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Design patterns help us to respond to the challenges faced while developing Distributed Object Computing (DOC) applica-
tions by shifting developers’ focus to high-level design concerns, rather than platform specific details. However, due to the
inherent ambiguity of the existing textual and graphical descriptions of the design patterns, users are faced with difficulties
in understanding when and how to use them. Since design patterns are seldom used in isolation but are usually combined to
solve complex problems, the above-mentioned difficulties have even worsened. The formal specification of design patterns
and their combination is not meant to replace the existing means of describing patterns, but to complement them in order
to achieve accuracy and to allow rigorous reasoning about them. The main problem of the existing formal specification
languages for design patterns is the lack of completeness. This is mainly because they tend to focus on specifying either the
structural or behavioral aspects of design patterns but not both of them. Moreover, none of them even ventured in specifying
DOC patterns and pattern combinations. We propose a simple yet Balanced Pattern Specification Language (BPSL) aimed
to achieve equilibrium by specifying both the aspects of design patterns. The language combines two subsets of logic: one
from the First-Order Logic (FOL) and the other from the Temporal Logic of Actions (TLA).

Keywords: Balanced Pattern Specification Language (BPSL), First-Order Logic (FOL), Temporal Logic of Actions (TLA),
substitution, addition, elimination

1. Introduction paper. Since patterns have been extensively tested and

used in many development efforts, reusing them yields
Advances in network technology have shifted the soft- better quality software within reduced time frame. Pat-
ware development from stand-alone to Distributed Object terns help capture and reuse the static structure and dy-
Computing (DOC) in order to take advantage of their in- namic collaborations of key participants in software de-
herent benefits such as resource sharing, openness, cosign. When inter-related patterns are put together, they
currency, scalability, fault tolerance and transparency. Inform a “pattern languagg which defines a vocabulary
the remainder of this paper, distributed applications and for dealing with software problems, and provide a pro-
DOC applications will be used interchangeably as Object- cess for orderly resolution of these problems. In recent
Oriented (OO) technology has become a standard in allyears, it has become clear that patterns and pattern lan-
kinds of software development. Despite the benefits theyguages help alleviate problems encountered in develop-
offer, distributed applications are harder to develop than ing distributed applications. When used properly, patterns
stand-alone applications. Developers must properly ad-direct developers’ attention towards higher-level software
dress issues that are either not relevant or less problemati@pplications architecture and design concerns, rather than
for stand-alone applications such as service access configtowards low-level operating system and networking pro-
uration, event handling, concurrency and synchronization tocols and mechanisms.

(Schmidtet al, 2000). : .
Pioneer pattern writers needed an urgent means to
Design patterns are abstractions generated from valu-describe these cumulated experiences in order to allow de-
able experiences of developers in solving problems re-velopers to reuse them. A combination of textual descrip-
peatedly encountered within certain contexts. Design pat-tions, OO graphical modeling languages and sample code
terns and patterns are used interchangeably throughout théragments was, at that stage of pattern evolution, sufficient
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for conveying the essence of patterns. However, as soon We have developed a Balanced Pattern Specification
as the number of patterns had grown, and problems re-Language (BPSL) (Taibi and Ngo, 2002) that is meant to
quiring pattern combination had surfaced, users started toaccurately convey the essence of patterns in a balanced
realize that informal (textual and graphical) descriptions way. The BPSL was inspired by our views of why and
can be ambiguous, imprecise and sometimes misleadinghow patterns should be formalized (Taibi and Ngo, 2001).
in understanding and applying patterns. Unsettled debatedNVe believe that integrating the formal specification of
were initiated among users and even pattern writers them-structural and behavioral aspects of patterns in one speci-
selves about various aspects of patterns (Vlissides, 1997afication language would help formally specify patterns in
1997b). Thus, the wide dissemination of patterns in sucha balanced way. This has led to make the BPSL develop
cases depends upon the expressive ability of pattern writ-from both First Order Logic (FOL) to specify the struc-
ers. Also, an ambiguous specification can lead to incorrecttural aspect, and the Temporal Logic of Actions (TLA) to
usage of the pattern. Informal specifications make it dif- specify the behavioral aspect. Moreover, since patterns
ficult (or sometimes impossible) to accurately answer the are seldom used in isolation, but most of the time are
following questions: Is one pattern the same as anothercombined in order to solve complex problems, we have
(duplication)? Is one pattern obtained from a minor revi- successfully used the BPSL to formalize a pattern combi-
sion of another (refinement)? Are two patterns unrelated nation. Since the specification of the two aspects (struc-
(disjointness)? These features are also critical as new patiural and behavioral) of patterns were derived from two
terns are being discovered, discussed and debated aboutdifferent logics (FOL and TLA), it is obvious that spec-

Hence. there was a need for a formal means of ac-YiNg & pattern combination will be done separately for
curately describing patterns. The formal specification ©aCh aspect. In order to specify the structural part of the
of patterns is not meant to replace the existing informal cOmMbined pattern, the concept of F@Ubstitutions and
descriptions but rather to complement them in order to eliminationare applied. In order to specify the behavioral

achieve well-defined semantics and allow rigorous rea- Pt of the combined pattersubstitutions(full and par-

soning about patterns. The formal specification of pat- tial} and additionsare applied_ to temporal relati_ons and
ctions. All the above-mentioned concepts will be de-

terns can help pattern users decide which pattern(s) is (arefl

more appropriate to solve a given design problem within [@iled in Section 3.1. We found that any significant be-
a context. It can help formalize pattern combination. Fi- havioral aspect of the underlying patterns has an impact

nally, it can facilitate tool support for pattern usage, e.g., ©n the specification of the structural aspect of the com-
by finding instances of patterns in programs and by fine- bined pattern. This indeed shows the synergy that exists
tuning them to meet pattern specifications (Eden and Hir- between the two complementary aspects of a pattern.

