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Abstract

Libraries provide implementation for the concepts of a
particular domain. When programmers use a library, they
do not work any more with the real-world concepts but
with their implementation available within the used library.
From this point of view, libraries represent the “reality” at
which the programmers have to adapt. Ideally, in order to
be easy to use, the implementation of concepts in libraries
should accurately mirror the concepts and their relations
from the real world. Unfortunately, this is not always re-
alised and this results in a bias between the real-world con-
cepts and their implementation. Depending on the kind of
the bias, the users can adapt themselves or not to the li-
brary’s “reality”. In this paper we propose a method to de-
scribe and evaluate the bias of the library implementation
of real-world concepts expressed within an ontology. We
use our method to describe several primitive bias classes
in a formal framework and to discuss how can they affect
the library’s users. We present our results with the help of
bias examples which we (semi-)automatically identified in
the Java standard library.

1. Introduction

A library is a vocabulary designed to be added to a
programming language to make the vocabulary of the
programming language larger.

Growing a Language1

Guy Steele

Libraries are the most widespread form of software reuse.
On the one hand, they increase the abstraction level at which
programs are written by providing ready-to-use implemen-
tations of the domain specific concepts. On the other hand,
by using a library the programmers need to commit them-
selves to the particular implementation of the real world

1OOPSLA’98 invited talk

concepts. Thus, libraries restrict their users and they repre-
sent the “reality” with which the programmers have to deal.
In order to make use of a library the programmers need to
think in terms of how were the real-world entities modeled
in it. The bigger the difference between the library’s “real-
ity” and the real world, the more the difficulties encountered
by the library users are.

In the upper part of Figure 1 we present a well-known
example of two possible implementations of the real-world
concepts: rectangle and square2. The implementations dif-
fer in the usage of inheritance: the first uses the type inheri-
tance (Figure 1a) and the second uses class inheritance (Fig-
ure 1b). The library clients must regard the world of figures
as it is defined by the library - when they do not do this, and
regard the figures hierarchy as it is in the reality, their code
can be wrong. For example, in the lower part of the Figure
1 are presented clients of this class hierarchy that compute
the area of squares and rectangles. In the first case (Figure
1a) the implementation of clients works as one would ex-
pect: we need to compute the area only for rectangles and
this functions automatically for squares. In the second case,
however, (Figure 1b) we need to implement two times the
functions that compute the area: when (1) is implemented
alone then we can not compute the area for square objects
and when (2) is implemented alone then it delivers bad re-
sults for rectangle objects. Thus, in Figure 1b we have an
example of an easy to misuse library. This can not happen
in the code from Figure 1a while a possible functionint
area(Square) can not be called for rectangle objects.

The library defined relations between its program entities
from its public interface should be as close as possible to
the real-world relations between the concepts implemented
by them. Then, when using the library, the users can think
in terms of the real-world concepts and not in terms of their
particular implementation. Having achieved this, the library
API will be in correspondence with the domain and thus
easier to learn and to use and harder to misuse. These are

2In the Merriam-Webster Online Dictionary the definition of a square
is: “a rectangle with all four sides equal”
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class Square {
   int length; ...
}

class Rectangle extends Square {
   int heigth; ...
}

double area(Rectangle r) {
   return r.length * r.heigth;
}

double area(Square s) {
   return s.length ^ 2;
}

class Rectangle {
   int length, heigth; ...
}

class  Square  extends Rectangle {
   ...
}

double area(Rectangle r) {
   return r.length * r.heigth;
}

Library clients have to adapt to the libraries' reality

Library classes implement the reality

1

2

a) b)

Figure 1. A library defines its “reality”

actually important quality attributes of libraries [7, 9, 1].
In this paper we present a formal framework which en-

ables us to evaluate the implementation of the real-world
concepts within a library. This framework is based on a
common representation of ontologies (Section 2) and pro-
grams (Section 3). Using this framework we characterize
general classes of mismatch between the concepts imple-
mentation and the real world (Section 4). In Section 5 we
present relevant mismatches together with examples that we
(semi-)automatically identified within the Java library. Our
semi-automatic method for the biases identification, based
on the mapping between the program elements and the on-
tology entities, is presented in Section 6. Section 7 presents
the related work and Section 8 concludes the paper and
gives hints about possible extensions.

2. Knowledge sharing through ontologies

To support sharing and reuse of knowledge of a partic-
ular domain one needs to explicitly represent it in a formal
manner. The first step in formally representing a body of
knowledge is to decide on aconceptualizationof the do-
main. A conceptualization is an abstract, simplified view of
a domain which is to be described for a specified purpose.
It contains a set of objects together with their properties and
relations [3]. An ontology is defined to be anexplicit spec-
ification of a conceptualization[4] and is used for sharing
the knowledge about a domain by making explicit the con-
cepts and relations within it. From the point of view of the
information that they carry, we consider an ontology to be a
shared, formally defined and automatically accessible body
of knowledge representative for a particular domain.

