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ABSTRACT: Building softwar e model s befor e implementing them has become widely accepted in
the software industry. Object models, graphically represented by class diagrams, lay the
foundation for all later design work. So, their quality can have a significant impact on the
quality of the software which is ultimately implemented, and an even greater impact if wetake
into account the size and complexity of current software systems. It iswidely recognised that
the production of better software requires the improvement of early devel opment phases and
the artifacts they produce. In this paper, we will introduce and analyse a set of an existent
object oriented metrics that can be applied for assessing class diagrams complexity at the
initial phases of the object oriented devel opment life cycle. We also define our own proposal
for new ones.

KEY WORDS object oriented mefrics, object oriented software quality, class diagram
complexity

RESUME. La construction de modéles d'un logiciel bien avant sa mise en oeuvre est une
pratique maintenant largement acceptée dans I'industrie du logiciel.

Les modéeles d'objets, représentés graphiquement par des diagrammes de classes, servent de
fondations aux autres model es. La qualité de ces diagrammes a donc un impact important sur
laqualitédulogiciel qui seraimplémenté. Cet impact est mémetrésimportant si on prendsen
compte la taille et la complexité des systémes courants. |1 est bien connu que la production
d'un systeme de qualité nécessite un grand soin dans|es premieéres phases du dével oppement.
Dans cet article nous introduisons et analysons un ensemble de métriques pour les objets
permettant d'évaluer la complexité des diagrammes de classes lors de I'étape initiale d'un
développement orienté-objet. Nous définissons également nos propres métriques pour
compl éter cet ensemble.

MOTSCLES. Métrique orienté-objet, qualité du logiciel orienté-objet, diagramme de classe,
complexité.
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1. Introduction

The importance of models has been evident in all engineering disciplines for
some time. This trend is also accepted in the software industry, where building
software models before implementing them has become widely accepted.

Software models are used for several purposes[RUM 99]:

- To capture and state precisely requirements and domain knowledge so that all
stakehol ders may understand and agree on them

- Tothink about the system design

- To think about design decisions in a mutable form separate from the
requirements

- Togenerate usable work products

- Toorganise, find, filter, retrieve, examine, and edit information about large
systems

- To explore multiple solutions economically
- Tomaster complex systems

The quality of object-oriented (OO) software systems depends heavily on the
accuracy of the requirements specification. Thereforeamajor effort should focuson
improving the models produced in the early phases of the software development life
cycle.

Object models graphically represented by class diagrams form the basis of
requirements specification and lay the foundation for al later design work.
Therefore, their quality can have a significant impact on the quality of the system,
which is ultimately implemented, and even greater impacts if we take into account
the size and complexity of current software systems. Improving the quality of class
diagramswill therefore be amajor step forward in improving the quality of software
development.

Quality is a multidimensional concept, composed of different characteristics
such asfunctionality, reliability, usability, efficiency, maintainability and portability
[1SO 99]. However, the definition of the different characteristics that compose the
concept of “ quality” is not enough on its own to ensure quality in practice as people
will generally make different interpretations of the same concept. According to Total
Quality Management (TQM) literature, measurable criteriafor assessing quality are
necessary to avoid “arguments of style” [ZUL 92].

Metrics provide a valuable insight into specific ways of enhancing software
quality. They are used not only for understanding, controlling, and improving
development but also for determining the best ways to help practitioners and
researchers [PFL 97].
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Asiswidely recognised, maintenance isthe most important problem of software
development, ranging between 60 and 90 percent of life cycle costs [CAR 90; PIG
97]. Consequently, we consider it is very important to tackl ein thiswork the quality
characteristic, maintainability.

Maintainability can be evaluated through several qudity sub-characteristics
[ISO 99] such as andysability, changeability, testability, stability and
maintainability compliance. The first three sub-characteristicsarein turn influenced
by complexity [LI 87]. For many years researchers have sought to characterise
general notions of “complexity” by areal single number. However, asis quoted by
Fenton [FEN 94] a general complexity metric is “the impossible holy grail”.
Henderson-Sellers in [HEN 96] distinguishes three types of complexity:
computational, psychological and representational, and for psychologica
complexity he considers three components: problem complexity, human cognitive
factors and product complexity. In particular, for class diagrams we want to measure
model complexity by collecting data on several product internal metrics[TIA 99].

Although, within the field of software measurement a plethora of metrics have
been proposed for measuring OO software products most of them are related to
products obtained from design and implementation phases [CHI 94; LOR 94; BRIT
96; HEN 96; ZUS 98]. De Champeaux [DEC 97] has proposed only afew metricsin
relation to class diagrams at the analysis phase. And Genero et a. [GEN 99] has
proposed a set of metricsfor OMT [RUM 91] class diagrams.

The goal of this paper isto present astate of the art in metrics that can be applied
to measure class diagram complexity obtained in the initial phases of the
development life cycle (section 2). We also propose a set of new ones (section 3).
We will focus this paper on The Unified Modelling Language (UML) [OMG 99],
which has emerged as a standard general -purpose visual modelling language. Thisis
used to specify, visualise, construct, and document the artifacts of an OO software
system. UML isintended to unify past experience about OO modelling techniques
and to incorporate the best current software practices into a standard approach.