shfeld, 2001) that are stored in the so-called pattern repos- ~ The rest of the paper is organized as follows. Sec-
itory. Another possibility is a tool to instantiate from a tion 2 gives a detailed description of the BPSL. Section 3

pattern specification, a possible implementation in a cho- describes how pattern combination is formally specified

sen programming language. using the BPSL. In Section 4 we apply the BPSL to for-

As the pattern field had matured, a number of for- mally specify theReac_torandI__ead_er/FoI_Iowers_archlte(_:-
tural patterns and their combination. Finally, in Section 5

mal specification languages (Chinnasaetyal, 1999) ; o
have emerged as a need to cope with the inherent Shortyve present work related to what is presented in this paper,

comings of textual and graphical descriptions. However, and we conclude the paper in Section 6.

since these specification languages originated from differ-

ent mathematical sources and incorporated different in-2. Balanced Pattern Specification Language
gredients, they reflect the way their authors perceived how (BPSL)

patterns should be formalized. Patterns have a structural

as well as behavioral aspect. Both the aspects are of equaPatterns differ in terms of their field of usage, the problem
importance for understanding the underlying semantics ofthey solve and its context. However, each pattern has a
any pattern, but the focus should always be on the pre-structural aspect and a behavioral aspect. In certain pat-
dominant aspect (if any). The main problem of the avail- terns the structural aspect is predominant while in others
able formal specification languages for patterns is the lackthe behavioral aspect is supreme. Hence, any formal spec-
of completeness. This is mainly because they either wereification that is claimed to completely describe patterns
not originally conceived to specify patterns and have beenshould incorporate the specification of both the structural
adapted to do so, or they tend to focus on specifying eitherand behavior aspects (Taibi and Ngo, 2001). Each pattern
the structural or the behavioral aspect of patterns, but notcan be seen from two complementary views: the struc-
both of them. Moreover, few of them attempted to formal- tural view and the behavioral view. However, the predom-
ize pattern combinations and none of them even venturedinant view should always be the focus. This principle is
on specifying the DOC patterns. not new, but comes directly from the very nature of OO
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systems. By a balance in BPSL we mean that the formal
specification of both the structural and behavioral aspects
of patterns should complement each other. As the BPSL
is aimed at describing patterns accurately and in a bal-
anced manner through a simple and concise notation, its
main target is pattern understandability, which can only be
achieved by understanding a pattern’s structural and be-
havioral aspects and how they complement each other. To
understand that, the predominant aspect can be made the
focus. Once this is achieved, users will be able to know
when and how to use a given pattern, which is crucial to
take full advantage of the inherent benefits of patterns.
The structural aspect of a pattern can be formalized
using a subset of First Order Logic (FOL), because the
relations between pattern participants can be easily ex-
pressed as predicates. For simplicity, the subset of the
FOL used focuses on variable and predicate symbols. The
behavioral aspect of a pattern can be formalized using a
subset of Temporal Logic of Actions (TLA) (Lamport,
1994), which is best suited to describe collective behavior,
i.e., how objects cooperate. The subset used focuses on
actions that change state variables (class attributes) and/or
associate or disassociate objects through temporal rela-

&Y

ered irreducible units. Untyped values are values of
variables of any type. They are used as a construct at
a higher level of abstraction as opposed to low level
programming language constructs. Untyped values
and objects are used as parameters to actions (see
Section 2.2).

. Relations express the way in which entities collab-

orate. They can be either permanent or temporal.
Once defined, permanent relations between entities
cannot be changed while temporal relations may
change throughout the execution of actions. The
BPSL defines a set of primary permanent relations
based on what other permanent relations can be built
(see Table 1).

. Actions are atomic units of execution, which can be

understood as multi-object methods used to embody
the behavioral aspect of patterns. Actions associate
and disassociate objects through temporal relations.

. Any newly defined entity or permanent relation must

by derived from primary entities angrimary per-
manent relations, respectively.

tions. The following are the building blocks of the BPSL. 2.1, Structural Aspect Specification

They reflect entities (participants) and relations (collabo-
rations) between them in a pattern:

The subset of FOL used to describe the structural as-

. _ pect of patterns comprises variable symbols, connectives
1. Classes, attributes, methods, objects, and untypedmainly ‘A’), quantifiers (mainly 3) and predicate sym-

values make therimary entities, which are consid-

bols acting upon variable symbols. The variable symbols

Table 1. Primary permanent relations and their intent.