The term “specification” implies that this conceptualiza-
tion is defined in a rigorous manner. From the point of
view of specification detail, ontologies may vary from con-
trolled vocabularies to rich concept hierarchies with proper-

ties. Depending on their specification detail, there are dif-
ferent situations in which ontologies can be useful: from
vocabulary control within a project up to ensuring the con-
sistency and completion among the used terms [8].

In the present work we use a loose meaning of the word
ontology. We define an ontologyO to comprise a set of
concepts (C) and a set of typed relations between these con-
cepts (Ro):

O = (C,Ro), C = {c1, ..., cm},
Ro = {fo

1, ..., f
o
n} with fo

i : C → P(C) (1)

Each functionfo
i is used to represent a relation type and

associates to each conceptc a set of concepts to which it
is related. This representation is similar to the RDF graphs
[6]: entities within the ontology (i.e. elements ofC) are the
nodes of the graph and the typed relations between them
(i.e. members ofRo) are labeled arcs. This view over on-
tologies is however rich enough for the evaluation of the
consistency and completion of the implementations of con-
cepts within libraries (Section 4).

In the following we give an example of an ontology
which shares a large number of concepts lexicalized in En-
glish. Subsequently, we use this ontology to identify mis-
matches between the real world concepts and their imple-
mentation in the Java library.

The WordNet Ontology. WordNet3 is an online dictio-
nary of English inspired by psycholinguistic theories of hu-
man lexical memory. Instead of organizing the words ac-
cording to their form, like the majority of other dictionar-
ies do, WordNet organizes the words in sets of synonyms
(synsets), according to the meaning of the concepts they
denote [10]. WordNet 2.0 contains over 150,000 words,
of which more than 70% are nouns, grouped in more than
115,000 sets of synonyms. WordNet defines two differ-
ent types of relations between the concepts denoted through
nouns:

Hypernymy/Hyponymy (Generalization). The
synsets are organized hierarchically along the hy-
ponymy/hypernymy (i. e. “is-a”) relation. Every word
definition consists of its immediate hypernym (superordi-
nate) followed by distinguishing features. Hyponymy is the
inverse relation of hypernymy. Both relations are transitive.

Holonymy/Meronymy (Aggregation).In the case of
nouns the distinguishing features that are explicitly encoded
in WordNet are the meronyms (i. e. “part-of”). Meronyms,
which represent parts of a whole, are features that can be
inherited by hyponyms. Holonymy is the inverse relation of
meronymy. Both relations are transitive.

Figure 2a shows an example of how WordNet represents
the calendar concept. We notice four hyponymy relations

3http://wordnet.princeton.edu
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calendar

solar calendar

Gregorian calendar

hyponymy
meronymy

January February

S: (n) calendar (a system of timekeeping that …)
  direct hyponym
    S: (n) solar calendar (a calendar based on solar ...)
      direct hyponym
        S: (n) Gregorian calendar, New Style calendar (the 
               solar calendar now in general use, introduced 
               by Gregory XIII in 1582 to correct …)
          part meronym
            S: (n) Gregorian calendar month (a month in …)
              direct hyponym
                S: (n) January, Jan (the first month …)
                S: (n) February, Feb (the month following …)

Ro={meronymy ,hyponymy}

meronymy Gregoriancalendar  = {Gregorian calendar month}

hyponymy calendar ={solar calendar }

hyponymy solar calendar ={Gregoriancalendar }

C={calendar , solar calendar ,Gregoriancalendar }

{ Gregoriancalendar month , January , February}

Legend:

(a) (b) (c)

Gregorian calendar month

hyponymy Gregoriancalendar month={January ,February}

Figure 2. Example of WordNet entries (a); Graph-based Representation (b); Formalization (c)

calendar

solar calendar

Gregorian calendar

January February

R p={attributeOf , subtypeOf , instanceOf }

attributeOf Gregoriancalendar  = {January , February}

subtypeOf  calendar={solar calendar }

subtypeOf  solar calendar ={Gregorian calendar}

Pe={calendar , solar calendar ,Gregoriancalendar , }

{ Month , January , February}

Legend:

(b) (c)

class Calendar  { 
   ... 
}

class SolarCalendar extends Calendar { 
   ... 
}

class GregorianCalendar extends SolarCalendar { 
   public Month january;
   public Month february;
   ...
}

Month

attributeOf subtypeOf

(a)

instanceOf month={ january , february }instanceOf

Figure 3. Example of a program (a); Graph-based representation (b); Formalization (c)

in the calendar hierarchy (e. g. solar calendar is-a calendar)
and a meronymy relation (e. g. Gregorian Calendar month
is part-of Gregorian calendar). In Figure 2b is the graph-
based description of these concepts and in Figure 2c we give
an example of how does our formalization (1) express these
concepts and relations between them.

3. Libraries implement the domain knowledge

Libraries implement the real-world knowledge and share
it through their public interface. We abstract programs as
labeled graphs whose nodes are the program elements and
whose arcs are a (sub-)set of the relations which the pro-
gramming language define between these program elements
[12, 11]. In the case of the libraries we are interested in the
interface that they provide to their users and thus, we re-
strict the set of interesting programming elements to those
that are public (e.g. public classes, attributes) and ignore all
the others (e.g. local variables).