We have to be aware that amodelling language such as UML, can only give usa
syntax and semantics to work with, but it cannot tell us whether a“good” model has
been produced. Naturally, even when the language is mastered, there is no guarantee
that the models produced will be good. Therefore, it is necessary to assess their
quality. Marchesi”s work [MAR 98], to our knowledge, is the only work proposed
to measure UML class diagrams at the analysis phase. But it disregards some
measurable UML elements.

Finally, section 4 summarises the paper, draws on our conclusions, and presents
future trendsin metrics for object modelling.
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2. Stateof theart in metricsfor classdiagrams

In this section we will summarise aset of OO product internal metrics extracted
from existing literature. We only consider those metrics that may be applied to
measure class diagram complexity, built at the initial stages of the development life
cycle. For each metric we present its definition, its goal and some useful comments
about it. Finally, in section 2.5 wewill present an analysis of the different proposals.

As our idea is to collect measurement data at the beginning of the software
development life cycle, we focus our metrics on class diagrams. For our purpose we
consider that a class diagram has the following elements:

- Packages

- Classes

- Each class has attributes and operations

- Operations only have their signature, i.e. the definition of parameters

- Relationships: Association, Aggregation, Generalisation and Dependencies

We call these elements “measurable”’ only because our metrics are related to
them. We think that these elements are always available in a class diagram in the
initial phases of the development life cycle.

2.1 Chidamber and Kemerer’smetrics

Chidamber and Kemerer [CHI 94] proposed aset of six OO design metrics. They
arewell-known inthefield of OO design metrics but have not been widely accepted.
These metrics can be used in the design phase, and are defined at class level. We
only list those which can be applied to an UML class diagram constituted of the
elementslisted above.

- Depth Inheritance Tree

DeriNITION. The Depth of inheritance of a classisthe DIT metric for aclass. In
cases involving multiple inheritance, the DIT will be the maximum length from
the node to the root of the tree.

GoAL. DIT isameasure of how many ancestor classes can potentialy affect this
class. This metric was proposed as a measure of class complexity, design
complexity and potential reuse. It is based on the idea that the deeper aclassisin
the hierarchy, the greater the number of methodsitislikely to inherit.

CoMMENTS. Basili et a. [BAS 96] have put this metric under empirica
validation, concluding that the larger the DIT, the larger the probability of fault
detection. Briand et al. [BRI 96] have classified this metric as alength measure.
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Zuse [ZUS 98] has demonstrated that this metric is above the ordinal scale,
which, he argues, has relevance because with ordinal numbers little can be done.

Number of Children

DerINITION. The Number of Children (NOC) is the number of immediate
subclasses subordinated to a classin the class hierarchy.

GoAL Thisisameasure of how many subclasses are going to inherit the methods
of the parent class.

CoMMENTS. Although a greater number of children indicate agreater code reuse,
it has some problems: a) The greater likelihood of improper abstraction of the
parent class and misuse of subclassing, b) Greater difficulty for modifying a
class, because it affects all of the dependants of this class. It may require more
testing of the methods in the class. Basili et a. [BAS 96], have put this metric
under empirical validation, observing that the larger the NOC, the lower the
probability of fault detection. This surprising trend can not be generalised, more
experimentation is needed. Briand et a. [BRI 96] have classified this metric asa
length measure. Zuse [ZUS 98] has demonstrated that this metric is above the
ordinal scale, which, he argues, has relevance because with ordinal numberslittle
can be done.

2.2 Lorenz and Kidd “s metrics

Lorenz and Kidd [LOR 94] proposed agroup of metrics called “ design metrics’,

which deal with the static characteristics of software design. Lorenz and Kidd have
categorised their metrics thus:

Class size metrics, which deal with quantifying an individual class.

Class Inheritance metrics, which look at the quality of the classes™ use of
inheritance.

Class Internals, which look at general characteristics of classes.
We only list those which can be applied to an UML class diagram constituted by

the elements listed above.

2.2.1 Class size metrics

Number of Public Instance Methods in a Class

DeriniTioN. Number of Public Instance Methods in a Class (PIM) is defined as
the total number of public instance methodsin a class. Public methods are those
that are available as services to other classes.
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GoAL. This metric was defined by Lorenz and Kidd [LOR 94] as a measure of
the class size. The number of public instance methods in a class is a good
measure of the amount of responsibility inthe class.

CoMMENTS. Lorenz and Kidd [LOR 94] suggest using this metric to help in
estimating the amount of work needed to develop aclass.

Number of Instance Methods in a Class

DeriniTION. The Number of Instance Methods in a Class (NIM) counts al the
public, protected, and private methods defined for class™ instances.

GoAL. This metric was defined by Lorenz and Kidd [LOR 94] as a measure of
the class size. The number of methods in a class relates to the amount of
collaboration being used.

CoMMENTS. Larger classes may be trying to do too much of the work themselves
instead of putting the responsibilitieswhere they belong. They are more complex
and harder to maintain. Smaller classes tend to be more reusable, since they
provide one set of cohesive services instead of a mixed set of capabilities.
Lorenz and Kidd [LOR 94] suggest examining patterns of instance variable
usage to see if there are useful waysto split the class.