Name Domain Intent ‘
Defined-in M x C | Indicates that a method is defined in a certain class.
A x C | Indicates that an attribute is defined in a certain class.
Reference-to-one| C x C | Indicates that one class defines a member whose type is a reference to one (many)
(-many) instance(s) of the second class.
Inheritance CxC Indicated that the first class inherits from the second.
Creation M x C | Indicates that a method contains an instruction that creates a new instance of a class.
C x C | Indicates that one of the methods of a class contains an instruction that creates| a new
instance of another class.
Invocation M x M | Indicates that the first method invokes the second method.
C x M | Indicates that a method of a class invokes a specific method of another class.
M x C | Indicates that a specific method of a class invokes a method of another class.
CxC Indicates that a method of a class invokes a method of another class.
Argument C x M | Indicates that a reference to a class is an argument of a method.
A x M | Indicates that an attribute is an argument of a method.
V x M | Indicates that an untyped value is an argument of a method.
Return-type C x M | Indicates that a method returns a reference to a class.
O x M | Indicates that a method returns an object.
Instance O x C | Indicates that an object is an instance of a certain class.
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represent classes, attributes, methods, objects and untyped  TR(o1, 02) means that an objecil of a classC'1
values, while the predicate symbols represent permanenis currently associated througfiR with an objecto2 of a
relations. classC2, while = TR (01, 02) signifies thatol and 02

The domain (set) oprimary entities that are classes, are nolonger associated throufR TR(o1, C'2) indicates
attributes, methods, objects, and untyped values isthat ol is associated with all instances (objects) of the
denoted respectively b, A, M, O, andV. Table 1 classC2.
depicts theprimary permanent relations, their domain An action consists of a list of parameters (object and
and their intent. These relations straightforwardly come untyped values), a precondition and a body. The body is
from object-oriented technology concepts. It is the a definition of or state change caused by the execution of
smallest set (in terms of the number of elements) on the action. For example, if we suppose that a cl@sbkas
top of which any other permanent relation can be built. = as an attribute, an actiod may be defined as follows:
For example, the permanent relatiGorwarding is a A(o,p) : 0.x # p — o.x’ = p, where o is an object of
special case ofnvocation where the actual arguments the classC, andp denotes an untyped value. The symbol
in the Invocationare the formal arguments defined for ‘' means ‘by definition’. The expression.z # p is the
the first method. This can be formally specified as fol- precondition under which the action can be executed and

lows: Forwarding(mq,ms) < Invocation(mq, ma) A o.x' = p is the body of the action. The precondition may

Argumentai,m1) A --- A Argumen(a,,mi) A contain a set of conjunctions and/or disjunctions while the
Argumen{a;,ms2) A --- A Argumenta,, ms), where action body may contain a set of conjunctions. Unprimed
my, me € M anday,...,a, € CUAUV,whichmeans and primed attributes refer to the values of attributes be-

that they can either be references to classes, attributes ofore and after the execution of the action, respectively.
untyped valuesPrimary permanent relations are general They define a state change caused by the execution of the
in the sense that they can be used to specify all patternsaction. Objects that participate in an action and untyped
Primary permanent relations can be easily extracted fromvalues are non-deterministically selected from those that
the structure of the patterns represented usually by aare suitable. For example, the above action is allowed for
Unified Modeling Language (UML) (Rambaugdt al, all objects havingo.z # p. Semantically, an action is a
1998) class diagram and the collaboration of the patternBoolean expression that is true or false with regard to a
participants represented by UML sequence diagrams. pair of states, with primed variables referring to the sec-
ond state. For example, the actioh defined earlier is
true for a pair of state$S, T') if and only if the value that
state S assigns tox is different from p and the value

For patterns that have a predominant behavioral aspectfhat stateT’ assigns taz is equal top.

it is necessary to understand how objects collaborate to Unlike permanent relations, temporal relations and
achieve the expected behavior. The subset of TLA usedactions are specific to each pattern and therefore have to
in the BPSL looks at a pattern as an action system (Backpe defined separately for each pattern. The system starts
and Kurki-Suonio, 1988) that can be regarded as an ab-in some initial state. As time elapses, actions are exe-
stract state machine consisting of state variables (class atcyted, changing the system state accordingly. Actions are
tributes) and a set of actions, where each action consists okglected for executionon-deterministicallythe only re-

a precondition and a body. Actions change state variablesstriction being that the precondition of an action must be
and/or associate and disassociate objects through temporye in order for the action to be executed. The execution

2.2. Behavioral Aspect Specification

ral relations. of an action isatomic meaning that once the execution
TLA deals with behaviorsr = (S, S1, ... ) defined has been started, it cannot be interrupted or interfered by
as an infinite sequence of states. Each sttes a col- other actions. The computational modelingerleaving

lection of values of state variables. A pair of consecutive thatis, only one action at a time is being executed. The in-
states(S;, S;+1) In a behavior is called a transition. A terleaving model is not a model of execution but a model
stuttering transition is the one in which the state variables of observation so as to facilitate the reasoning about the
do not change front; to S;, 1. behavioral aspect of the pattern.