In a similar manner with the representation of ontologies
(1), we formally define a programP to comprise a set of
named program elements (Pe) and a set of typed relations
between them (Rp):

P = (Pe,Rp), P e = {p1, ..., pm},
Rp = {fp

1, ..., f
p
n} with fp

i : Pe → P(Pe) (2)

Each functionfp
i is used to describe a relation type which

associates to each program elementp a set of program ele-
ments to which it is related.

In Figure 3a we present a possible implementation of the
calendar related concepts illustrated in Figure 2. Every el-
ement from this ontology has a corresponding program el-
ement which implements it. Each program element which
implements a concept has the same name as the concept it-
self. In Figure 3b the abstract view over the program is pre-
sented as a graph whose nodes are program elements identi-
fiers and the arcs are relations between their corresponding
program elements. An example of a formal description of
the code fragment is presented in Figure 3c. The program
elements considered are the classes and their attributes and
the program relations are those generated by the type sys-
tem (i.e. subtypeOf, instanceOf) and the module system
(i.e. attributeOf).

4. How programs represent the reality

In the previous two sections we defined an abstract rep-
resentation of both programs and ontologies as labeled
graphs. To formally link an ontology (O) to a program (P)
we define in the following the functionsI andτ .

Let I : C → Pe ∪ {ε} be a function which maps the
entities from an ontology to the corresponding program el-
ements which implement them. When a conceptc is not
implemented in the code thenI(c) = ε. If c ∈ C is a con-
cept, thenI[fo

i(c)] = {I(c′) | c′ ∈ fo
i(c)}, i.e. I[fo

i(c)]
denotes the set of program elements implementing all those
concepts that are related viafo

i to c.
Let τ : Ro → P(Rp) be a function which maps the re-

lation types between the concepts to similar relation types

3
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between program elements. Ifp ∈ Pe is a program
element andfo

i is a conceptual level relation type then
[τ(fo

i)](p) = {∪fp
k(p) | fp

k ∈ τ(fo
i)}, i.e. [τ(fo

i)](p)
denotes the set of program elements related withp via one
of the program level relations similar tofo

i.

c1

c2

c4

c5

c3 c6

p1

p2

p4

p5

p3 p6

Legend:

 f o1 ={ f p1, f
p
3}

fo
1

concept
fo

2

fp
1

prog. elem.

fp
2

I c1={ p1} , ... I c 6={ p6}

f o1c1 ={c2 ,c 4}

f p1 p1={p2 , p5 }

I [ f o1c1 ]={ p2 , p4}

[ f o1] p1={p2 , p4, p5}

 f o2={ f
p
2}

f o2 c 1={c5 ,c 6}
f p2 p1={ p6}

I [ f o2 c1]={ p5 , p6}

fp
3

f p3 p1={p 4}

[ f o2] p1={p6}

[ f o1] p2=∅

Ontology Program

Figure 4. Formalization Example

In Figure 4 we present an example of what these for-
mula mean. A concrete instance of the functionτ in the
context of the calendar example from Figure 2 and Figure 3
is to map the hyponymy to the type-system generated rela-
tions (e.g.τ(hyponymy) = {subtypeOf, instanceOf})
and the meronymy to the relations generated by the module
system (e.g.τ(meronymy) = {attributeOf}).

Having defined the ontology and the program as graphs,
and the relations between them through the functionsI and
τ , we will use principles from the graph-theory to charac-
terize the relations between concepts and their related im-
plementation.

Definition The implementationI of a conceptc and rela-
tion fo

i is ideal iff:

I[fo
i(c)] = [τ(fo

i)](I(c)) (3)

Theideal implementation represents the case in which there
is a one-to-one correspondence between the entities and re-
lations from the ontology and the entities and relations from
the library (Figure 5a). Mathematically, the function I is an
isomorphism4 and the conceptual and program worlds are
completely indistinguishable as far as our chosen represen-
tations (O and P) are concerned.

Discussion: theideal implementation can not be realised
due to the difference between the high-level declarative
representation of the real world knowledge (i.e. ontolo-
gies) that we have chosen and the low-level operational pro-
gramming constructs. In order to bridge this gap, the pro-
grams contain manyimplementation details. Furthermore,
an ideal implementation is not wanted in practice, due to

4Isomorphism is: a one-to-one correspondence between the elements
of two sets such that the result of an operation on elements of one set
corresponds to the result of the analogous operation on their images in the
other set.

the high complexity of the modeled domain and the limited
resources of the programmers. This leads to the implemen-
tation of only anabstractionof the world.

Definition The implementationI of a conceptc and rela-
tion fo

i is anabstractioniff:

I[fo
i(c)] ⊃ [τ(fo

i)](I(c)) (4)

The abstraction implementation represents the case in
which a part of the concepts related toc or the relations be-
tween them are not reflected at the code level (Figure 5b).

