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Abstract. Inheritance hierarchies often constitute the backbone of object-oriented systems. Their

quality is therefore quite crucial. We present here our work the objective of which is to help designers

to improve and to measure the quality of their inheritance hierarchies. The quality we deal with is

the degree of factorization of information. Our work is based on the mathematical structure of Galois

(concept) lattice which ensures, when applied to inheritance hierarchies, a maximal factorization

of properties (methods and attributes) along with a minimal number of classes. Furthermore, the

links between Galois lattice concepts have a direct correspondence with the inclusion relationships

of class property sets in inheritance hierarchies.?

1 Introduction

Inheritance may be de�ned as the mechanism used in object-oriented languages to implement specialization-

generalization relationships between classes. In particular, it o�ers a way to share (factorize) properties

(methods and attributes) between classes. An inheritance (or class) hierarchy usually constitutes the

backbone of an object-oriented system and its quality is therefore very important. Though the initial

version of a class hierarchy is often built with care, it may contain some �aws regarding the factorization

of information. Furthermore, as the hierarchy is modi�ed through corrective or evolutive maintenance

operations, more �aws may be introduced that may reduce both system performance and ease of mainte-

nance. For instance, multiple occurrences of a method along an inheritance path may add a time overhead

to the invocation mechanism due to the resolution of name con�icts; if an attribute is de�ned in several

sub-classes while it should only be present in one super-class, modi�cations of the attribute must be

applied to all occurrences which is time consuming and error-prone. In both cases, multiple unnecessary

declarations of properties make the class hierarchy less easy to understand and to use.

Our work is based on the assumption that a hierarchy is �ideally� factorized if the number of classes

is minimal and the factorization of the properties is maximal. We therefore believe that object-oriented

system designers should be supplied with tools to help them ensure that the class hierarchy on which

they built up their systems contains as few �aws as possible. Those tools should both give them a means

to measure the �quality� of their class hierarchies and to improve it.

The sequel of this paper presents three aspects of our work:

� the mathematical structure that supports our de�nition of the ideal factorization;

� some algorithms used to reorganize a hierarchy so that it conforms to the ideal factorization;

� a set of metrics that we have designed in order to measure the distance between the ideally factorized

hierarchy and the existing one.

We conclude by discussing the links between the evaluation and optimization approaches.
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2 The Underlying Mathematical Structure

Our approach is based on the mathematical structure of Galois lattices [BM70]. Galois lattices (or concept

lattices [Wil82,DP90]) are used in several domains such as knowledge representation, machine learning

(conceptual clustering), data mining, classi�cation and software engineering [GMM+98]. A Galois lattice

is the result of the formation of concepts associated with a binary relation between entities (in a broad

sense) and their features. A concept is a pair (X;Y ), where X is a set of entities and Y a set of features,

such that all entities of X share all (and no more) features of Y , and symmetrically all features of Y

belong to all (and no more) entities of X . X is usually called the extent and Y the intent of the concept.

Concepts are arranged in a partial order, deduced from the inclusion of extents (symm. reverse inclusion

of intents) that can be interpreted as an inheritance or specialization/generalization relation. In the

pragmatic approach introduced by [GM93], only concepts carrying informations are kept, leading to a

noteworthy suborder called here the Galois sub-hierarchy. The Galois sub-hierarchy can be de�ned by a

simpli�cation of the Galois lattice as proposed in [GM93,GMM+98].

In the case of object-oriented class hierarchies, concepts correspond to classes and features to properties

(methods and attributes). Left part of Figure 1 shows both a class hierarchy (H) and the corresponding

binary relation. There exists several ways to build the binary relation from the class hierarchy. The

most straightforward consists in considering that there exist as many features as syntactically di�erent

occurrences of properties. We have followed this assumption during this �rst part of our work, in particular

for the design of the Ceres algorithm (see Section 3). This is also how we have dealt with attributes in

our example where weight, tax and discount are three di�erent properties. In that case, we consider

that a class is in relation with every attribute that it declares or inherits.

During the development of our research, we have been led to consider that beyond syntactical identity,

semantically close properties should be grouped into units that we call � generic properties � and that

those structures should be used to build the class/property binary relation (see Section 3). The construc-

tion of the generic properties may be carried out by heuristics algorithms or by the designer of the class

hierarchy (both ways may be combined). We have used the generic property approach for methods in our

example.