A temporal relation can be defined as follows: The sequence of states describing the execution of
TR(C1[cardinality], C2[cardinality]), where TR is the an action is potentially infinite. The properties of a sys-
name of the temporal relatior;1 and C2 are classes, tem can be divided intsafetyandliveliness Informally,
and the cardinality represents the number of instances ofsafety means that nothing will go wrong with the system,
each class that participate in the relation. The cardinal- while liveliness means that some actions will be executed
ity can be represented as either a closed intefraln], indefinitely, i.e. there are no infinite stuttering transitions.
wheren and m represent any two positive integers, or as Safety can be guaranteed by ensuring that invariants are
[«] to describe any possible number of instances. true at all states of the system while liveliness is obtained
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by imposing an explicit fairness requirement. Marking an 3. Formally Specifying a Pattern
object with an asterisk *’ denotes a fairness requirement, Combination

stating that if an object can repeatedly participate in an
action, the action will be executed for the object. Component based software engineering focuses on build-

ing software systems by assembling previously developed
and well-tested or even formally validated components
(D’Souza and Wills, 1998), rather than developing the en-
tire system from scratch. This leads to an apparent reduc-
tion in the cost and effort. Moreover, it can help to reduce
the challenges faced while developing distributed applica-

2.3. Integrating the Structural and Behavioral Aspect
Specifications

A formula in the BPSL has the following form: tions. However, the assembly can lead to software failures
if it is not done with prior knowledge of the salient prop-

AiPR;(a;,b;) (Permanent relations) erties and invariants of each component (Cheesman and

Daniels, 2000). Patterns are special types of components

(@1, ... 2n): § AJTR;(cj, d;) (Temporal relations) offering a better understanding of the design assumptions,

trade-offs and implications of a component’s implementa-
tion. Since each pattern represents a well-tested abstrac-
tion that has an infinite number of instances (implemen-

ViAr(...)  (Actions),

where thePR;’s are permanent relation symbols, fig;’s tations), patterns are considered as building blocks from
are temporal relation symbols and th&;'s are action  which more reusable and changeable software designs can
symbols while z1,...,z, are variable symbols repre- pe built. Thus, if formalized, pattern combinations can

senting the pattern primary entities (classes, attributes,lead to ready-made architectures from which only instan-
methods, objects and untyped values). In the notationtiation is required to build robust implementations.
PR;(ai,b;), a; and b; could represent classes, attributes, In the previous section we were able to develop a
methods, objects or untyped values as in Table 1, while {4 |anguage to specify patterns. While this is an im-
in the notationl'R; (c;, d;), ¢; and d; represent classes. o tant milestone in achieving a better understanding and
The notationAy(...) means that actions can have any g ccessful usage of patterns, it is still considered insuf-
number of arguments that should be either objects or Un-figiant as patterns are seldom used in isolation. While
typed values. Any argument dfR;, TE; and A, IS geyeloping software, in most cases two or more patterns
a subset of{xy, ..., 2, }. The variablesey, ..., 2, are 56 tg he combined to solve a given problem within a con-
typed, and each represents an entity, as expected (See Segsy; | this sense patterns represent micro-architectures
tion 2.1). In all specifications, we follow a convention in o+ \hen glued together, form the whole software archi-
which only relations and actions start with a capital let- yoctyre. Hence, there is a need to achieve a second mile-

ter. The BPSL does not use two disjoint subsets of vari- gione by formally specifying a pattern combination which

ables, whereby the variables of the first subset participatejs harder to understand and use than individual patterns.

in permanent relations and those of the second participate o
The completenessof a component combination

in temporal relations and actions. Indeed, the variables : N .
N + participate in permanent and temporal rela- (sometimes called the composition) is usually defined by
1o I PATICIH P P two conditions (Dongt al, 2000):

tions, as well as actions. This proves that a seamless com-"" ) )
bination of the two aspects (structural and behavioral) was (1) NO component loses any properties after combina-
implemented in the BPSL. For example, object variables tion,

participate inlnstancepermanent relations while tempo- (i) no new properties about each component can be in-

ral relations, which are heavily used in actions, are de- ferred from the combination.
fined using class variables. Moreover, in some cases, per-  Any combination that satisfies both of the conditions
manent relationReference-to-one(-manygreationand is said to beaithful or correct While the second condi-

Invocationcan be straightforwardly mapped to temporal tion is also applicable to patterns, we will soon see that the
relations between objects. BPSL uses four compartmentdfirst condition is not always applicable to patterns. Since
to specify a design pattern. The first declares variablesthe specification of the two aspects (structural and behav-
and their type, the second defines permanent relations, théoral) of patterns were derived from two different kinds
third defines temporal relations and the fourth defines ac-of logic (FOL and TLA), it is obvious that specifying a
tions. The Vv’ connective is used to connect actions be- pattern combination will be done independently for each
cause the action to be executed is non-deterministicallyaspect. In order to achieve good readability of formulae,
chosen from those enabled (their precondition is evaluatedin the reminder of this section we assume the combination
to true). This leads to many kinds of possible behavior (an of only two patterns. However, the same results can be
infinite sequence of states), as seen in Section 2.2. applied to any number of patterns.
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3.1. Pattern Combination Constructs derived after studying the behavior of the underlying pat-
terns and the expected behavior of their combination.