Discussion: the implementation exhibitsabstractiondue
to the pragmatic decisions that the programmers made when
a system was planned and due to the way in which the sys-
tem’s boundaries were chosen. Depending on what was left
out from the modeled domain during the abstraction pro-
cess, and on the relations between these entities with the
ones which have been already implemented, it can be quite
difficult or even impossible to use, extend or adapt the li-
brary. In Section 5 we discuss several abstraction cases and
how they influence the library’s extension by answering to
the question: What concepts from the ontology, related to
the concepts that were already implemented in the code, are
not represented in the library?

a) Ideal implementation

p

b) Code abstraction c) Implementation details

Legend:

Ontological entity

Program entity

Directed relations

c pc pc

e) Mismatched

pcpc

d) Healthy

p= I c 

Figure 5. Reality of programs - An overview

Definition The implementationI of a conceptc and rela-
tion fo

i introducesimplementation detailsiff:

I[fo
i(c)] ⊂ [τ(fo

i)](I(c)) (5)

The implementation detailsrepresent the case in which ad-
ditional to the program elements and relations correspond-
ing to the implemented concepts, other program elements
and relations appear on the program side (Figure 5c).

Discussion: theimplementation detailsare inherent due
to the discrepancy between the declarative representations
of the real-world knowledge and the operational implemen-
tation supported by the current languages. By introducing
the implementation details that do not represent concepts
from the modeled domain, the library loses its conciseness.
Its vocabulary becomes cluttered with implementation re-
lated words and thus hard to learn, understand and use. In
Section 5 we discuss several typical cases of implementa-
tion details and how they influence the users.

4
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Definition The implementationI of two conceptsc1 and
c2 and a relationfo

i is healthyiff:

I(c1) = p1 ∧ I(c2) = p2 ∧ p2 ∈ fp
k(p1) ⇒

∃fo
i ∈ Ro .c2 ∈ fo

i(c1) ∧ fp
k ∈ τ(fo

i)
(6)

Thehealthyimplementation does not deform the reality: if
the implementations of two concepts are related then the
relation is similar with the ontology relation between these
concepts (Figure 5d).

Discussion: thehealthyimplementation can be both an
abstraction and generate implementation details but does
not deform the reality. Ahealthyimplementation preserves
the structure of the real-world in the program. As long as
the structure of the implemented concepts is preserved, it
can be anabstraction(i.e. not all concepts or their rela-
tions are implemented) orimplementation details(i.e. other
program elements and relations appear in the code) or both.

Definition The implementationI of a conceptc and a rela-
tion fo

i is mismatchediff:

I[fo
i(c)] \ [τ(fo

i)](I(c)) 6= ∅ ∧
[τ(fo

i)](I(c)) \ I[fo
i(c)] 6= ∅ (7)

Themismatchedimplementation represents a combined sit-
uation when the implementation of a conceptc in a program
generates implementation details and not all the concepts
related toc are implemented. (Figure 5e)

Discussion: the mismatched implementation is the most
general case, comprising bothabstractionandimplementa-
tion detailswithout anyhealthyconditions. In most of the
cases, the implementation of concepts in the code exhibits
the generalmismatch.

5. Mismatches classification

In this section we present four classes of primitive mis-
matches between the real-world concepts and their im-
plementation in programs (Sections 5.1 - 5.4). For each
bias class we describe its variations by using the follow-
ing structure: At first we formally define each mismatch,
then we present an intuitive description of the bias, clas-
sify the bias according to the criteria from the previous sec-
tion, discuss how does the bias affect the library users and
last but not least present a real-world example which we
(semi-)automatically detected in the Java library. We illus-
trate these biases intuitively in Figures 6 and 7. By using
and discussing the real-world examples of these biases from
a wide-spread library, instead of presenting hand-crafted
pieces of code, we want to point out their widespread and
their potential impact on the library’s clients.

Apart from theequivalent(i.e. non-bias) cases, all the
others represent a form of reality mismatch and thus violate
the domain correspondence quality attribute of libraries [2].

In the next of this paper we commit to the following ty-
pographical conventions: all program elements are written
with typewriter fonts and all the concepts withSMALL

CAPS.

5.1. Implementation of Relations

In the following we present a classification of the mis-
matches generated by different implementations of real-
world relations in programs (Figure 6a). Through this clas-
sification we aim to answer the question: How is a directed
relation between two concepts from the real-world reflected
at the code level?

Definition The implementationI of the relationfo
i be-

tween the conceptsc1 andc2 is equivalentiff:

I(c1) = p1 ∧ I(c2) = p2 ∧ c2 ∈ fo
i(c1) ∧

∧ p2 ∈ [τ(fo
i)](p1)

This represents the ideal case where if two related concepts
are implemented in the code then, the relation between their
implementation reflects the relation from the real world.

Definition The implementationI of the relationfo
i be-

tween the conceptsc1 andc2, is invertediff:

I(c1) = p1 ∧ I(c2) = p2 ∧ c2 ∈ fo
i(c1) ∧

∧ p1 ∈ [τ(fo
i)](p2)

In this case, a directed relation between two concepts is im-
plemented in the program through a similar relation but in
the inverse sense. This case represents a form of a non-
healthy mismatched implementation which can lead to a
non-intuitive usage of the library.