Number of Instance Variablesin a Class

DeriNITION. The Number of Instance Variablesin a Class (NIV) is defined as the
total number of instance variables in a class. Instance variables include private
and protected variables available to the instances.

GoAL. This metric was defined by Lorenz and Kidd [LOR 94] as a measure of
the classsize.

CoMMENTS. The fact that a class has more instance variables indicates that the
class has more relationships to other objects in the system. Lorenz and Kidd
[LOR 94] suggest that classes are more reusable when they have fewer instance
variables.

Number of Class Methodsin a Class

DeriNiTION. The Number of Class Methods in a Class (NCM) is defined as the
total number of class methods in a class. A class method is a method that is
global to itsinstances.

GoaL. The number of methods available to the class and not its instances affects
the size of aclass.

CoMMENTS. This number should generally be relatively small compared to the
number of instance methods. The number of class methods can indicate the
amount of commonality being handled for al instances.

Number of Class Variablesin a Class
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DeriNITION. The Number of Class Variablesin a Class (NCV) is defined as the
total number of classvariablesin aclass.

GoaL. The number of variables available to the class and not itsinstances affects
the size of aclass.

CoMMENTS. Class variables are often used to provide customisable constant
values that are used to affect the behaviour of al the instances. The average
number of class variables should be low. In general there should be fewer class
variables than instance variables.

2.2.2 Classinheritance metrics

Number of Methods Overridden

DeriniTION. The Number of Methods Overridden metric (NMO) is defined as
the total number of methods overridden by a subclass. A subclassis allowed to
define amethod of the same name as amethod in one of its superclasses. Thisis
called overriding the method.

GoaL. This metric looks at the quality of the classes'use of inheritance. It
examines superclass-subclass inheritance relationships

CoMMENTS. A large number of overridden methods indicate a design problem.

Number of Methods Inherited

DeriniTioN. The Number of Methods Inherited metric (NMI) is defined as the
total number of method inherited by a subclass.

GoaL. This metric looks at the quality of the classes'use of inheritance. It
examines superclass-subclass inheritance rel ationships

ComMENTS. The number of methods inherited from superclasses indicates the
strength of subclassing by specialisation.

Number of Methods Added

DerINITION. The Number of Methods Added (NMA) is dfined as the tota
number of methods defined in a subclass.

GoaL. This metric looks at the quality of the classes'use of inheritance. It
examines superclass-subclass inheritance relationships

CoMMENTS. Subclasses should define new methods, extending the behaviour of
the superclasses. A class with no methods is certainly questionable. The number
of new methods should usually decrease as you move down through the layers of
the hierarchy.

Soecialisation Index
DeriNITION. The Specialisation Index (SIX) for each classis defined thus:
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Number OfOwerriddenMehods* HierarchyNestingLevé
TotalNumbe OfMethods

GoAL. This metric looks at the quality of the classes'use of inheritance. The
specialisation index measuresto what extent subclasses redefine the behaviour of
their superclasses.

CoMMENTS. Lorenz and Kidd [LOR 94] have commented that this weighted
calculation has done a good job on identifying classes worth looking at for their
placement in the inheritance hierarchy and for design problems.

Average Parameters Per Method
DerINITION. The Average Parameters per Method (APPM) is defined thus:

Total OfMehodsParaméer s
Total Numbe OfMethods

GoaL. This metric looks at the design of the class’internals.

ComMENTS. Lorenz and Kidd [LOR 94] suggest that parameters require more
effort from clients, and high and low numbers of parameters imply a style of
design. They also suggest an upper threshold of 0.7 parameters per method.

2.3 Brito e Abreu and Melo’ s metrics

Brito e Abreu and Melo [BRIT 96] proposed the MOOD (Metrics for Object

Oriented Design) set of metrics. These metrics allow the measurement of the main
mechanisms of the OO paradigm, such as, encapsul ation, inheritance, polymorphism
and message passing. MOOD metrics can be used in the design phase, and are
defined at system level. Hereafter we describe only those that can be applied to the
elements of a class diagram listed below.

2.3.1 Metrics at system level

Method Hiding Factor

DeriNniTION. The Method Hiding Factor (MHF) is defined as a quotient between
the sum of the invisibilities of all methods defined in al of the classes and the
total number of methods defined in the system under consideration. The
invisibility of a method is the percentage of the total classes from which this
method is not visible.



Early measuresfor UML classdiagrams 9

TCM4(C)

o o ! TC . .
a a(l-v(My) a is_visble(M;,C;)
_ izl m=1 _i=
MHF == V(M) = o1
aMq(G)

i=1

1110 JtiUC; may call My,
is_visbleg( My, ,C; ) = |
}0 otherwise

Where: TC=total number of classes in the system under consideration,
My(G)=M,(C)+M;(C)=methods defined in C;, M, (C)=visible methodsin class
G (public methods), My(C)=hidden methods in class G (private and protected
methods).

GoaL. MHF is defined as a measure of the information hiding concept that is
supported by the encapsulation mechanism.