In order to specify the structural part of the combined The specification of the combination for both
pattern, the concept of FOlsubstitutionsand elimi- parts (structural and behavioral) is guaranteed to be
nation are applied. In order to specify the behav- correct because it is built on top of the existing well-
ioral part of the combined patterrsubstitutions(full tested specifications of the patterns involved in the combi-
and partial) andadditions are applied to temporal re- nation. As such, instances of the pattern combination can
lations and actions. In FOL, aubstitutionlist © = be used in particular applications without further proof,
{v1/t1,...,v,/t,} means to replace all occurrences of which saves considerable efforts of fixing errors down-
the variable symbolv; by the termst;. Substitu- stream in the software development process. Consistency
tions are made from left to right in the list. For ex- checking of a specification of a combined pattern is sim-
ample,subst{z/Pastay/John},eat$y, z)) = eats(John, ply based on the fact that the specification of the com-
Pastg. In the BPSL we restrict the termg to vari- bined pattern follows the process and formulae defined in

able symbols only, i.e., constant and function symbols Table 2.

are not supported, as they are not used in the subset

of FOL used by the BPSL. Substitutions can also be 4. Case Study Reactor-Leader/Followers
defined on temporal relations and actions. For exam- R

ple, TR2(z,y) — subst({a/z,b/y}, TR1(a,b)) and Pattern Combination

A2(z,y) = subst({a/x,b/y}, Al(a,b)). Eliminationis In the following three subsections, we will show how
defined as taking out certain entities (variables) and per-BPSL was successfully used to formally spedfgactor
manent relations (predicates) from the formula that speci- andLeader/Followersarchitectural patterns (which have a
fies the structural aspect of a pattern. Obviously, the elim- good mixture of the structural and behavioral aspects) as
ination of a variable symbol triggers the automatic elimi- well as their combination. In (Schmiét al, 2000), the
nation of all predicates that involve that variable symbol. Reactorpattern was classified as awent handlingat-
For example,elim({z, single(y)}, Iz, y smart(z) A tern while theLeader/Followergattern as @oncurrency
likes(x,y) A student(y) A single(y)) = Ty student(y). pattern.

Addition is defined as adding object variables to ac-

tions. For example, if an actiondl is defined as 4.1. Reactor Architectural Pattern

Al(a,b) : TR1(a,b) A TR2(a,b) — TR3'(a,b), we
can define a new actionA2 based on A1 as fol-
lows: A2(z,a,b) : add(x, subst({a/x in TR1}, Al))
which yields A2(z,a,b) : TR1(z,b) A TR2(a,b) —
TR3 (a,b).subst{a/x in TR1} means that the sub-
stitution is partial, i.e., we only replacea by z in
the temporal relatiomRL, which is part of the precon-
dition of action A1. We can also define a new ac-
tion A3 based onA2 by adding a precondition as fol-
lows: A3(x,a,b) : A2(xz,a,b) A TR4(x,a) which yields
A3(x,a,b) : TR1(x,b) A TR2(a,b) N TR4(x,a) —

The Reactorarchitectural pattern allows event-driven ap-

plications to demultiplex and dispatch service requests
that are delivered to an application from one or more
clients.

The Reactor architectural pattern synchronously
waits for the arrival of indication events on one or more
event sources, such as connected socket handles. It in-
tegrates the mechanisms that demultiplex and dispatch
the events to services that process them. It decouples
event demultiplexing and dispatching mechanisms from
the application-specific processing of indication events

/
TR3'(a, ). within the services. Th&eactorarchitectural pattern is
applied to event-driven applications that receive requests
3.2. BPSL's Combination Process simultaneously, but process them synchronously and

serially.

Table 2 depicts the BPSL's combination process that uses ~ Figure 1 depicts the UML class diagram of fReac-

all the techniques defined in the previous subsection (sub-tor pattern. For each service an application offers, the pat-
stitution, partial substitution, elimination, addition and tern introduces a separageent handlethat process cer-
precondition addition) and was the result of many exper- tain types of events from certain event sourdegent han-
iments on combining different patterns from (Gamata  dlersregister with theeactor, which uses aynchronous
al., 1995; Schmidet al, 2000). We will apply most of ~ event demultiplexefsuch aselect ) in UNIX) to wait for

the findings of this section in the case study of Section 4.3. indication events to occur on one or more event sources.
The concept obehavioral dominance.e., which pattern ~ When indication events occur, tisgnchronous event de-
behaviorally dominates the other, is crucial when com- multiplexemnotifies thereactor, which then synchronously
bining patterns that have a significant behavioral aspect.dispatches thevent handlemssociated with the event so
Behavioral dominance is case-dependent and can only béhat it can perform the requested service.
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Table 2. BPSL's combination process.

Declarations

Let P1 and P2 be the patterns to be combined
P be the combined pattern
o be the formula that specifies the structural aspeé? of
1 be the formula that specifies the structural aspedt bf
2 be the formula that specifies the structural aspeétdf
3 be extra entities and/or permanent relations that may be needed after conibirémgl P2
TR1 be a temporal relation aP1
TR2 be a temporal relation aP2
TR3 be a temporal relation aP
Al be an action o1
A2 be an action ofP2
A be an action of?
PC be a precondition representing an extra temporal relation (fPdror P2) added to one oP’s actions

wi, ..., wy variables ofP1 (or P2)
v1, ..., Uy variables ofP1 (or P2)
u1, ..., um variables ofP1 (or P2)

bdombe an operator that returns the formula, temporal relation or action of the behaviorally dominant pattern