Example: in the java.util package, the class
LinkedList implements the interfaceQueue and thus
generates a program relation between these classes similar
to the hyponymy relation between concepts. This is in op-
position with the real-world perception that aQUEUE is a
special kind of aLIST (Figure 8a). The consequence of
the program relation is that whenever aQueue object is
needed, we can use aLinkedList object. The later can
be easily used in a way that violates theQueue constraints.
Below is an usage example of theLinkedList imple-
mentation for aQueue that breaks the ordering of elements
within the queue: theserver writeMessage function
writes always at the same end from which the client reads.
The client will read the elements in an opposite order and
thus our “queue” functions as a stack.

Queue<Message> aQueue = new LinkedList<Message>();
void server_writeMessage() {

((LinkedList)aQueue).addFirst(new Message()); ...
}
...
Message client_readMessage(Queue aQueue) {

return aQueue.element();
}

5
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HeterogeneousEquivalent Inverted Distorted HomogeneousEquivalent

(a)  Relations mismatch (b)  (Non-)uniform implementation decisions

Absent

Legend: Directed relations Real-world entity Program entity Implementation detail

c1

c2

c1 c1

c2 c2

p1

p2

p1

p2

c1

c2

p1 p1

p2 p2

c1 c1 c1

c2 c2 c2c3 c3 c3

p1 px px py

p2 p2 p2p3 p3 p3

Added

c1

c2

p1

p2

cx

c2 c3

pz

p2 p3

cy

Misleading

Figure 6. Relations mismatch and (non-)uniform implementations

Definition The implementationI of the relationfo
i be-

tween the conceptsc1 andc2, is distortediff:

I(c1) = p1 ∧ I(c2) = p2 ∧ c2 ∈ fo
i(c1) ∧

∧ fp
k 6∈ τ(fo

i) ∧ p2 ∈ fp
k(p1)

A relation between two conceptsfo
i is implemented in the

code through a relationfp
k with which it is not similar. This

case represents a form of a non-healthy mismatch since an-
other relation is used instead of the one from the real world.

Example: in thejava.awt package theBOLD FONT

concept is implemented through the attributeBOLDof the
classFont . This is contrary to the real-world definition of
BOLD FONTS given in WordNet according to whichBOLD

is-aFONT. (Figure 8b). Due to this mismatch, the extension
of the library with new general font styles (e.g.UNDER-
LINE) is impossible and would require the modification of
theFont class. Adding moreFONT types in this class will
cause it to grow and will clutter its interface.

Definition The implementationI of the relationfo
i be-

tween the conceptsc1 andc2 exhibitsabsent relationiff:

I(c1) = p1 ∧ I(c2) = p2 ∧ c2 ∈ fo
i(c1) ∧

6 ∃fp
k ∈ Rp. p1 ∈ fp

k(p2) ∨ p2 ∈ fp
k(p1)

In this case two related concepts are implemented in the
code but the implementation does not reflect any relation
between their implementations. This case represents a form
of healthy abstraction.

Example: in thejava.util package both theMONTH

and the JANUARY concepts are implemented as static
constants of the classCalendar (Figure 8c). Thus,
the hyponymy relation between the conceptsMONTH and
JANUARY from the WordNet ontology is not reflected
through any of our choosen code relations (i.e. subtypeOf,
instanceOf, attributeOf).

Definition The implementationI of two unrelated con-
ceptsc1 andc2 exhibitsadded relationiff:

I(c1) = p1 ∧ I(c2) = p2 ∧ 6 ∃fo
i ∈ Ro. (c1 ∈ fo

i(c2)
∨ c2 ∈ fo

i(c1)) ∧ ∃fp
k ∈ Rp. p2 ∈ fp

k(p1)

In this case, there are relations at the code level between
program elements which are not present between their cor-
responding concepts. This case represents an instance of
non-healthy implementation decisions. Through the added
relation we define unnecessary constraints at the level of
the code between the concepts implementation and this can
make the library harder to use.

Example: in the java.util package the
GregorianCalendar class contains the attribute
second (Figure 8d) even these two concepts are indepen-
dent in the WordNet ontology.

5.2. Implementation of similar concepts

Definition We call two conceptsc2 andc3 similar iff
∃c1 ∈ C ∧ fo

i ∈ Ro.c2 ∈ fo
i(c1) ∧ c3 ∈ fo

i(c1).

Intuitively, two concepts are similar when there exists an-
other concept to which they are related through the same
relation type. Analogous, two program elementsp2 andp3

aresimilar when there exists another program elementp1

to which they are related through the same relation type.
In this section we present a classification of the mis-

matches generated by reflecting the concepts similarity in
programs (Figure 6b). Through this classification we aim
to answer to the question: How is the similarity between
concepts from an ontology reflected at the code level?

Definition The implementationI of the similar conceptsc2

andc3 and relationfo
i is equivalentiff:

{c2, c3} ⊂ fo
i(c1) ∧ p1 = I(c1) ∧ p2 = I(c2) ∧

p3 = I(c3) ∧ ∃ fp
k ∈ Rp. fp

k ∈ τ(fo
i) ∧

{p2, p3} ⊂ fp
k(p1)

This is the ideal case in which both the conceptsc1, c2, c3

and their similarity relation are reflected in the code.