CoMMENTS. The number of visible methods is a measure of the class
functionality. Increasing the overall functionality will then reduce MHF. Brito e
Abreu and Melo [BRI 96] have demonstrated empirically that when the value of
MHF increases, the density of defects and the effort required to correct them
would have to decrease. This metric does not take into account inherited
methods. Harrison et al. [HAR 98] have shown that this metric isavalid measure
within the context of the theoretical framework proposed in [KIT 95].

Attribute Hiding Factor

DerNniTiON.  The Attribute Hiding Factor (AHF) is defined as a quotient
between the sum of the invisibilities of all attributes defined in all of the classes
and the total number of attributes defined in the system under consideration. The
invisibility of an attribute is the percentage of total classes from which this
attributeis not visible.



10

L' Objet. Volume 6 — No. 4/2000

TC Ag(Ci ) e
'é z% (1-V(A, i J_allls_wsmle( Avi.Cj)
AHE = i=1 m=1 V(Ay)= T 1
a Aa(Ci)
i=1
-}10 J i UC; may reference Ay;
is_visible( Ay, ,Cj) =i

10 otherwise

Where: Ay(C)=A,(C)+A,(C)=attributes defined in C;, A,(G)=visible attributes
in class C;, An(C)=hidden attributesin class C; (public attributes),
Mp(C)=hidden attributesin class Ci (private and protected attributes),.

GoAL. AHF is defined as a measure of the information hiding concept that is
supported by the encapsulation mechanism.

CoMMENTS. Idedlly the value of this metric would be 100%, al attributes would
be hidden and only accessed by the corresponding class methods. Harrison et al.
[HAR 98] have shown that this metric is a valid measure within the context of
the theoretical framework proposed in [KIT 95].

Method I nheritance Factor

DeriNITION. The Method Inheritance Factor (MIF) is defined as a quotient
between the sum of inherited methods in al classes of the system under
consideration and the total number of available methods (locally defined plus
inherited) for all classes.

Where: M (Ci)=My(Ci)+M;(C)=available methods in C; (those that can be
invoked in association with G), My(C)= M,(Ci)+M,(C)=methods defined in
class G (those declared in C;), M, (C)=new methodsin class Ci (those declared
within Ci that do not override inherited ones), My(C)=overriding methods in
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class Ci (those declared within Ci that override (redefine) inherited ones,
M;(Ci)=inherited methodsin class C; (those inherited (and not overridden) in C;)

GoaL. MIF isdefined as ameasure of inheritance, and therefore ameasure of the
level of reuse.

CoMMENTS. Brito e Abreu and Melo [BRIT 96] have empirically demonstrated
that when the value of MHF increase, the density of defects and the effort
required to correct them would have to decrease. Harrison et a. in [HAR 98]
have shown that this metric is a valid measure within the context of the
theoretical framework proposed in [KIT 95].

Attribute Inheritance Factor

DerINITION. The Attribute Inheritance Factor (AIF) is defined as a quotient
between the sum of inherited attributes in al classes of the system under
consideration and the total number of available attributes (locally defined plus
inherited) for all classes.

Where: A(Ci)=A4CG)+A(C)= attributes available in G (those that can be
manipulated in association with C,), Ay(C)= An(C)+A,(C)=attributes defined in
classC; (those declared in C;), An(G)=new attributesin class Ci (those declared
within G that do not override inherited ones), A,(C)=overriding attributes in
class C; (thosedeclared within C; that override (redefine) inherited ones), A;(C)=
attributesinherited in class C; (those inherited (and not overridden) in C))

GoaL. Like MIF, AIF is defined as a measure of inheritance, and therefore a
measure of the level of reuse.

ComMmENTS. At first sight we might be tempted to think that inheritance should
be used extensively. However, the excessive reuse trough inheritance make the
system more difficult to understand and maintain. Harrison et a. [HAR 98] have
shown that this metric is a valid measure within the context of the theoretical
framework proposed in [KIT 95].
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Polymor phism Factor

DeriniTioN. The Polymorphism Factor (PF) is defined as the quotient between
the actual number of different possible polymorphic situations, and the
maximum number of possible distintive polymorphic situations for class Ci.

TC
é Mo(Ci)
PF=——"=t
_%11[Mn(ci )" DC(G)]

Where: M(C)=overriding methodsin class C;, M ,(C)=new methodsin classC;,
DC(G)=number of descendants of class C;

GoAL. PF isameasure of the potentia polymorphism.

CoMMENTS. Polymorphism arises from inheritance and Brito e Abreu and Melo
[BRIT 96] suggest that in some cases overriding methods could contribute to
reduce complexity and therefore to make the system more understandable and
easier to maintain. Harrison et a. [HAR 98] have shown that this metric is a
valid measure within the context of the theoretical framework proposed in [KIT
95].

2.4 Marchesi’s metrics

If Marchesi [MAR 98] proposed a set of metricsto measure UML classdiagrams

a the analysis phase, which is our objective in this work, she did not take into
account some UML measurable elements, such as associations, aggregations and
dependencies.

In this proposal an UML class diagram at the analysis phase includes:

Classes and packages
Simple inheritance hierarchies

Dependencies among classes. every relationship between classes except
inheritance.

Single classes defined in term of their responsibilities, attributes and methods.