Algorithm
If P1 andP2 have no significant behavioral aspect, ther- subst({v1/wi,...,vn/wn}, pl A ©2) )
else if P1 behaviorally dominate®?2 (or vice versa) then
© = subst({vi/wi,...,vn/wn}, bdom(pl, ©2)) A 3, (2)
TR3(w1, ..., ws) = subst({vi/wi,...,vn/wn}, bdom(TR1, TR2)(v1,...,vn)), (3)
A3(wa, ..., wn) = subst({vi/wi,...,vn/wn}, bdom(Al, A2)(v1,...,v5)), (4)
else
p=-clim({...}, 01 A ©2) A 3, (5)
TR3(...) = TR1(TR2)(...) or, (6)
TR3(w1, ..., ws) = subst({vi/wi,...,vn/wn}, TRI(TR2)(v1,...,vn)), (7
A3(...): A1(A2)(...), or (8)
A3(ws, ..., wn) : subst({vi/wi,...,vn/wn}, A1(A2)(v1,...,vn)), OF 9)
A3(U1, oy Uy V1, .o, 0n) ¢ add (U, ..oy U, AL(A2) (01, ..., v0)) A [PC], OF (10)
any combination of (9) and (10) (11)
Notes

TRL(TR2) means eithefRL or TR2.

[] means optional.

In (1) and (2) the variables; andw; represent classes, attributes or methods.
In (3) and (7) the variables; andw; represent classes.

In (4), (9) and (10) the variables, v;, andw;, represent objects.

(2) and (5) show that any significant behavioral aspect of the underlying patterns has an impact on the specification of the structural
aspect of the combined pattern. This indeed shows the synergy that exists between the two complementary aspects of a pattern.
(5) shows indeed that after combination certain properties of the underlying patterns might be lost becauslerodpezation.
In (3) and (4), in some cases, extra temporal relations and actions might be added to accommodate the behavior required by the
behaviorally non-dominant pattern.

In (6)—(11), in some cases, extra temporal relations and actions might be added to accommodate the behavior of the |combined
pattern.
In (9) and (11) substitution may be partial.
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Reactor

handle-events()
register-handler()
remove-handler()

<<uses>>

* Event Handler
dispatch
1spatehes handle-event()
get-handle()
owns

=~

Concrete Event
Handler

Synchronous Event Handle

Demultiplexer

*

notifies

demux()

Fig. 1. UML class diagram of thReactorarchitectural pattern.

:Main Program :Reactor

:Synchronous Event
Demultiplexer

:Concrete Event
Handler

|

register-handler(concrete-
event-handler, event-type)

j

get-handle ()

\ 4

handie handle

handle-events (List<handle>)

T

|-
»

demux(List<handle>)

.

\ 4

h handle-event()

—] event

List <handle>

|-

»

Fig. 2. UML sequence diagram of tiReactorarchitectural pattern.

Figure 2 depicts the UML sequence diagram of the
Reactorpattern. Firstly, an application registers a spe-
cific event handlewith thereactorby indicating the type
of indication events(s) thevent handlemwants thereac-
tor to notify it about, when such event(s) occur on the
associatechandle The keywordList<> is used to re-
flect a list of objects of the class in angle brackets. Sec-
ondly, thereactorinstructs each concretvent handleto
provide its internahandleby invoking theget-handli¢)
method. Thehandleidentifies the source of indication
events to thesynchronous event demultiplexard the op-
erating system. Thirdly, the application starts thac-
tor’s event loophandle-events). At this point thereactor

corresponding to event sources become ready (for exam-
ple a socket becomes ready to read). Finally,rdsetor
uses the ready handles &gys to locate the appropriate
event handlg(s) and dispatchandle-ever{t) method.

Table 3 depicts the BPSL specification of tReac-
tor pattern. It starts by defining the entities in the pat-
tern, which are limited in this case to classes, methods,
an untyped-value and objects. The second compartment
of Table 2 depicts the permanent relations, most of which
can be derived from Figs. 1 and 2. The permanent rela-
tion Instanceindicates that a given object is an instance
of a given class. Objects are used in the specification of
actions. The third compartment of Table 3 depicts tem-

combines the handles from each registered concrete evenporal relations. In the case of tleactorpattern, before

hander into dandle setlt then calls the methodemux )

of thesynchronous event demultiplexerwait for indica-
tion events to occur on thigandle set The synchronous
event demultiplexemethoddemux ) (select ) in the case
of UNIX) returns to thaeactorwhen one or more handles

a concrete-event-handlgan start processing responses to
detected events, it first has to register with teactor
yielding the temporal relatioRegistered Eachconcrete-
event-handl@wns ahandlethat is used to wait for events
to occur on it, yielding the temporal relati@wned
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Table 3. BPSL specification of tHeeactorarchitectural pattern.

event — type € V,
r, h, ceh, sed € O;

dreactor, event — handler, concrete — event — handler, handle, synchronous — event — demultiplexer € C,

handle — events, register — handler, remove — handler, handle — event, get — handle, demux € M;

Defined-in(handle-events, reactpn
Defined-in(register-handler, reactgrA
Defined-in(remove-handler, reactom
Defined-in(handle-event, event-handjet
Defined-in(get-handle, event-handlgn
Defined-in(demux, synchronous-event-demultiplgxer
Reference-to-manfyeactor, event-handlgri
Reference-to-manfyeactor, handlg A

Reference-to-ongevent-handler, handjen
Reference-to-ongeactor, synchronous-event-demultiplexer
Inheritance(concrete-event-handler, event-hangler
Invocation(register-handler, get-handjen
Invocation(handle-events, demyx
Invocation(handle-events, handle-evemt
Argument(concrete-event-handler, register-handler
Argument(event-type, register-handler
Argument(concrete- event-handler, remove-handller
Argument(handle, handle-events\
Argument(handle, demuxA