Definition The implementationI of the similar conceptsc2

andc3 and relationfo
i exhibitshomogeneityiff:

{c2, c3} ⊂ fo
i(c1) ∧ p2 = I(c2) ∧ p3 = I(c3) ∧

∃px ∈ Pe, fp
k ∈ Rp. fp

k ∈ τ(fo
i) ∧

{p2, p3} ⊂ fp
k(px)

6
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Intuitively, this represents the situation when similar con-
cepts from the modeled domain are implemented in the li-
brary through similar program elements. By not implement-
ing the conceptc1 we lose the precision. By having a sim-
ilar implementation we ensure the uniformity of the library
and thus improve its usability. This represents a case of a
general mismatch.

Example: all months are uniformly implemented in the
Java library as integer constants of theCalendar class
from thejava.util package (Figure 8e).

Definition The implementationI of the similar conceptsc2

andc3 and relationfo
i exhibitsheterogeneityiff:

{c2, c3} ⊂ fo
i(c1) ∧ p2 = I(c2) ∧ p3 = I(c3) ∧

6 ∃ p ∈ Pe, fp
k ∈ Rp. fp

k ∈ τ(fo
i) ∧

{p2, p3} ⊂ fp
k(p)

In this case the similarity between concepts from the mod-
eled domain is not reflected by their corresponding imple-
mentations. This is an example of a violation of the unifor-
mity quality attribute of libraries. This case represents an
instance of a general mismatch.

Example: theCARDINAL POINTS in the java.swing
package are implemented both asString constants of the
classSpringLayout and as integer constants of the class
SwingConstants (Figure 8f). Due to their different im-
plementations, the library clients have to use them differ-
ently and to write supplementary code to perform conver-
sions between these representations.

Definition The implementationI of two non-similar con-
ceptsc2 andc3 is misleadingiff:

p2 = I(c2) ∧ p3 = I(c3) ∧
6 ∃ c ∈ C, fo

i ∈ Ro. {c2, c3} ⊂ fo
i(c) ∧

∃ pz ∈ Pe, fp
k ∈ Rp.{p1, p2} ⊂ fp

k(pz)

Intuitively, for the implementation of two different concepts
are taken the same implementation decisions. By making
the program elementsp2 andp3 similar we define de-facto
relations between them. This case appears often whenpz

is a general purpose implementation stub. This represents a
general mismatch.

Example: A classical example is that the class
java.lang.Object is used as parent for many classes
which are implementations of unrelated concepts.

5.3. Multiple Concepts Representation

In this section we present a classification of the mis-
matches generated by the implementation of sequences of
concepts (Figure 7a). Through this classification we aim to
answer the question: How are sequences of concepts and
relations from the ontology reflected at the code level?

a) Multiple concepts implementation

Legend:

Directed relations

Ontological entity

Program entity
Gapped VerboseEquivalent

Monotonic Non-monotonicEquivalent

Inheritance relation

b) Inheritance and properties mismatch

Implementation 
detail

c1 c1

c2

c3 c3

c2

p1 p1

p3p3

p2

c1

c3 p3

p1

px

c1

c2

p1

p2

c1

c2 c2

c1p1 p1

p2 p2

c3 p3 c3

c3p3

p3

Has property

c1

c2

c3

p1

p2

Broken

Figure 7. Special mismatches

Definition The implementationI of the conceptsc1, c2 and
c3 related through the relationfo

i is equivalentiff:

c2 ∈ fo
i(c1) ∧ c3 ∈ fo

i(c2) ∧
I(c1) = p1 ∧ I(c2) = p2 ∧ I(c3) = p3 ∧

p2 ∈ [τ(fo
i)](p1) ∧ p3 ∈ [τ(fo

i)](p2)

This is the ideal case in which all concepts and relations
between them are accurately implemented in the code.

Definition The implementationI of the conceptsc1, c2 and
c3 related through the relationfo

i is gappediff:

c2 ∈ fo
i(c1) ∧ c3 ∈ fo

i(c2) ∧
I(c1) = p1 ∧ I(c3) = p3 ∧ p3 ∈ [τ(fo

i)](p1)

In this situation, from a sequence of three concepts, the mid-
dle concept is left out by the implementation. Thegapped
implementationappears many times naturally when the im-
plemented relation is transitive - and then it is an instance
of healthy abstraction. When the relation is non-transitive
then the implementation is a non-healthy abstraction. Most
of the times it is impossible for a client to extend the library
with the concept left out by agappedimplementation since
this requires modifications of the library relations.

