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Abstract 

The terms architecture, design, and implementation are 
typically used informally in partitioning software specifica-
tions into three coarse strata of abstraction. Yet these 
strata are not well-defined in either research or practice, 
causing miscommunication and needless debate. 

To remedy this problem we formalize the Intension and 
the Locality criteria, which imply that the distinction be-
tween architecture, design, and implementation is qualita-
tive and not merely quantitative. We demonstrate that ar-
chitectural styles are intensional and non-local; that design 
patterns are intensional and local; and that implementa-
tions are extensional and local. 
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If people do not believe that mathematics is simple, it is only 
because they do not realize how complicated life is.  

� J. H. von Neumann 

1. Introduction 

In their seminal article, Perry and Wolf �[24] developed 
�an intuition about software architecture through analogies 
to existing disciplines.� Building on this, Shaw and Garlan 
�[31] suggest that �software architecture involves the de-
scription of elements from which systems are built.� A con-
siderable body of work, stemming back to DeRemer and 
Kron�s module interconnection languages (MIL) �[7], fo-
cuses on the specification, construction, and analysis of 
large software systems defined by these terms (e.g., �[26], 
�[21], �[15]). For example, architecture description lan-
guages (ADL) combine a formal specification language 
with tools supporting the construction and analysis of soft-
ware systems from such specifications. 

Seeking to separate architectural design from other de-
sign activities, definitions of software architecture stress 
the following: 

� �Architecture is concerned with the selection of archi-
tectural elements, their interaction, and the constraints 
on those elements and their interactions� Design is 
concerned with the modularization and detailed inter-
faces of the design elements, their algorithms and proce-
dures, and the data types needed to support the architec-
ture and to satisfy the requirements.� �[24] 

� Software Architecture is �concerned with issues ... be-
yond the algorithms and data structures of the computa-
tion.� �[16] 

� �Architecture � is specifically not about � details of 
implementations (e.g., algorithms and data structures.) 
� Architectural design involves a richer collection of 
abstractions than is typically provided by OOD.� �[23] 

� �Architecture � Design? � Design is an activity. Archi-
tecture, or architectural design, is design at a higher 
level of abstraction.� �[18] 

� Architecture focuses on the externally visible properties 
of software �components.� �[2] 

In suggesting typical �architectures� and �architectural 
styles�, existing definitions consist of examples and offer 
anecdotes rather then provide unambiguous, clear notions.  

In practice, the terms �architecture�, �design� and �im-
plementation� appear to connote varying degrees of ab-
straction in the continuum between complete details (�im-
plementation�), few details (�design�), and the highest form 
of abstraction (�architecture�). But the amount of detail 
alone is insufficient to characterize the differences, because 
architecture and design documents often contain informa-
tion that is not explicit in the implementation (e.g., design 
constraints, standards, performance goals) and therefore 
they cannot result from mere omission of detail. Thus, we 
would expect a distinction to be qualitative and not merely 
quantitative. A clear distinction has remained elusive and 
this lack of distinction is the cause of much muddy think-
ing, imprecise communication, and wasted, overlapping 
effort. 

As a result, architecture is often used as a mere syno-
nym for design. For example, the �Siemens� catalogue �[4] 



 

defines �architectural patterns� that are in par with what the 
�Gang of Four� �[14] call �design patterns�. 

Confusion also stems from the use of the same specifica-
tion language for both architectural and design specifica-
tions. For example, the Software Engineering Institute 
(SEI) classifies UML �[3] as an architectural description 
language �[30], and it has become the industry de facto stan-
dard ADL, although UML was specifically designed to 
manifest detailed design decisions (and this is its most 
common use). 

Confusion also exists with respect to the artifacts of de-
sign and implementation. UML class diagrams �[3], for in-
stance, are a prototypical artifact of the design phase. None-
theless, class diagrams may accumulate enough detail to 
allow code generation of very detailed programs, an ap-
proach that is promoted by CASE tools such as Rational 
Rosefi �[28] and System Architectfi �[25]. Using the same 
specification language further blurs the distinction between 
artifacts of the design (class diagrams) from the implemen-
tation (source code.) 