Return-typg handle, get-handleA
Return-typghandle, demux

Instance(r, reactor) A

Instance(h, handlg A

Instance(ceh, concrete-event-handje
Instance(sed, syschronous-event-demultiplgxer

Reference-to-manjsynchronous-event-demultiplexer, handie

Registeredreactor[0..1],concrete-event-handl¢x]) A
Owned(handle[0..1], concrete-event-handl¢@..1]) A
Ready(handle[x], synchronous-event-demultiplexer.1]) A
Dispatchedreactor|[0..1], concrete-event-handlés])

Register(r,ceh,h: — Registeredr,ceh) A— Owned(handle, celh — Registered{r,ceh) A Owned’(h,ceh v
Remover,ceh,h: Registeredr,ceh) A Owned(h, ce) A Dispatchedr,ceh) — — Registered{(r,ceh) A = Owned’(h,celj v
Dispatch(sed,r,ceh,t Ready(h,sed A Owned(h,ceh) A Registeredr,ceh) — Dispatched’(r,ceh)

The synchronous-event-demultiplexknows when

handleto be later registered and owning a giveandle

handles are ready if the type of events they handle hasAction Removeeflects that for aoncrete-event-handler

occurred, yielding the temporal relatidteady When a
handle of a concrete-event-handldobecomes ready, the
reactor dispatches this information to tloencrete-event-

handlerthat owns it in order to do the required processing,

yielding the temporal relatioDispatched The fourth and
last compartment of Table 3 depicts actions of Reac-
tor pattern. ActionRegisterreflects that for aoncrete-
event-handletto register with thereactor, it should not
be already registered with theactorand not owning any

to be removed from theeactor it must be registered and
owns ahandleand thereactor has already dispatched to
it the last event that occurred on thandlethat it owns.
When the action is executed, thencrete-event-handler
will no longer be registered with theactorand will not
own thehandlethat was allocated to it. The actiddis-
patchreflects that for theeactorto dispatch an event to a
concrete-event-handlgthe latter must be registered with
thereactor, andownsahandle which is ready.
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4.2. The Leader/Followers Architectural Pattern demultiplexeiin Readyand the clasthread-poolreplaces
the classeactorin Dispatched The temporal relatioAc-
The Leader/Followersarchitectural pattern provides an tivated reflects whether or not handleassociated with
efficient concurrency model where multiple threads take a concrete-event-handlds activated. As explained ear-
turns sharing a set of event sources in order to detect, dedier, only a leader thread is allowed to synchronously de-
multiplex, dispatch and process service requests that oc-multiplex events on handles. Once an event occurs on a
cur on the event sources. Theader/Followerspattern handle a new thread (from ththread poo) is promoted
does the above by structuring a pool of threads to shareto the leader and the readyandleis deactivated. This
a set of event sources efficiently by taking turns demulti- handlewill be reactivated only after the previous leader
plexing events that arrive on these event sources and synthread has dispatched thandle-everit) method of the
chronously dispatching the events to application servicesconcrete-event-handler The temporal relationkeader,
that process them. The pattern is applied to event-drivenFirst-Follower and Follower(thread-podt]) reflect who
applications where multiple service requests arriving on ais the leader, first-follower and follower (respectively) in
set of event sources must be processed efficiently by mul-thethread pool

tiple threads that share the event sourceshr&ad pool The last compartment of Table 4 depicts actions of

is a group of threads that share a synchronizer such as ge| eader/Followerpattern. The actioRromotereflects

semaphore or condition variable, and implement a proto- 4+ in order to promote a threa?) to become the leader
col for coordinating their transition between various roles. o following is required:

One or more threads play the follower role and queue up

on the thread pool synchronizer waiting to play the leader (i) (tp2) must be the first follower of a leader thread
role. One of these threads is selected to be the leader, (tpl),

which waits for an event to occur on ahgndlein its han- .

dle set When an event occurs, the current leader thread (i) thehandle(h) owned by theconcrete-event-handier
promotes a follower thread to become the new leader. (ceh) must be activated,

The original leader then concurrently plays the role of a (iii) thehandle(h) must be ready,

processing thread, which demultiplexes that event from

the handle setto an appropriateoncrete-event-handler  (iv) the event that occurred at)(is not yet dispatched

and dispatches thkandle-ever{t) method. A process- by (tpl) to (ceh.
ing thread can execute concurrently with the leader thread
and all other threads that are in the processing state. Af- The execution of the action results in the following:

ter a processing thread has finished handling an event, it
returns to playing the role of a follower thread and waits
on thethread poolsynchronizer for its turn to become the (i) thehandle(h) becomes non-activated.
leader thread again.