Example: the implementation of theCALENDAR re-
lated concepts in thejava.util package is done through
classesCalendar and GregorianCalendar (Figure
8g). This implementation isgapped, as theSOLAR CALEN-
DAR concept defined in WordNet betweenCALENDAR and
GREGORIAN CALENDAR is not implemented in the library.
Suppose now that a library client would need theSOLAR

CALENDAR concept. He/She would have to either modify
the library (which in this case is impossible), commit to an-
other library or re-implement the calendar hierarchy. We
believe that neither of these options is appealing.
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Figure 8. Mismatch examples

Definition The implementationI of the conceptsc1 andc3

related through the relationfo
i exhibitsverbosityiff:

c3 ∈ fo
i(c1) ∧ I(c1) = p1 ∧ I(c3) = p3 ∧
∃ px ∈ Pe, fp

k ∈ Rp, fp
l ∈ Rp.

px ∈ fp
k(p1) ∧ p3 ∈ fp

l(px)

In this case the relation between two concepts is imple-
mented via an additional program element situated in-
between their corresponding program elements. This addi-
tional program element corresponds to implementation (e.g.
design) decisions. This case represents an instance of an
healthy mismatch.

Definition The implementationI of the conceptsc1, c2 and
c3 related through the relationfo

i is brokeniff:

c2 ∈ fo
i(c1) ∧ c3 ∈ fo

i(c2) ∧ I(c1) = p1 ∧
I(c2) = p2 ∧ I(c3) = ε ∧

∃fp
k ∈ Rp. fp

k ∈ τ(fo
i) ∧ p2 ∈ fp

k(p1)

In this case we have a partial implementation of the con-
cepts sequence in which a concept is left out. Depending
on the relation type, the library can or can’t be extended
with the c3 concept. In the case of concepts implemented
in an inheritance hierarchy, ifc3 is a hyponym ofc2 then
the library can be easily extended by its clients (i.e. create
a subtype ofp2). However, if thec3 is a hypernym ofc2

then the library can not be extended by its clients. This case
corresponds to thehealthy abstraction.

5.4. Implementation of inherited properties

Below we present a classification of mismatches gener-
ated by different implementations of the properties in an
inheritance hierarchy. We denote the inheritance relation at
the conceptual level through “hyponymy” and at the code
level through “subtypeOf”.

Definition The implementationI of conceptsc1 andc2 sit-
uated in the hyponymy relation and the conceptc3 which is

a property ofc1 is equivalentiff:

c2 ∈ hyponymy(c1) ∧ c3 ∈ fo
i(c1) ∧ I(c1) = p1 ∧

I(c2) = p2 ∧ I(c3) = p3 ∧ p2 ∈ subtypeOf(p1) ∧
p3 ∈ [τ(fo

i)](p1)

This represents the ideal case in which the concepts, their
properties and relations are accurately reflected in the code.

Definition The implementationI of conceptsc1 andc2 sit-
uated in the hyponymy relation and the conceptc3 which is
a property ofc1 exhibitsmonotonic properties mismatchiff:

c2 ∈ hyponymy(c1) ∧ c3 ∈ fo
i(c1) ∧ I(c1) = p1 ∧

I(c2) = p2 ∧ I(c3) = p3 ∧ p2 ∈ subtypeOf(p1) ∧
p3 ∈ [τ(fo

i)](p2)

Intuitively, in this case the properties which belong to the
super-concept are reflected in the code to belong to the im-
plementation of the sub-concept. Due to the fact that the
properties of a super-concept are also properties of all its
sub-concepts, this case represents a healthy mismatch.

Definition The implementationI of conceptsc1 andc2 sit-
uated in the hyponymy relation and the conceptc3 which
is a property ofc2 exhibitsnon-monotonic properties mis-
matchiff:

c2 ∈ hyponymy(c1) ∧ c3 ∈ fo
i(c2) ∧ I(c1) = p1

∧ I(c2) = p2 ∧ I(c3) = p3 ∧ p2 ∈ subtypeOf(p1) ∧
p3 ∈ [τ(fo

i)](p1)

This is the case in which the properties of the subconcept
are reflected in the code to belong to the superconcept. This
situation is not healthy.

Example: The concept ofMONTHs, which in the ontol-
ogy belong to the GREGORIAN CALENDAR concept, are
implemented as attributes of theCalendar class (Figure
8h). Since theCalendar class is intended to be the base
class for all calendar implementations, this implementation
of months can generate problems for the subclasses of the
Calendar implementing calendar systems which define
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Figure 9. The identification of mismatches

the months completely different. An example would be
the implementation of the HEBREW CALENDAR concept,
which has 13 months, as subclass ofCalendar . For the
clients of theHebrewCalendar class, it would be un-
natural to see the “classical” months.

6. Semi-automatic identification of biases

In [12, 11] we propose a semi-automatic method for
identifying the ontological entities in the code based on
identifying mappings between the ontology and the pro-
gram graphs. With every mapping is identified a possible
occurrence of a concept in the program. Each automatically
identified occurence needs to be subsequently validated by
a human.

Between the WordNet relation types (Figure 2) and
the program relation types from (Figure 3) we de-
fine the following correspondence:τ(hyponymy) =
{subtypeOf, instanceOf} and τ(meronymy) =
{attributeOf}. This follows from the similarity between
the real-world generalization relations and the type system
relations on the one hand and between the real-world
aggregation relations and module-system relations on the
other hand [12].

