aspects of understandability (and
modifiability) are fairly independent of

domain, and of the training of the software
engineer. One such aspect is the amount of
documentation provided with the code (both
the number of comments in the code and
external documentation such as manuals and
online documentation). The quality of the
whether or not the

documentation, 1i.e.,

documentation is well-written or poorly



written, is also somewhat domain independent
(although some domains might be harder to
explain than others, the quality of the
documentation depends largely on the
language skills of the programmer(s) who
wrote the documentation, and also on the
requirements of the software development
process employed for the project in which the
code was written). However, the quality of
documentation is difficult to measure.
Another aspect of understandability and
modifiability that tends to be somewhat
domain  independent is = Modularity.
Modularity is here considered to be a
combination of cohesion and coupling.
Uncohesive code, which in the case of
object-oriented code would take the form of a
class providing more than a single
functionality, can be identified irregardless of
the domain. Coupling, which in the case of

object-oriented code would primarily take the

form of a class using functions and variables

that are not defined in the class, would tend to
make the code both less understandable and
less modifiable due to the scattering of
functionality to many different locations.

Some other qualities of understandability and
modifiability, such as code simplicity, are
more domain dependent since the simplicity
(or complexity) of the code would vary

depending on the complexity of the domain.
However, when comparing modules for

possible reuse (such as in the case where
multiple modules implementing the same

function have been inserted in a reuse library,
and it is necessary to choose between them),
such as

qualities simplicity would be

compared for a single domain. For

comparison purposes it might not always be
necessary to have an exact threshold level for
simplicity that means "acceptable" or another
that means "unacceptable", as long as "better"

simplicity would tend to have a "better"

number than "worse" simplicity. Thus, when



trying to determine whether or not a module is
"good" enough to be included in a reuse
library, some measures might have acceptance
or rejection threshold levels that could be
used to determine overall whether or not the
module should be included in the library,
whereas other measures might better be
included with the module in the reuse library
for later comparison purposes with similar
modules. Yet other measures such as various
reliability measures are extremely domain
dependent and normally require acceptance or
rejection thresholds. These measures are
probably less appropriate for inclusion in a
reuse library, unless 1) the reuse library is
restricted to a particular domain, or 2) the
effort is taken to validate each of these
metrics in its own domain (which might be a
considerable effort), and the domain is
identified along with the module when it is
included in the reuse library.

Reusability of code components in

object-oriented code can be examined at
various levels, depending on what set of code
components might be chosen for reuse, and
how individual code components compare to
all code components that must be reused
along with the individual code components.
These reuse views are a form of software
quality factor framework [2][6][18][19][23].
differs from some other

However, this

generalized  software factor

quality

frameworks, such as McCall's [18] or
Boehm's [6] in that 1) it does not attempt to
derive an overall look at quality (early
software quality frameworks attempted to
cross domains for all quality factors); rather, it
is limited to quality factors that affect reuse,
and 2) it examines object-oriented code.
Another difference is that, with the exception
of the complexity of methods subfactor in the
simplicity calculation, this software quality

factor hierarchy could be applied to a design

rather than strictly to source code.



The following reuse views of an
object-oriented system have been defined:

1) Reusability-in-the-class. This consists of
all qualities of an individual class that might
tend to make it more or less reusable.

2) Reusability-in-the-hierarchy. Since a
particular class cannot be reused without also
reusing the classes that are its direct ancestors,
the qualities of its direct ancestors in regard to
reuse must also be examined. However,
reuse-in-the-hierarchy is not simply a sum of
the reusability qualities of all the classes in
the inheritance hierarchy. Qualities of the
inheritance hierarchy, most specifically the
depth of the inheritance tree, and whether
multiple inheritance is used or not, also tend
to affect the reusability of classes in that
particular class hierarchy.

3) Reusability-in-the-original-system. The
number of times a particular class has been

used in the original system can be a predictor

for reuse in a new system.

4) Reusability-in-the-subsystem. A selected

subsystem of classes might form a particular
function that is useful in a new system. The
reusability of a subsystem is a combination of
the qualities related to reuse for all individual
classes in the subsystem; additionally, all

in the

inheritance hierarchies subsystem

would tend to influence reuse of the
subsystem.