These metrics are divided into three categories: those related to single classes,

those related to packages and those related to the system as awhole.
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The main variables and constants used in class diagram metrics are shown in

table 1:
Variablesand Description
constants

C Array whose elements are classes of the system

Nc=dim(C) Total number of classes

P Array whose elements are the packages of the system

Np=dim(P) Total number of packages

G Array whose elements are the classes which are roots of
inheritance hierarchies of the system

Ne=dim(G) Total number of root classes

B" Array whose elements are all super-classes of class C; (at all
levels)

B Array whose elements are the indexes of all super-classes of
class C,. Consequently: B={C, |kT b"}

RW Array with responsibilities of class C,

NR=dim(R™) [ Number of responsibilities of class C,

NA, Number of abstract responsibilities of class Cy

s¥ Array with immediate subclasses of class C,

NS.=dim(S¥) | Number of immediate subclasses of class C,

D™ Array with dependencies starting from class C,

ND,=dim(D™) | Number of dependencies starting from class C,

[PIne np Class-package matrix: the element py is one if class G
belongs to package P,.. Each row of [P] has one and only one
element equal to one; al othersare zero

[DIne ne Dependency matrix: element dy is the number of
dependencies between class C; (client) and class C, (server)

Table 1. Variables and constants used in Marchesi”s metrics

2.4.1 Metricsfor single classes

- CL1 metric

DerinimioN. CL1 metric is the weighted number of responsibilities of a class,
inherited or not. It is defined thus:

CL1=NC; +KaNA +Kr & NCj
Hi b(i)
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Where NGC; is the number of concrete responsibilities of class G, NA; is the
number of abstract responsibilities of class C;, b" isan array whose elements are
the indexes of all superclasses of class C,.

Responsibilities can be abstract, if they are specified in subclasses, or concrete, if
they are detailed in the class they are defined.

GoAL. This measure is defined as ameasure of the class complexity.

ComMmENTS. This metric has not been validated either empirically or
theoretically. Marchesi [MAR 98] planned validation as a future work.

CL2 metric

DeriNiTION. CL2 metric is the weighted number of dependencies of a class.
Specific and inherited dependencies are differently weighted. It is defined thus:

N

N

C k

CL2= & (di) 9 +Ke
Ky ik

C k
d. d
A i)( jk)

J

T

Where the exponent Ki<1, N¢ is the total number of classes, [D]ye ne 1S the
dependency matrix and an element dy is the number of dependencies between
class G (client) and class G, (server), B is an array whose elements are the
indexes of all superclasses of class C;.

A dependency between a class G (client class) and a class Ck (server class),
indicate indicates that the class C; will use one or more service offered by the C,.

GoAL. This measure is defined as a measure of the class complexity.

CoMMENTS. This metric has not been validated either empiricaly or
theoretically. Marchess [MAR 98] planned validation as a future work.

2.4.2 Metrics for packages

PK1 metric

DeriNITION. PK1 metric isrelated to the number of dependencies among classes
belonging to a given package, P, and classes belonging to other packages. PK1
refers to dependencies whose clients are classes of P, and whose servers
are outside P,. It is defined thus:
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2 Y
PK1= & ¢ & dps
i/ szlgh/ Pl

Where [P]yc np IS the class-package matrix and an element py isoneif class C;
belongs to package Py. Each row of [P] has one and only one element equal to
one; all others are zero.

GoAL. PK1 measures the extent of usage of classes of other packages by classes
of package P,. This metric isaimed to measure inter-package coupling.

ComMENTS. Marches [MAR 98] has considered that every relationship between
classes, except inheritance, could be classified as a dependency (or
collaboration) between a client class depending on a server class. Marchesi
[MAR 98] suggests that one of the main quality criteria at the OO analysis level
is the minimisation of inter-package coupling. So the value of this metric should
not be high.

CoMMENTS. This metric has not been validated either empiricaly or
theoretically. Marchesi [MAR 98] planned validation as a future work.

PK2 metric

DeriNITION. PK2 metric refers to the dependencies on server classes belonging
to Py. It isdefined thus:

O

PK2= é. C

6
. & _ dips
i/ Pic* 1gh/ Pl %

o

Where [P]nc np IS the class-package matrix and an element py isoneif class C;
belongs to package Py. Each row of [P] has one and only one element equal to
one; al others are zero.

GoaL. PK2 metricsis related to degree of reuse of the classes within a package.
This metric isaimed at measuring inter-package coupling.
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CoMMENTS. Marches [MAR 98] has considered that every relationship between
classes, except inheritance, could be classified as a dependency (or
collaboration) between a client class depending on a server class. Marchesi
[MAR 98] suggests that one of the main quality criteria a the OO analysis level
is the minimisation of inter-packagecoupling. So the value of this metric should
not be high. . This metric has not been validated either empirically or
theoretically. Marchess [MAR 98] planned validation as a future work.

PK3 metric
DerINITION. PK3 metric isthe average value of PK1 metric. It is defined thus:

1 Np§ ¢ S
PK3=— 3 £ 3 & dY
NnL2q& 1€ ih=
pk—lé/ pik_lgh/ phkll H

Where N, is the total number of packages, [Plnc ne isthe class-package matrix
and the element py isoneiif class C; belongs to package Py. Each row of [P] has
one and only one element equal to one; all others are zero.

