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Abstract

A detailed case study in the representation of the STATE design pattern [1] servesusin
providing an intuitive introduction to LePUS — a symbolic logic language for the specifi-
cation of recurring motifs in object oriented architectures. LePUS constructs express ac-
curately and concisely fundamental elements of O-O architecture, such as inheritance-
class-hierarchies, and correlations, such as isomorphisms between methods, classes, and
hierarchies. Employing both the graphic and textual versions of our specification lan-
guage, we explain in detail the formal representation of the STATE pattern and of a sam-
ple implementation thereof. We supply three examples for the utility of LePUS: Tool sup-
port, validation of pattern satisfaction, and refinement relation between patterns.

Index terms: Object oriented design, design patterns, formal methods, software architecture

1. Introduction

Patterns of design and architecture (e.g., the ones described in [1, 2]) include descriptions of re-
curring motifs in object oriented software architecture as solutions to common design concerns.
While the abstractions described have proved to be highly useful in constructive setups and as
educational material, their informal descriptions yield confusion ambiguities. Research focused
in delivering an adequate representation language for the abstractions described, reviewed in sec-
tion 1.1, has only been partially successful, failing mainly in delivering a sufficiently expressive,
formal language, which successfully captures the constructs and correlations amongst them.

LePUS [3] is a higher order monadic logic [4] language for the specification of recurring motifs"
in object-oriented architecture. Despite being highly restrictive on their structure, LePUS (Lan-
guagE for Pattern Uniform Specification) expressions convey succinctly and accurately patterns
of object oriented architecture, as demonstrated in the formal specification of thereof as given in
[3, 5].
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- mo-tif (myatf") n. 1.a. A recurrent thematic element in an artistic or literary work. b. A dominant
theme or central idea. 2. ... 3. A repeated figure or design in architecture or decoration. (The American
Heritage Dictionary, Houghton Mifflin Company, €lectronic edition.
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An OOP program satisfies the LePUS formula Mif it conforms
to the constraints Mimposes on the relations between static con-
base structs in the program. For instance, every O-O system that con-
tains at least two classes, where one class inherits from the other,
satisfiesthe trivial formula

derived

Diagram 1. LePUS graphic
version of Formula |

derived,bases C: Inherits(derived,base) Formulal
which declares derived and base as ground variables of type class.

LePUS is unique, however, in providing succinct and powerful expressions representing more
elaborated relations, such as isomor phisms, and constructs of special interest, such as class hier-
archies. The discussion in section 3 includes a description of these and other features of the lan-
guage.

Most LePUS expressions can also be depicted in the graphic version of the language. For exam-
ple, Formulal is equivalent to Diagram 1.

We hereby demonstrate LePUS modeling using a detailed case study of the STATE design pattern
[1]. Section 2 quotes the original description of the pattern [1] and a sample implementation
thereof. Section 3 described the formal model of the sample implementation, and explains the
principles behind the representation of the STATE pattern using both the graphic and the textua
version of LePUS.

Since this article serves as an intuitive introduction to LePUS and not a complete overview
thereof (which is available from [3]), the Appendix contains only a minimal number of formal
definitions.

1.1 Related Work
This section reviews publications that are related to our work.

The LayOM [6] extends the classic object model with the concepts of states and layers to sup-
port the specification of patterns. Similarly, Alencar, Cowan and Lucena [7] propose an envi-
ronment that comprises “ Abstract Data Views’ and “ Abstract Data Objects’ (ADV/ADO), speci-
fied in a specialized “ scheme” language. The mapping of the fundamental constructs of both spe-
cialized models onto those of common OOPL s is much elaborated and not language independent.
Klarlund, Koistinen and Schwartzbach [8] present a specialized language of parse trees, CDL,
that can be used to validate design constraints. CDL formulae are proposed to express constraints
over the behavior and relations of collaborators in a design pattern in terms of the language by
which they are implemented. CDL create a direct connection to the implementation language for
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each specification rather to the general concept, and do not provide insight on the general speci-
fication of a pattern, nor cannot account for it. Neither of the above mentioned works demon-
strates wide applicability to design patterns, nor do they provide a well-defined and complete
specification of the representation language.

Helm, Holland and Gangopadhyay [9] defined @Contracts®, an extension to 1st order logic with
representations for function calls, assignments, and an ordering relation between them. The 2be-
havioral compositions® described do not address structural relations, which are a fundamental
part of design patterns and the resulting specifications are detailed and elaborated as well. Fur-
thermore, the language does not seem to provide means to account for relations between patterns.
Finally, the dynamic specification provided by Contracts need be verified dynamically, thereby
is unsuitable for the implementation and recognition of patterns.