Intended contribution. Why are we interested in such dis-
tinctions? Naturally, a well-defined language improves our 
understanding of the subject matter. With time, terms that 
are used interchangeably lose their meaning and end up as 
mere platitudes, resulting inevitably in ambiguous descrip-
tions given by developers, and significant effort is wasted 
in discussions of the form �by design I mean� and by ar-
chitecture I mean�� The formal ontology we provide can 
serve as the ultimate reference point for these discussions. 

The contribution of this paper is to provide insight on 
the largely informal dialectic by appealing to both intuition 
and to formal ontology. By putting these terms on a solid 
footing not only do we disambiguate the progressively 
murky discourse in �architectural specifications� but pro-
vide a foundation for formal reasoning and analysis, as well 
as a firm foundation for informal �chalk-talk� discussions. 
Finally, tools supporting design and architectural specifica-
tions, where intuitive perceptions are insufficient, will 
benefit by accurately defining this distinction. 

Many of the required definitions were rendered informal 
and the proofs were omitted in this version of our work. 
The interested reader can find the complete definitions in 
�[12], and additional details on the design models formalism 
can be found in �[9]. Instead, we argue our points with in-
formal illustrations and discussions. 

1.1 The Intension/Locality Thesis 

To elucidate the relationship between architecture, de-
sign, and implementation, we distinguish at least two sepa-
rate interpretations for abstraction in our context: 

� Intensional (vs. extensional) specifications are �ab-
stract� in the sense that they can be formally character-
ized by the use of logic variables that range over an un-
bounded domain; 

� Non-local (vs. local) specifications are �abstract� in the 
sense that they pervade all parts of the system (as op-
posed to being limited to some part thereof).  

Both of these interpretations contribute to the distinction 
among architecture, design, and implementation, summa-
rized as the Intension/Locality thesis: 

(i) Architectural specifications are intensional and 
non-local; 

(ii) Design specifications are intensional but local; 
and 

(iii) Implementation specifications are both extensional 
and local. 

Table 1. The Intension/Locality Thesis 
Architecture Intensional  Non-local  
Design Intensional Local 
Implementation Extensional Local 

1.2 Structure of This Paper 

The intension/locality thesis can be understood correctly 
only in the context of the ontology provided below. In Sec-
tion �2 we define design models, which are crucial to the 
remainder of our discussion. Design models are abstrac-
tions which allow a formal �meaning� assigned to pro-
grams, also called �denotation�. This formalism allows us 
to determine whether a specification is �satisfied� by a pro-
gram. In Section �3, we formally define the Intension crite-
rion and the Locality criterion. We distinguish our interpre-
tation for �intensionality� from the accepted usage, as we 
define it in terms of design models. 

Sections �4, �5, and �6, provide case studies in applying the 
Intension and Locality criteria using our formal ontology. 
In Section �4 we demonstrate that implementations in any 
programming language, including generics and C++ tem-
plates are extensional and local. In Section �5 we show that 
design patterns, such as the Factory Method, and design 
specifications, such as the Enterprise JavaBeans� and 
Java� Swing�s MVC, are intensional and local. In Section 
�6 we demonstrate that architectural styles such as Pipes and 
Filters and Layered Architecture are intensional and non-
local, and so is the Law of Demeter. 

In Section �7, we discuss some of the ramifications of our 
criteria. The discussion of UML class diagrams in Section 
�7.2 reveals that class diagrams have a separate place in the 
hierarchy of abstractions we describe. Section �8 summa-
rizes the contributions of this paper. 



 

2. Setting the scene 

In this section, we illustrate the formal ontology that un-
derlies our discussion. This ontology is based on giving an 
abstract “meaning”  to programs using design models. 

2.1 Design models 

Turing and random-access machines provide robust 
computational models that are primarily suitable for reason-
ing about algorithms. Other computational models and for-
malisms (e.g., Petri nets, statecharts, and temporal logic) 
facilitate reasoning about certain behavioral properties. 