GoAL. Thismetric is an estimate of overall coupling among packages.

COMMENTS. Marches [MAR 98] suggests that one of the main quality criteria at the OO
andysis level is the minimisation of inter-package coupling. So the value of this metric
should not be high. This metric has not been vdidated either empiricaly or theoreticaly.
Marches [MAR 98] planned validation as a future work.

2.4.3 Metricsfor systems

OA1 metric
DeriNniTION. OA1 isthe overall number of classes, N
GoAL. Thismetric measuresthe global complexity of the whole class diagram.

CoMMENTS. It is only a proposal, but Marches [MAR 98] didn't explain .the
grounds for this proposal This metric has not been validated either empirically or
theoretically. Marchesi [Mar 98] planned validation as a future work.

OA2 metric
DeriNiTION. OA2 isthe overall number of inheritance hierarchies, Ng

GoAL. This metric measures the global complexity of the whole class diagram,
due to generalisation of relationships.

CoMMENTS. It is only a proposal, but Marchess [MAR 98] didn’t explain .the
grounds for this proposal This metric has not beenvalidated either empirically or
theoretically. Marchesi [MAR 98] planned validation as a future work.
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OA3 metric

DeriniTioN. OA3 is the average weighted number of classes. Let us define as
PR® the value of metric CL1 for class C,. Itsaverage inall classesof the system
is:

) N )
on3 =< PR >= L g pR(1)
Nc i=1

GoAL. Thismetric measuresthe global complexity of the whole class diagram.

CoMMENTS. It is only a proposal, but Marchess [MAR 98] didn’t explain the
grounds for this proposal This metric has not been validated either empirically or
theoretically. Marchesi [MAR 98] planned validation as afuture work.

OA4 metric

DeriNITION. OA4 isthe standard deviation of the weighted number of classes.
Let us(.gjefi ne as PR" the value of metric CL 1 for class C;. The standard deviation
of PRV is:

N . .
om:JiaC( PRI)- < PRO) > )2
ci=1

GoAL. Thismetric measures the global complexity of the whole class diagram.

ComMENTS. It is only a proposal, but Marchesi [MAR 98] didn’t explain the
grounds for this proposal This metric has not been validated either empirically or
theoretically. Marches [MAR 98] planned validation as afuture work.

OA5 metric

DeriNITION. OA5 is the average of the number of direct dependencies of classes.
The average of ND; on all the classes of the systemiis:

1 Ne
OA5 =< ND; >= — § ND

Nc i=1

GoAL. This metric measures the global complexity of the whole class diagram.

CoMMENTS. It is only a proposal, but Marchesi in [MAR 98] didn’t explain the
grounds for this proposal. This metric has not been validated either empirically
or theoretically. Marches in[MAR 98] planned validation as afuture work.
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OA6 metric

DeriniTION. OAG is the standard deviation of the number of direct dependencies
of classes. The standard deviation of ND; is;

1N 2
OA6 = _a(ND|' <NDI >)
C i=1

GoAL. Thismetric measures the global complexity of the whole class diagram.

CoMMENTS. It is only a proposal, but Marchesi [MAR 98] didn’t explain the
grounds for this proposal This metric has not been validated either empiricdly
or theoretically. Marchesi [MAR 98] planned validation as a future work.

OA7 metric

DeriniTiON. This metric is the percentage of inherited responsibilities with
respect to their total number. Let us define AR, asthe total number of inherited
responsihilities of class Cy, excluding those concretely specified or redefined in
class G, and with XRy the total number of responsibilities of class G, both
inherited or not:

AR = a
H b(kK) excluding
responsiblities
redefi nedth

Then:

NC
XR =NR(+ &NR, a AR
hi btk) OA7 = |?\l=1

OC
a XRy¢
k=1

GoAL. This metric measures the global complexity of the whole class diagram.

CoMMENTS. It is only a proposal, but Marchesi [MAR 98] didn’t explain the
grounds for this proposal This metric has not been validated either empirically or
theoretically. Marchesi [MAR 98] planned validation as afuture work.

2.5 Analysis of the existent metrics
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After showing some proposals of metrics that can be applied to measure class
diagram complexity at the analysis phase, we have concluded that most of them lack
metrics referring to the complexity introduced by relationships, such as,
associations, aggregations and dependencies. This fact can be deduced analysing
tables 2 and 3. Also, it is evident that generalisation has been the area most widely
addressed in the field of OO metrics.

By studying tables 2 and 3, we can deduce that most of theproposed OO metrics
deals with class complexity, without paying specia attention to package complexity

or system complexity.

Scope > Classes
Attributes | Methods Relationships
Proposals Gen |Agg | Assoc|Dep
Lorenz and Kidd [LOR 94] X X X
Chidamber and Kemerer X X
[CHI 94]
Brito e Abreu and Melo
[BRI 96]
Marches [MAR 98] X X
Table 2. Comparison on class-scope metrics
Scope > Packages
Attributes | Methods Relationships
Proposals Gen |Agg | Assoc | Dep
Lorenz and Kidd [LOR
94]
Chidamber and Kemerer
[CHI 94]
Brito e Abreu and Melo X X X
[BRI 96]
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Marches [MAR 98] | X | x | X |
) Marchesi in [MAR 98] considered all relationships (except generalisations) as
dependencies, without distinguishing between them.