In Figure 10 we present examples of the mappings used
for the identification of theCALENDAR related concepts:
The CALENDAR and GREGORIAN CALENDAR concepts
were identified since in the ontology they are in the hy-
ponymy relation, in the program in the subtyping rela-
tions and the hyponymy and subtyping relations are sim-
ilar (subtypeOf ∈ τ(hyponymy)). The JANUARY and
FEBRUARY concepts were identified since in the ontology
they are hyponyms of the same concept and in the program
they are attributes with the same type.

Using our method for identification of concepts within
programs we could discover most of the mismatch exam-
ples presented in the previous section. There were however
special cases when we needed to adapt our method:

• To identify therelations mismatcheswe changed the
mapping rule (i.e. functionτ ) between the ontology
and the program relations types (i.e. betweenRo and
Rp): for identifying the inverted relationmismatch
we used the functionτ(hyponymy) = supertypeOf

calendar

solar calendar

Gregorian calendar

hyponymy
meronymy

JanuaryFebruary

Ontology World

Greg. calendar month

calendar

Gregorian calendar

January February

Program World

Month

attributeOf subclassOfinstanceOf

class Calendar  { 
   ... 
}

class GregorianCalendar 
            extends SolarCalendar {

   public Month january;
   public Month february;
}

hyponymy={subtypeOf ,instanceOf } meronymy={attributeOf }
Legend:

Figure 10. Identifying concepts with Bridge

(Figure 9a); for identifying thedistorted relationbias
we used the functionτ(hyponymy) = attributeOf
(Figure 9b).

• To identify the homogeneous implementationmis-
match we defined new relations at the ontology and
program levels: between concepts with the same
hypernym we defined thehyponymyEquiv relation
and respectively between variables with the same
type we defined thesameTypeV ar relation. Corre-
sponding to these relations we defined the mapping:
τ(hyponymyEquiv) = sameTypeV ar. Thehetero-
geneous implementationwas identified by searching
for two attributes that implement similar concepts and
that have different types.

For finding these examples we used the Bridge5 tool and
the Insider6 reverse engineering platform. Bridge identifies
concepts in the code by mapping program elements to on-
tological entities.

7. Related Work

We structure the literature related to our work along two
dimensions: library design and ontologies.

Library Design Despite the high importance of the li-
braries usability, we could found only a few studies which

5Developed at Technische Universität München, Germany
6Developed at the LOOSE Research Group (LRG) from Timisoara, Ro-

mania, www.loose.upt.ro
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deal with it. Korson [7] identifies an extensive set of desir-
able attributes of software libraries. Thus, libraries should
be complete (i.e. provide coverage of an entire concept),
consistent (i.e. each facet of the library follows an uniform
approach), easy-to-learn for novice users, easy-to-use (i.e.
information and code are easy to find), extendable, intu-
itive (i.e. the design corresponds to the intuition of a do-
main expert). Meyer [9] also discusses a set of high-level
library quality attributes like: uniformity of component in-
terfaces or functional completeness and he defines informal
guidelines that the library builders should follow: “all the
components of a library should proceed from an overall co-
herent design, and follow systematic, explicit and uniform
conventions”. Clarke [2] evaluates API usability by using
the cognitive dimensions framework which also contains
the consistency, extensibility and domain correspondence
as desired qualities of a good API. He performs user in-
terviews and studies how well does the library support its
clients in writing programs for particular use-cases.

By comparing the interface of a library to an ontology
we propose a framework for expressing and evaluating the
distance between the real-world concepts and their imple-
mentation in the library. In this way we provide a method
to formally express and (semi-)automatically evaluate the
above quality attributes.

Ontologies Domain ontologies are used in [5] to evalu-
ate the suitability of a modeling language to model a set of
real-world phenomena in a given domain. The evaluation
is made by comparing the level of homomorphism between
the modeling language constructs and a reference ontology
of the domain. In a similar manner, we identify the mis-
matches in the implementation of concepts in libraries by
comparing the level of homomorphism between the ontol-
ogy and the public interface of the library.

In [12] we presented a method to locate concepts in the
code based on mapping programs to ontologies. In [11]
we used the explicit mapping between the ontology, pro-
gram and program entities names to identify semantic de-
fects such as bad naming of program entities and logical
duplication. The present work continues in the same direc-
tion and identifies mismatches in the representation of con-
cepts and relations between them within the public interface
of libraries.

8. Conclusions

Important quality attributes of libraries, such as usabil-
ity and extensibility, can be evaluated in terms of the mis-
matches between the real-world concepts and relations and
their implementation in the library’s public interface. In
this paper we defined a formal framework to describe mis-
matches in the implementation of concepts. This framework

proved to be powerful enough to enable the description of
several classes of interesting mismatches. We discussed
the effect of particular mismatches on the library clients
and provided real-world examples of mismatches that we
(semi-)automatically identified in the Java library.

As future work we plan to extend the set of biases pre-
sented in this paper and to better understand their impact on
the library’s quality. We also plan to use domain specific on-
tologies as basis for libraries evaluation. In the long-term,
we plan to use the identification of biases as starting point
for improving libraries interfaces.
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