Lauder and Kent [10] propose constraint diagrams as a visual specification language for design
patterns. Indeed, constraint diagrams incorporate quantifiers over first order sets, as demon-
strated to be one of the fundamental abstractions required. The article, however, does not account
for sets of higher order, which are portrayed in many patterns. Furthermore, the construct pro-
vided by constraint diagrams are of an abstraction level that istoo low for the specification of de-
sign patterns, and the specification of each pattern requires several diagrams and numerous sym-
bols. Finally, Lauder et. al do not recognize the abstractions we observed or reflect them in their
specification'.

Florijn, Meijers, and van Winsen [11] propose tool support for the application of design patterns,
which represents them using the 2Fragments Model®, described in detail by [12]. A 2fragment® is
in fact a semantic net, or a graph with labeled arcs, whose nodes stand for the participants, and
the arcs describe the node’s role in the pattern. Each fragment, however, represents not a "true"
pattern but only a version thereof. Every fragment specifies the number of its participants (e.g.,
one 2observer® and two 2concrete observer®), and therefore does not provide an adequate ab-
straction. Finally, the model does not suggest any means for reasoning about patterns, their rela-
tionships, and so forth.

Mikkonen [13] demonstrates the use of a symbolic logic language, DisCo, which appears to be
an extension of first order predicate calculus (the language is not defined in the article), in repre-
senting the structure and behavior of patterns. The article demonstrates the specification of rela-
tions between records (designated @classes®), such as extension, and predicates on the precondi-
tions and results of procedures (which can serve as multimethods). The article, however, does not
demonstrate sufficient constructs that can account for the structure of the behavior of patterns,
nor does it provide insights on their specifications. The lack of a definition of the language pro-
posed also leaves open basic questions regarding the expressiveness of the language.

Allen and Garlan [14] describe a structured extension to a subset of Hoar’s algebra: CSP, which
can be used to rigorously account for the interactions between components in various architec-
tures (e.g., pipes and filters, client-server). This language, however, supports the description of
the dynamic behavior of agents in programs structured in conformance to a particular architec-
ture, and cannot account for the static composition of such programs, in particular those written
by object-oriented principles.

The tools supporting the application of design patterns proposed by Eden, Gil and Y ehudai [15],
by Pal [16], by Budinsky, Finnie, Vlissides, and Yu [17], and by Quintessoft Inc. [18] are re-

"It isworth noting also that the pattern which is depicted in the sample role diagram [Lauder and Kent 98] isthe
FAcTORY-METHOD pattern and not the ABSTRACT FACTORY as the authors claim.
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viewed in [19] and their shortcomings are discussed. PSiGene [20] is a similar tool whose au-
thors did not produce an explicit representation for patterns.

2. The STATE Pattern
Table 1 quotes the original definition of the solution of the STATE design pattern [1]:

Participants
Context
i definestheinterface of interest to clients
i maintains an instance of a ConcreteState subclass that defines the current state
State

defines an interface for encapsulating the behavior associated with a particular
state of the Context

ConcreteState
each subclass implements a behavior associated with a state of the Context

Collaborations

i Context delegates state-specific requests to the current ConcreteState object
i A context may passitself as an argument to the State object handling the request.

i Either Context or the ConcreteState subclasses can decide which state succeeds
another and under what circumstances

Structure
state
Context p State
Request() 9 Handle(}
|
1
l * _____
state-=Handle() |
ConcreteStateA ConcreteStateB
Handle() Handie!)

Table 1: The STATE pattern [1]

Sample Implementation of the STATE

To demonstrate its use, the authors included a detailed implementation of the pattern in the C++
programming language, extracts thereof appear in Table 2:




struct TCPConnection {
void ActiveOpen() { _state->ActiveQpen(this); }
void C ose() { _state->Close(this); }
private:
TCPSt at e* _stat e;
s

struct TCPState {
virtual void ActiveOpen(TCPConnection*) {}
virtual void C ose(TCPConnection*) {}

b

struct TCPEstablished : TCPState {
static TCPState * | nstance();
virtual void C ose(TCPConnection*) {
/1 send FIN, receive ACK of FIN
ChangeState(t, TCPListen::Ilnstance());

b

struct TCPCl osed : TCPState {
static TCPState * |nstance();
virtual void ActiveOpen(TCPConnection* t) {
/1 send SYN, receive SYN, ACK, etc.
ChangeState(t, TCPEstablished::|nstance());
}
1

Table 2: C++ implementation of the STATE pattern [1]

The same example is depicted graphically in an OMT [21] class diagram, shown in Figure 1.