Table 3. Comparison of package-scope metrics

Itisalsoimportant to highlight that not all of the metrics presented in this section
have been validated not only theoretically but also empirically.

3. Our proposal: Metricsrelated torelationships

In this section we will define metrics related to UML relationships, focussing
above al on aggregations, associations, and dependencies. We don't take into
account generalisation, because as you can see in tables 2 and 3, this kind of
relationship has been addressed in most of the existent proposals.

We will consider intra-package relationships (within a package) but we could
easily extend them to inter-package rel ationships. The allowed rel ationships between
packages are dependency and generalisations [ERI 98].

3.1. Association metrics

Some proposals of metrics that have been defined to measure conceptual data
models, like the Entity/Relationship models[GEN 00b; GEN 00c], could betailored
to measure UML class diagrams.

3.1.1 Class-scope metrics

- Number of Associations of a Class

DeriNITION. The Number of Associations of a Class metric (NAC) is defined as
the total number of associations that aclass hasin a class diagram.

GoAL. The complexity of a class depends on the number of associations it has
with other classes. This metric could identify which classes are the main onesin
aclassmodel.

ComMENTS. NAC is a size measure according to Briand et al.”s framework [BRI
96]. We will also define metrics that can be applied to measure the overall
complexity of packages due to association relationships.
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3.1.2 Packages-scope metrics

Number of Associationsin a Package

DeriNITION. The Number of Associations in a Package metric (NAP) is defined
asthe total number of associations within a package.

GoAL. The size of the package depends on the number of associations it has.
This metric could identify which packages are the biggest and perhapswhich are
candidate for splitting.

ComMENTS. NAP is asize measure according to Briand et a.”s framework [BRI
96].

Number of Associations vs. Classesin a Package

DeriniTioN. The Number of Associations vs. Classes in a Package metric
(NAVCP) is defined as the ratio between the number of associations in a
package (NAP) divided by the number of classesin the package.

GoaL. This metric refines the previous one. The more association per class the
package has, the more complex it will be, and the more difficult to understand
and maintain.

3.2 Aggregation metrics

UML supports two different ways of representing the aggregation concept:

aggregation asaspecial kind of binary association and the aggregation tree notation.
Henderson-Sellers [HEN 97] has criticised how UML deals with aggregation. He
made adifferent proposal concerning aggregation rel ationshipsin conceptual design,
richer than the UML’s. In spite of this, as our focus is UML class diagrams we
tackle UML"s aggregation.

3.2.1 Class-scope metrics

Height of Aggregation.

DeriniTiON. The height of a class within an aggregation hierarchy (HAgg) is
defined as the maximal path from the classto the leaves.

GoaL. Thismetric measuresthe class complexity due to aggregation relationship
(whole-part relationship).

CoMMENTS. We suggest that the higher the classisin an aggregation hierarchy,
the greater its complexity and therefore, the greater the cost of implementation
and maintenance results. This metric has been theoretically validated [GEN 00g]
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as alength measure, following the forma measurement framework proposed by
Briand et a. [BRI 96].

Number of Direct Parts

DeriNITION. The Number of Direct Parts metric (NODP) is defined as the total
number of “direct part” classes which compose a composite class.

GoAL. Thismetric measures the class compl exity dueto aggregation relationship
(whole-part relationship).

CoMMENTS. We suggest that the greater the number of “part” classes of a

“whole” class, the greater the likelihood of improper abstraction of the “whole’
class, which may be amisuse of aggregation. The number of “part” classes gives
an ideaof the potential influence a class has on the design. If a“whole” class has
a large number of “part” classes, it may require more implementation and

maintenance time. This metric has been theoretically validated [GEN 004] as a
size measure, following the formal measurement framework proposed by Briand
etal. [BRI 96].

Number of Parts

DeriNiTION. The Number of Parts metric (NP) is defined as the number of “part”
classes (direct and indirect) of a “whole” class. Making an analogy with
generalisation hierarchies, it will be the number of descendants of aclass.

GoaL. This metric measures class complexity due to aggregation relationship
(whole-part relationship).

ComMENTS. We suggest that the greater the number of “part” classes of the
subtree that has as aroot a “whole’ class, the greater the design complexity of
such a class. This may also require a greater cost of implementation and
maintenance. This metric has been theoretically validated [GEN 004] as a size
measure, following the formal measurement framework proposed by Briand et
a. [BRI 96].

Number of Wholes

DerNITION. The Number of Wholes metric (NW) is defined as the number of
“whole” classes (direct or indirect) of a“part” class. Making an analogy with
generalisation hierarchies, it will be the number of predecessors of the class
being measured.

GoaL. Thismetric measures the class complexity due to aggregation relationship
(whole-part relationship).

CoMMENTS. The greater the number of “whole” which form a “part” class, the
greater the likelihood of misuse of aggregation and greater design complexity
when adding new classes or modifying the structure of the aggregation
hierarchy. This metric has been theoretically validated [GEN 00a] as a size
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measure, following the forma measurement framework proposed by Briand et
a. [BRI 96].