We also make the assumption that we work at a conceptual level which in particular means that if a

property is declared twice in the initial hierarchy, both occurrences will be represented by the same unique

property in the Galois sub-hierarchy (see attribute weight for an example of this situation). We are aware

that such a situation is not possible in some object-oriented languages (like SmallTalk) whereas other

accept multiple declarations of the same attribute along an inheritance path (Java or C++ for instance).

This has two consequences:

� initial conceptual class hierarchies coming from OO languages such as SmallTalk will not contain

multiple declarations, but those coming from other languages or UML will;
� the Galois sub-hierarchy will certainly not have any duplicates. In case a designer should want such

duplicates, he should give di�erent names to them, possibly grouping them inside a common generic

property.

3 Class Hierarchy Reorganization

We have designed several algorithms based on the Galois sub-hierarchy to propose di�erent levels of

reorganization.

The �rst one, Ares [DDHL96], deals with the insertion of a new class into a class hierarchy: it can

be viewed as an incremental inserting algorithm in a Galois sub-hierarchy.

The second algorithm Ceres [HL00,DHL+b] is an original global algorithm that, given a set of

classes and properties and their relations as described in Section 2, computes the corresponding Galois

sub-hierarchy (see Figure 1). In other words, this algorithm transforms any class hierarchy into one where

properties are maximally factorized with a minimum number of classes and in which inheritance links

directly correspond to specialization/generalization relationships between concepts. We are currently

working on a more general global algorithm that will enhance Ceres in two ways.

Firstly, instead of taking into account properties (methods and attributes) as isolated syntactical

units (in the same way as we deal with attributes in our example of Section 2), they will be grouped
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 weight tax discount s0 s2 s1 s3 

VehicleWrtPower X   X    

Vehicle X   X    

PowerlessVehicle X   X X   

PoweredVehicle X   X  X  

TaxedVehicle X X  X  X  

DieselVehicle X   X  X X 

CommercialVehicle X X X X  X X 

BrokenDownVehicle X  X X  X  

VehicleWrtPower 
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start(){} 

PowerlessVehicle 

 

 

start() 

    {bodyManual} 

Vehicle 

 

weight: integer 

 

start(){} 
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     super()} 
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    {bodyManual} 

PoweredVehicle 
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    {bodyDieselSpecific; 

     super()} 
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ObjectForSale 
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H 

GSH 

Fig. 1. Class hierarchy, binary relation and Galois sub-hierarchy

into clusters denoting a semantic unity. We call those clusters �generic properties�. Inside such a generic

property, properties are ordered by a specialization relationship, such as subtyping for attributes or body

specialization for methods (through the use of the super keyword for instance).

Figure 2 shows an example of such a generic property: the generic property gathering all occurrences

of method start. In this generic property, we have named s0, s1, s2 and s3 the four occurrences of

method start in the initial hierarchy and we use these names in the binary relation. We assume that

the order in this generic property was computed using the following heuristics: the empty method start

(s0) generalizes every other method and method si specializes method sj if sj can be called from si

through the keyword super.

This generic property is used in the example of Figure 1: a class C is in relation with every occurrence

of a method start that i) is declared in C, or ii) is inherited and not overriden by C or a super-class

of C, or iii) is a generalization of either i) or ii) inside the generic property of start. For instance,

as s1 generalizes s3, DieselVehicle is in relation with s1 through the declaration of s3, even if it

does not declare or inherit s1. One should also note that, despite BrokenDownVehicle is a sub-class

of DieselVehicle, it is not in relation with s3 because it would violate the specialization order of the
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generic property. Such a violation is also detected by one of our metrics (see Section 5). We are currently

working on several heuristic algorithms for the construction of generic properties.

Secondly, we will modify Ceres algorithm so that it takes into account UML associations. For exam-

ple, the fact that the same role name is present in two di�erent classes should impact the position of those

classes in the inheritance hierarchy in a similar way as the declaration or the inheritance of properties

does.

Those enhancements will hopefully lead to an algorithm that produces still better class hierarchies,

that is where factorization is still better implemented.

 

s0 
start()

s1 

start(){ 

     bodyIgnitionKey} 

s2 

start(){ 

     bodyManual} 

s3 

start(){ 

     bodyDieselSpecific; 

     super()} 

Fig. 2. The generic property start()

4 Inheritance Metrics

Designers are not always inclined to use fully automatic tools to partially or completely reorganize their

class hierarchies. Besides, external constraints may prevent some classes or some parts of the hierarchy to

be modi�ed. For instance, the use of a framework or of a class library may constitute such a constraint.