. slate
TCPConnection s ol TCPState
Open() O------ I Ooan(|
Closal) | Closef)
Acknowladgea() i Acknowledge()
1
T
I
i
' |
state—=Open() B
TCPEstablishad TCPListen TCPClosed
Open() Crpani) Qpen(}
Closel) Closel) Closea()
Acknowladge() Acknowledge() Acknowiedge()

Figure1: OMT [21] diagram of the STATE implementation as listed in Table 2

3. LePUS




This section introduced LePUS through the formalization of the STATE pattern and its sample im-
plementation provided by its authors.

3.1 Models
In this section we explain how the sample implementation of section 2 is modeled in LePUS.

For our purposes we assume that a program (or a class library of interest) is represented as an ob-
ject oriented structure or model: a collection of ground entities (atoms), namely classes and
methods, and relations among them. A structure that arises from program p shall contain the
classes and methods that are defined in p and an abstraction of the 2relevant® relations thereof.
These relations may result from an explicit declaration in the program or have some implicit
form, most often including unary relations, such as 2c is a class®, 2f is abstract®, and the binary
relations 2c; inherits from c,°, 2f is defined in c°, 2c is the first argument of f°, and other rela-
tions as necessary.

Alternatively, amodel can be viewed as a classic relational database, which consists of elements
(classes and functions) and tables that correspond to the relations of our model.

To illustrate representation of a program in amodel, Table 3 lists the entities and relations in the
abstraction of the program listed in Table 2:

Entities (also atoms)
Classes (C)
i  TCPConnection
i TCPState
i  TCPEstablished
i TCPC osed
Methods (F)
i TCPConnecti on: : Acti veQpen
i  TCPConnection:: C ose
i TCPState::ActiveQpen
i TCPState::C ose
i  TCPEstablished:: Cl ose
i  TCPEstablished::Instance
i  TCPd osed: : ActiveQOpen
i  TCPO osed: : | nstance
Relations (R)
i Reference-To-Sngle(TCPConnect i on, TCPSt at e)
i Inheritance(TCPEst abl i shed, TCPSt at )
i Inheritance(TCPC osed, TCPSt at €)
i Forwarding(TCPConnecti on: : Acti veOpen,TCPSt at e: : Acti veOpen)
i Forwarding(TCPConnecti on: : Cl ose, TCPSt at e: : Cl ose)
i Invocation(TCPEst abl i shed: : O ose, TCPLi st en: : | nst ance)
i Invocation(TCPCl osed: : Acti veOpen,TCPEst abl i shed: : | nst ance)
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Table 3: Moddl listing for the STATE sample code

We designate the set of the ground entities that are classes as C, the set of the ground entities that
are functions by F, and the set of relations among them as R. Both F and C are referred to as
types or domains with respect to the variables and relations in LePUS.

3.2 Formulae

Each LePUS formula imposes constraints on conforming programs by putting forth alist of static
constructs and the relationships imposed on them. To use the GoF [1] terminology, LePUS for-
mulae enumerate the pattern's participants and collaborations.

Thus, the elements of a formula in LePUS consist of variables and relations, which correspond
to the participants and collaborators respectively. In the case of the STATE pattern, these take the
following form of Formulall:

Context C Statess H, Requests-Handles 2F , Requests-Impe 227 Formulall

Reference-To-Single  (Context, ates) §
Forwarding (Reguests-Handle, Requests-1mp) §
Tribe(Requests-Handle, Context) §
Tribe(Requests-I mp, Sates)

Equivalently, Formulall takes a graphic form as depicted in Diagram 2:

Requests-Imp
Requests-Handle

context

Diagram 2: LePUSdiagram of the STATE pattern

The key to the graphical icons used hereis given in Figure 2 in the Appendix.

Below we describe in detail each element in Formulall and its equivalent graphical depiction:

Variables

The patterns participants are represented as (existentially qualified) variables, asfollows:

i The Context classis represented as a class variable (depicted as a rectangle), whose type
(class) isindicated by the declaration

Contexte C

A variable that stands for a single entity (either class variable or method-variable) is
designated ground variable.



i Setvariables represent sets of uniform typein LePUS. Requests-Handle represent a set
that contains any number of methods (depicted as a shaded ellipse) whose type (methods)
and "dimension" (set of ground elements) are indicated by the declaration

Requests-Handlee 2F
The relation between methods and classes isindicated by atribe relation (see below).