Multiple Aggregation

DerINITION. The Multiple Aggregation metric (MAgQ) is defined as the number
of direct “whol€e” classesthat have aclassin an aggregation hierarchy.

GoAL. This metric measures class complexity due to multiple aggregation.

ComMENTS. A higher number of extra “whol€” classes of a class, may indicate
greater use of multiple aggregation, greater design complexity and therefore, a
greater cost of implementation and maintenance. This metric has been
theoretically validated [GEN 00a] as a size measure, following the formal
measurement framework proposed by Briand et a. [BRI 96].

3.2.2 Packages-scope metrics

Number of Aggregation Relationships

DeriniTioN. The Number of Aggregation Relationships metric (NAggR) is
defined as the number of aggregation relationships within a package.

GoAL. We propose this new metric to measure the package complexity due to
aggregation relationship (whole-part relationship).

CoMMENTS. A higher number of aggregation relationships constitutes a greater
design complexity. Consequently, they may require greater cost in their
implementation and maintenance. This metric has been theoretically validated
[GEN 00a] as a size measure, following the forma measurement framework
proposed by Briand et a. in [BRI 96].

3.3 Dependency metrics

Firstly in this section we will define metrics that can be applied to measure the

complexity of each class due to dependency relationships. They help revea the
degree to which inter-class dependencies exist. ldedly, classes should be
independent, making them easy to maintain and reuse.

3.3.1 Class-scope metrics

Number of Dependencies In

DeriNiTION. The Number of Dependencies In metric (NDepln) is defined as the
number of classes that depend on agiven class.
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GoAL. We propose this new metric to measure the class complexity due to
dependency relationships.

CoMMENTS. The greater the number of classes that depend on a given class, the
greater the inter-class dependency and therefore the greater the design
complexity of such a class. The inter-class dependency is also called export
coupling [BRI 99¢], which if misused could be a potential source of design
complexity.

- Number of Dependencies Out

DeriNiTION. The Number of Dependencies Out metric (NDepOut) is defined as
the number of classes on which a given class depends.

GoAL. We propose this new metric to measure class complexity due to
dependency relationships.

CoMMENTS. The greater the number of classes on which a given class depends,
the greater the inter-class dependency and therefore the greater the design
complexity of such a class. This inter-class dependency is also called import
coupling [BRI 99], which if misused could be a potential source of design
complexity. It is better to minimise NDepOut vaue, since, higher values
represent a situation in which many dependencies are spreading across the class
diagram.

3.3.2 Packages-scope metrics

NDepln and NdepOut metrics are defined at class level, but they can easily be
extended to measure the dependencies inter-packages.

4. Conclusions

Due to the growing complexity of software systems, continuous attention to and
assessment of object models are necessary in order to produce quality software
systems. Thefact that UML has emerged isagreat step forward in object modelling.
Even so this does not guarantee the quality of the models produced throughout the
softwarelifecycle. It istherefore necessary to have metricsin order to evaluate their
quality from the first steps in the software devel opment process.

In this paper we have presented a state of the art in OO metrics that can measure
the complexity of UML class diagrams obtained in the initial phases of the OO
development life cycle. Analysing several proposals, we deduce thet thereisagapin
OO metrics related to relationships, such as association, aggregation and
dependency. Wetherefore propose new metrics, to cover this necessity. Our metrics
are defined, at different levels of granularity: class and package. They should be
useful for:
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- Software Designers, becausethey will detect anomaliesinthe classdiagram design,
earlier in the software development life cycle, and they will take appropriate
decisions beforetoo much work is spent based on them. Also, they will beable to
choose between alternative class diagram design

- Project managers, because they will be able to estimate maintenance costs

We want to highlight that our proposal cannot be considered as afinal proposal.
Instead, it is a starting point and we require feedback to improveit.

The proposed metrics use concepts and elements of UML, although they could
be easily adapted to other modelling languages like OML [FIR 97], TROLL [JUN
91] and OASIS[PAS 95].

Aswith other aspects of Software Engineering, proposing techniques and metrics
is not enough, it is also necessary to put them under theoretical and empirical
validation, in order to assure their utility. Validation is critical to the success of
software measurement [KIT 95; FEN 97; SCH 92; BAS 99].

In relation to empirical validation, we are carrying out some experimentation not
only with controlled experiments but also with “real” cases taken from some
companies, with the goal of assessing these metrics as predictors of maintenance
efforts, and therefore, determining whether they can be used as early quality
indicators. We have also put some of our proposed metrics under theoretical
validation [GEN 00a] following Briand et a.’s framework [BRI 96]. But we are
aware that more empirical and theoretical validation is needed in order to consider
the proposed metrics asafinal proposal.

In future work, we will focus our research towards measuring other quality
factors like those proposed in the [1SO 99], which not only tackle class diagrams,
but also evaluate other UML diagrams, such as use-case diagrams, state diagrams,
etc. In our knowledge, little work has been done towards measuring dynamic and
functional models [DER 95; POE 99; POE 00]. Asis quoted in [BRIT 99] thisisan
areawhich lacks further investigation.

We are building a metric tool, called MANTICA, for collecting, analysing and
visualising metric values, with the goal of obtaining threshold values that can help
software designers from early phases of the OO development life cycle.
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