This observation led us to consider useful to o�er a set of metrics that would help a designer to evaluate

to which extent the class hierarchy di�ers from the ideal one deriving from the Galois sub-hierarchy.

Our set of metrics may be classi�ed as follows according to which level of system they apply (see

[DHL+01,Rou02] for a complete presentation and [DHL+a] for a case study):

� property level: redundance and position of property declarations;

� generic property level: specialization/generalization of properties;

� class level: property grouping;

� hierarchy level: di�erences with the reference structure (Galois sub-hierarchy).

Metrics concerning some aspects of inheritance have been proposed ([LK94]), but, to our knowledge,

this is the �rst coherent and consistent set of metrics for inheritance in object-oriented systems.

5 Discussion

We have developed two complementary approaches that should help a designer to improve the quality

of his class hierarchies based on a common underlying mathematical structure, the Galois sub-hierarchy

(GSH). The �rst one proposes algorithms to reorganize those hierarchies so that they conform to the

GSH ; the second one has de�ned a set of inheritance metrics that measure the distance between the

hierarchy and the GSH . We have tested those two approaches on several parts of the Java JDK (see

[DHL+a,DHL+b]). In the limited space of this article we will give only a small insight of the practical

link between the two approaches.
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Fig. 3. Examples of the links between inheritance metrics and the GSH

One of the property level inheritance metrics that we have de�ned measures the Number of Redundan-

cies of a property p (RN(p)). For intance, the upper part of Figure 3 (H) shows that attribute weight

is declared three times hence giving a value of 2 to RN(weight) metric (3 minus one useful declaration),

a desirable value being zero (no redundancies). Another example is RN(discount) which is equal to 1.

By contrast, in the lower part (GSH) both weight and discount are only declared once, thus yielding

a value of zero for their RN metric.

A more informative metric is RR (Redundancy Ratio) which is de�ned, for a property p, as RN(p)
divided by the number of classes that declare or inherit p. In our example, RR(weight) is equal to .25

(2/8) and RR(discount) is equal to .5 (1/2) which shows that discount is rather better factorized than

weight in hierarchy H . Obviously, RR(weight) and RR(discount) are both equal to 0 as there is no

redundancy (RN(weight) = RN(discount) = 0) in GSH .

Some generic property level metrics aim at evaluating the discrepancies between the generic properties

specialization orders and the inheritance hierarchy. For a given generic property P , NIHR (Number of

Incorrect Hierarchy Relations) is the number of inheritance links that violate the order of P . In our

example, inheritance link between DieselVehicle and BrokenDownVehicle is in contradiction with the

fact that, inside P , s3 is a specialization of s1. Thus NIHR(start()) = 1. As for RN , we have de�ned a
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metric IHRR (Incorrect Hierarchy Relation Ratio) that gives the ratio of incorrect links to correct ones.

Here IHRR(start()) = 1=9 which is a low value. The ideal value for both NIHR and IHRR is equal to

zero as no inheritance link should violate a generic property specialization order.

A last example concerns the metrics RCCF which measures the role of a class in the factorization of

a property. For a class C declaring a property p, RCFF is de�ned as the ratio between the number of

sub-classes of C (including C) and the total number of classes that declare or inherit p. Thus for attribute

weight, both class V ehicleWrtPower and V ehicle have a RCCF value of .5 (4/8). An ideal value is 1

which the case for the GSH where attribute p is declared once in the root class.

One should note that whereas the global reorganization algorithm (Ceres) construct the ideal GSH ,

the inheritance metrics help to evaluate di�erent and complementary aspects of the quality of the inher-

itance hierarchy against the ideal GSH .

We have applied both reorganization algorithms and the computation of inheritance metrics to some

packages of the Java JDK. Details on these experiments may be found in [DHL+01,DHL+a].

6 Conclusion

In this article, we have presented our work concerning the evaluation and the optimization of inheritance

hierarchies. The whole of this work is based on the Galois sub-hierarchy structure which allows to pro-

duce inheritance hierarchies where the number of classes is minimal and the properties are maximally

factorized. Our approach allows for two complementary ways to help maintenance and improvement of

class hierarchies: one proposes reorganization algorithms that modify the structure of the hierarchy while

the other o�ers means to measure the quality of a hierarchy as regards di�erent aspects of factorization.
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