i Reguests-Imp isyet another set variable, but of a higher "dimension" (Definition I1), rep-

resenting a set of sets, asindicated by the declaration
Requests-Impe 227

i Ahierarchy variable represents a set of classes that contains an abstract root class and
any number of leaf classesthat inherit from it. The formal definition of ahierarchy is
given in the Appendix. Thus, the participants State and ConcreteState (Table 1) are
jointly represented by the hierarchy variable States (depicted as arectangle), whose type
isindicated by the declaration

Satese H

Relations

Collaborations amongst the participants are specified using relations, defined on the variables
that were declared above:

i The predicate
Reference-To-Sngle (Context, Sates)

(depicted by an arc with adiamond on its left end) indicates that the Context class
defines areference (a pointer) of type root of the States hierarchy. Since the relation
involves a hierarchy rather than aground variable, it is qualified as a hierarchy-total
relation (Definition 1V), indicated by the adornment o +.

i The set of methods Requests-Handle is defined in the Context class, which isindicated
by the tribe relation

Tribe(Requests-Handl e, Context)

(represented by the superimposition of the Requests-Handle shaded ellipse on the
Context). Tribe (see Definition V) relation here is a syntactic sugar for indicating that all
the element in the methods-set are defined in the same class.

i Toexplain the relation between the Requests-Imp and the Sates hierarchy, we introduce
the term clan:

To alow dynamic binding between a set of methods, they all must share the same
signature, and each one need be defined in a different class of the States hierarchy. In
other words, one may say that the Defined-In relation forms an isomor phism between a
clan and the classes in ahierarchy. Open (Figure 1) is one example for aclan, and so are
C ose and Acknow edge.

A tribe would be a set of clans that share a particular hierarchy. Thus, the predicate
Tribe(Requests-Imp, Sate)
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(represented by superimposing the shaded ellipse of Requests-Imp on Sate) implies that
Requests-Imp is a set of any number of method-sets, each of whichisaclan in Sate.

i Itissaidthat the Context object "delegates state-specific requests to the current
ConcreteState object” (Table 1). Thisimplies that each method in Requests-Handle
"forwards' its actual arguments to a method defined in the States with the same name
and arguments, respectively.

If only two methods were involved, the expression of a Forwarding relation would have
been a straight-forward predicate, e.g.,

Forwarding(f,,f,)
which isaground relation.

In this case, however, the arguments of this relation are sets of methods, such that every
method in Requests-Handle forwards to a separate clan (that is, a methods-set) in
Requests-Imp. Thus the Forwarding relation forms an isomorphism (Definition V)
between the two sets, as indicated by the adornment |, giving the predicate

Forwarding (Reguests-Handle, Requests-1mp)

(depicted as athick arrow with acircle on its | eft).

This concludes our description of LePUS through the annotated specification of the STATE pat-
tern. Sets, hierarchies, clans, and tribes, as well as isomorphisms, occur amost in every design
patterns of the GoF book [1] and in every system that follows the principles of OOP. Additional
sample specification can be found in [3, 22, 23].

4.  Applications

In this section we discuss three examples of the implications of delivering a formal representa-
tion for motifsin an existing system, all demonstrated using Formulall.

4.1 Validation

Members of the patterns community find a difficulty to agree whether a particular piece of code
follows a specific pattern. A formal representation of the pattern by a LePUS formula and of the
program as a model can resolve this question, designated as validation problem, by turning it into
aquestion of aformula satisfaction.

Validation can be demonstrated by the unification of the model listed in Table 3 (representing
the sample implementation of the STATE in Table 2) with the pattern’s representation in Formula
Il. The proof follows trivially by following the authors' original intention, namely, by unifying
TCPConnect i on with Context, TCPSt at e with the root of the State and TCPEst abl i shed,
TCPO osed with its leaves, and the respective Acti veOpen and C ose with the two sets of
methods.

Validation as can be automated, as demonstrated in section 4.3.

4.2 Refinement



Various kinds of relationships between design patterns were discussed in severa publications. Of
particular interest is refinement, or specialization, meaning that one pattern is a specia case of
another. For instance, Kim and Benner [24] discuss variations of the OBSERVER [1] pattern,
Rohnert [25] discuss variations of the PRoxY [1], and Cargill [26] describes three patterns, each
of which is further 2refined® to several others. The significance of resolving the question of re-
finement is demonstrated by the debate reported in [27] and in [28], where the authors of the
OBSERVER pattern [1] could not agree among themselves whether another isindeed a special case
thereof.

Definition | of the refinement relation demonstrates another useful aspect of LePUS, asiit allows
us to harness the full expressive power of predicate calculus to establish this relation:

Definition |; Refinement

Given two formulae M, | , we say that Mrefines| iff Mo 1.