Reusability-in-the-class can be measured by
use of the following quality factors:
Modularity, Interface, Documentation, and
Simplicity (see Figure 3). All of these
sub-factors are related to understandability
and modifiability (the primary goals of
reusability). For example, the modularity of a
class, that is, the coupling of the class with
other classes, and the cohesion of the class,
would tend to affect both understandability
and modifiability. If a class has many calls to

other classes' methods, then coupling between

that class and other classes is high. This tends



Quality Factor Subfactor
Modularity Cohesion

Coupling

Interface Complexity

Metric

-- # disjoint sets of local
methods (LCOM)

-- #friend functions

-- # message sends

-- # external variable accesses

-- Number of public methods

Documentation -- average # of commented methods
-- average # of comment lines per
method
-- number of comment lines per class
definition
Simplicity Class Definition
Size -- # of methods in the class
-- # of attributes in the class
Method Size  -- average method size in LOC
Complexity
of Methods -- sum of the static complexities

of all local methods in a class
(WMCO)

Fig. 3. Reusability-in-the-Class

to make the class less understandable, since
the functionality of the class is spread
between many locations in the source code.
This also tends to make the class less easy to

modify -- if it is desired to add a particular

functionality, where is the appropriate place
to add it? In the class' methods or in a friend
function (for example) -- or maybe in another
class whose methods are called by the current

class? (Similar common sense arguments can




be made to relate Interface Complexity,
Documentation, and Simplicity ~ to
understandability and modifiability).
Modularity is thus divided into the subfactors
cohesion and coupling. Currently in the
PATRIicia system, cohesion is measured by
the use of the LCOM (lack of cohesion of a
class) metric [7][8], whereas coupling is
measured by a combination of the number of
friend functions, the number of message sends
(includes standalone function calls), and the
number of external attribute uses (includes
global variables). The Interface Complexity
quality factor is measured by the NOPM
(number of  public methods). The
Documentation quality factor is measured by
a combination of the average number of
commented methods, the average number of
comment lines per method [17], and the
number of comments per class definition.
Simplicity is divided into three sub-factors:
method size, and

class definition size,

complexity of methods. Class definition size
is measured by the number of methods +
number of attributes in a class. Method size is
measured by the average number of
semicolons (LOC) in methods. Complexity of
methods is measured by WMC (weighted
method complexity)[7][8], the sum of the
static complexities of all local methods in a
class. Currently the McCabe's cyclomatic
complexity numbers for individual methods
are averaged across the methods in the class
in order to calculate WMC.
Reusability-in-the-hierarchy has two quality
factors: average class reuse and Inheritance
Complexity. Average class reuse is
considered to consist of the sub-factors
average Interface,

Modularity, average

average  Documentation, and  average

Simplicity.  Inheritance =~ complexity  is
currently measured by the DIT (depth of
inheritance tree) metric.

Reusability-in-the-subsystem  differs from



Reusability-in-the-hierarchy in the set of
classes for which average Modularity, average

Interface Complexity, average
Documentation, and average Simplicity are
calculated. Also, Inheritance Complexity is
calculated as the maximum DIT (depth of
inheritance tree) over all class hierarchies in
the subsystem.
Reusability-in-the-original-system has three
quality factors: Abstract Data Type Usage,
Inheritance usage, and Calls usage. Abstract
Data Type Usage is measured by a count of
the number of times a particular class has
been used as the type definition of another
class (similar to the DAC (data abstraction
coupling) metric used by Li and Henry, but
for a different purpose). Inheritance usage is
measured by the NOC (number of children) of
a particular class. Calls usage is the number of
times a method in the class was called. Note:

another measure of

possible

reuse-in-the-original-system was  Attribute

Usage, measured by the number of times a
class' attributes were accessed. However, this
is a violation of the encapsulation of the class,
and is considered to be a bad form of coupling
rather than a good use of the class, and thus is
not included in the measure of
reuse-in-the-original-system.

These various metrics-based views of
reusability represent important information
that the software engineer needs when
considering inclusion of various classes or
class hierarchies in either a software reuse
library, or in a new product.

4.0 Reuse Views in the PATRicia System
The various metrics specified for each reuse
view above are calculated in the PATRicia
system via a variety of methods. Some simple
metrics are derived by use of a tool called
PCMETRIC, by SET Laboratories, Inc.
Additionally, new code, consisting of C++

code and lex-generated C parsers, has been

written to calculate other metrics. A C++



parser generates a file containing an abstract
syntax tree (in ASCII). The abstract syntax
tree represents a parse of the file(s) containing
the C++ code component or components
being considered. Then the lex-generated
parsers read information (such as method
location, method accesses, method names,
attribute  location,

number of methods,

attribute  accesses, etc.), into various
hash-tables. The metrics then are calculated
by operating on the information stored in the
hash tables.

The PATRicia system has been run on three
graphical user interface packages. Currently, a
comparison of the results of the PATRicia
system to that of experts knowledgeable in

object-oriented code is underway.
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