The discussion in architectural and design specifications, 
however, involves reasoning on constructs such as classes, 
methods, and function calls. Most other formalisms incor-
porate too much implementation detail and do not allow a 
discussion in the appropriate level of abstraction. As we 
seek to establish the relation between architectural or de-
sign specifications and implementations, we base our dis-
cussion on a different formalism, one which abstracts pro-
grams to a more convenient representation. 

Eden and Hirshfeld �[11] demonstrate how to model 
source code as design models, which are first order, finite 
structures in mathematical logic �[1]. We designate a design 

model � � (defined formally in �[11] and �[12]) to consist of 
a set of atoms and a set of relations among those atoms.  

Table 2 depicts a detailed example of a trivial Java™ 
program and a design model that represents it. As this ex-
ample demonstrates, an object-oriented program is ab-
stracted to a collection of classes and methods (also rou-
tines or function members) and their relations. Atoms repre-
sent classes and methods that were defined in the program, 
such as the class Decor at or  and the method 
Decor at or . Dr aw. Relations represent their correlations, 
such as   

� � � � � � � � Bor der Dec or at or 	Dec or at or 
 �
 

 
 (1)

Note that design models are abstractions which were 
made to reflect certain structural aspects of computer pro-
grams that are relevant to the discussion in software design 
theory. Obviously, this representation limits the type of 
reasoning we may perform to properties that are relevant to 
the discussion in classes, methods, and their interdependen-
cies, as opposed to the discussion in dynamic properties 
such as fairness and complexity. 

2.2 Specifications and instances 

In this subsection, we discuss specifications and pro-
grams, and how the two correlate. We make some reason-
able assumptions on the languages used to write specifica-
tions. 

Let us designate � � � �  as the set of formal languages of 
any order �[1]. Let � � � � �  designate the set of all expres-
sions made in some language in � � � � . A specification is 
an element of � � � � � .  

� � � �  includes familiar specification languages such as 
�  �[32], as demonstrated in formulas (5.1) and (5.2), and 
LePUS �[8], as demonstrated in formula (4). � � � �  also 
includes programming languages such as Eiffel, ANSI C, 
C++, and Java™. Naturally � � � �  is not restricted to 
known programming or specification languages. 

A specification is only useful if we can determine 
whether it is “satisfied”  or not. Having chosen design mod-
els as our semantics we wish to ask: Does this program sat-
isfy our specification? To answer this question, consider for 
example the following trivial design specification:  

� � � � � � � � � 	 
 
 �
 

 (2)

Expression (2) contains two free variables � , 
 . We say 
that it can be satisfied by any pair of atoms that belong to 
the relation � � � � � � � . For example, from expression (1) we 
conclude that the pair � Bor der Decor at or 	Decor at or �  
satisfies expression (2).  

Thus, we say that the pair of atoms 
� Bor der Decor at or 	Decor at or �  is an instance of (2), 
and that the design model depicted in Table 2 satisfies ex-

Table 2. A Java™ program and its denotation 
(adapted from �[9].) 

abst r act  c l ass Decor at or  {  
   publ i c voi d Dr aw( ) ;  
}  
c l ass Bor der Decor at or  ext ends Decor at or  {  
   publ i c voi d Dr aw( )  {   
      Decor at or . Dr aw( ) ;  
   }  
   pr i vat e i nt  Bor der Wi dt h;  
}  

The design model of this program consists of the following: 
Atoms: 

“class”  atoms: � Decor at or , Bor der Decor at or , i nt , 
voi d� � � “Method”  atoms: � Bor der Decor at or . Dr aw, 
Decor at or . Dr aw �  

Relations: 
� � � � � � � � � Decor at or 
 �

� � � � � � � Decor at or . Dr aw, Decor at or 
 �

� � � � � � � Bor der Decor at or . Dr aw, Bor der Decor at or 
 �

� � � � � � � � Bor der Decor at or , Decor at or 
 �

� � � � � � � � � � Bor der Decor at or , i nt 
 �

� � � � � � � Bor der Decor at or . Dr aw, Decor at or . Dr aw
 �

� � � � � � � 
 � � � Decor at or . Dr aw, voi d
 �

� � � � � � � 
 � � � Bor der Decor at or . Dr aw, voi d
  