The specification of the STATE pattern states that @A context may pass itself as an argument to the
Sate object handling the request® (Table 1). This variation is easily achieved by adding the fol-
lowing predicates to Formulall:

First-Argument (Requests-Handle, Context)
First-Argument (Requests-Imp, Context)

thereby giving a different formula. Since the new formulais a conjunct on Formula Il with two
additional clauses, it clearly refinesit.

4.3 Tool Support

An important way to prove the utility of LePUS is by demonstrating the contribution to tool sup-
port in pattern related activities, which was very straightforward thanks to the affinity between
HOML specifications and the PROLOG programming language.

Table 4 lists the PROLOG implementation of the STATE pattern as specified in Formula Il. Note
that the transcription to PROLOG program text (using a statically typed, object-oriented version
of the language [29]) yields ailmost an identical wording, due to the affinity of LePUS to sym-
bolic logic..

state(hierarchy _structure (State root, State Leaves),
Cont ext
Request s- Handl e,
Request s-inmp) -
Tri be( Request sHandl e, Cont ext),
Tri be(Requestslnp, hierarchy structure(State root, State_ Leaves),
i sonor phi c(forwardi ng, RequestsHandl e, Requestslnp),
h_total (reference2singl e,
Cont ext
hi erarchy_structure(State root, State_Leaves).

Table 4: PROLOG specification of the Sate pattern

To summarize its contribution, the prototype of the tool whose segment appears in Table 4 sup-
ports several activities that can be described as follows, depending on the predicated the five ar-
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guments of the st at e predicate (St at e_r oot , St at e_Leaves, Cont ext , Request s- Handl e,
and Request s- i np) follow:

5.

Validation: If the five arguments provided satisfy the four conditions that follow the im-
plication symbol : - , the predicate returns true, thereby acknowledging their satisfaction.

Recognition: If any of the actual argumentsis avariable, thereby interpreted as a query,
the program searched for the presence of (an instance of) a pattern in agiven model by
performing a search for f act s database in PROLOG, and delivers all possible matches.
For this purpose we employ another aspect of PROLOG — execution of a query with
variables rather than atoms, where a variable as an actual argument isinterpreted asare-
quest to match all elements of the database that satisfy the rule that may successfully re-
place this variable through unification.

Application: If the above PROLOG predicate is linked with the Assertions library, its
execution 2forces® the actual arguments to satisfy the four conditions by creating either
new classes or new relations.

Conclusions

LePUS can be used to specify concisely and precisely predominant motifs in O-O architecture.
The language gives rise to abstractions that are organic to O-O architecture, yet they were not
recognized as such. LePUS can be used to state properties of programs which can be easily trans-
lated into executable predicates in an executable form, thereby allowing the automated verifica-
tion thereof. Finally, because its statements are phrased in symbolic logic, it allows us to harness
predicate calculus and proof theory to establish properties and rel ations between specifications.
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Appendix

Definition |1 Dimension

The dimension of an entity is defined inductively:

Ground entities have dimension O

A set of entities of dimension d and a uniform type is an entity of dimension d+1
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Definition 111: Hierarchy

A hierarchy variable represents a set of ground classes that constitutes a ground class h? ("root")
and a set of remaining elements hy (“leaves"), that conform to the following conditions:

i. Inheritance” (hl,h?)
ii. Abstract(h’)

We require that such h° classis uniquein h.

Definition IV: H-total generalization

The H-total generalization of abinary ground relation E isarelation E  with the following in-
dication, depending on its arguments:

E (V,h E (V,root(h))
E (hV) E (Nodes(h),V)
E (hyh) E (Nodes(h,),root(h,))

where h, hy, and h, are hierarchy variables, V isany variable.

Definition V: Set Relations

The following set relations are admitted:

unary D(V) ve V:D(V)
total E (VW) ve V. we W:E(V,w)
isomorphic E (V,W) E isaninvertible function (1:1 and onto) from V to W

Definition VI: Tribes and Clans

F** (amethod of dimension d+1) isatribein C* (aclass of dimension d) iff every method
F% F*!isaclanin C% where

Clan(F'C" Defined-In (FY,CH3[ F*'F%e F: Same-Sgnature (F**F&)]

1 2 1 2

Note that in thetrivial case where d=0, Tribe(F,c) simply means that F is a set of methods de-
finedinc.
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Variables: Relations:

S S Reference-To-
. . Sngle
. function-variable
class-variable Reference-To-
< ¢ Many
e Invocation
class-set function-set

. Forwarding

Generalizations:

(thick line)
Regular relation

=

Figure 2: Thefull set of graphic synonyms for predominant relations. The direction of the binary relation
edgesis|eft to right
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