The Reactor pattern often forms the core of The actionDispatchis similar to the one defined in
the Leader/Followerspattern implementations. HOw-  the Reactorpattern. However, here, in order to dispatch
ever, theReactor pattern can be used instead of the an event to itxoncrete-event-handlethe handler must
Leader/Followersvhen each event only requires a short pe ready, owned by eoncrete-event-handlemd not ac-
amount of time to process. In this case the additional tiyated. After executing the action the event becomes dis-
scheduling complexity of theeader/Followerspatternis  patched by the leader thread to tiencrete-event-handler
unnecessary. and thehandleactivated again to be able to receive more

Table 4 depicts the BPSL specification of the events. The lastthree actions are related to threads joining
Leader/Followersattern. It starts by defining the entities O rejoining thethread pool In general, to join ahread
in the pattern, which are limited in this case to classes, anP0ol, a thread should have already dispatched the event to
attribute, methods and objects (which will be used in the the relatecconcrete-event-handl@nd its associated han-
specification of the behavioral aspect). The second com-dle is activated. The actiadoinl reflects the case where
partment of Table 4 depicts the permanent relations, mostone thread wants to join théread poo] which does not
of which can be straightforwardly derived from the class have a leader and thus becomes the leader. The action
diagram of Fig. 3. The third compartment of Table 4 de- Join2 reflects the case where a threga{ wants to join
picts temporal relations. The temporal relat®wnedis thethread poo] which has a leadet{l) but does not have
identical to the one defined in tHReactorpattern. The @ first follower and thus becomes the first follower itself.
temporal relationdkeadyand Dispatchedhave the same  The actionJoin3 reflects the case where a threp3]
semantics as in thReactorpattern with the exception that wants to join thethread poo] which has a leadernyl)
the clashandle-seteplaces the class/nchronous-event-  and afirst follower {p2) and thus becomes a follower.

(i) (tp2) becomes the leader thread, and



Modeling of distributed objects computing design pattern combinations using. . . @ amcs

Table 4. BPSL specification of theeader/Followersarchitectural pattern.

dthread-pool, handle-set, handle, event-handler, concrete-event-handler

synchronizee A;

deactivate-handle, reactivate-handle, demux, join, promote-new-leader, handle-event, getchandle
tpl,tp2, tp3, hs, h, ceke O;

Defined-in(synchronizer, thread-poph
Defined-in(join, thread-poo] A
Defined-in(promote-new-leader, thread-pgoh
Defined-in(deactivate-handle, handle-$et
Defined-in(reactivate-handle, handle-get
Defined-in(demux, handle-sgin
Defined-in(handle-event, event-handjet
Defined-in(get-handle, event-handlen
Reference-to-onghread-pool, handle-sgt\
Reference-to-manfthread-pool, event-handlgn
Reference-to-manghandle-set, handjen
Reference-to-ongevent-handler, handjen
Inheritance(concrete-event-handler, event-handler
Invocation(demux, handle-event
Invocation(handle-event, deactivate-hanjlle
Invocation(handle-event, promote-new-leagler
Invocation(join, handle-eventsa
Argument(handle, deactivate-handle\
Argument(handle, reactivate-handjex
Argument(handle, demuxA

Return-typg handle, get-handlen
Return-typghandle, demuxA

Instance(tpl, thread-poo) A
Instance(tp2,thread-poo) A
Instance(tp3,thread-poo) A

Instance(hs, handle-sgtA

Instance(h, handl§ A

Instance(ceh, concrete-event-hand)er

Owned(handle[0..1], concrete-event-handlig®..1]) A
Ready(handle[x], handle-sef0..1])
Dispatchedthread-pool[*],concrete-event-handigx]) A
Activated(handle[0..1],concrete-event-hand|¢@..1]) A
Leader(thread-pool[0..1]) A

First-Follower (thread-pool[0..1]) A

Follower (thread-pool[*])

Promote(tpl,tp2,ceh,h,hy Leader(tpl) A First-Follower (tp2) A Activated(h,ce) A Ready(h,hg A — Dispatchedtpl,ceh —
Leader’ (tp2) A— Activated’(h,ceh v

Dispatchhs,tp,ceh,t Ready(h,hg A Owned(h,cel) A— Activated(h,cel) — Dispatched’(tp,cel) A Activated’(h,ceh Vv
Joinl (tp1,h,ceh: Activated(h,cel A Dispatchedtpl,ceh A # Leader(thread-poo) — Leader’(tpl) Vv

Join2 (tpl,tp2,h,cel: Activated(h,ceh) A Dispatchedtp2,ceh A Leader(tpl) A— First-Follower (thread-poo) — First-Follower’
(tp2) v

Join3 (tp1,tp2,tp3,h,cehy: Activated(h,ceh A Dispatchedtp3,ceh A Leader(tpl) A First-Follower (tp2) — Follower’(tp3)
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Thread Pool - Event Handler
dispatches
synchronizer P handle-event()
get-handle()
join()
promote-new-leader() owns f:
<ﬁ Concrete Event
Handle Set Handler
*k
deactivate-handle () <> Handle
reactivate-handle()
demux()

Fig. 3. UML class diagram of theeader/Followersarchitectural pattern.

Thread Pool notifies Reactor * Event Handler
dispatch
synchronizer handle-events() 1spatehes handle-event()
. register-handler() get-handle()
join() remove-handler()

owns
promote-new-leader()
<<uses>>

Concrete Event

Handle Set * Handler
Handle
deactivate-handle () Synchronous Event
reactivate-handle() o Demultiplexer
notifies

demux()

Fig. 4. UML class diagram of thReactor-Leader/Followergattern combination.

4.3. Reactor-Leader/Followers Pattern Combination (v) demuxdoes not invokéiandle-event

(vi) The objecths and (automatically) théntance (hs,

Figure 4 depicts the UML class diagram of tReactor- handle-set permanent relation is not needed as the
Leader/Followergattern combination while Table 5 de- synchronous event demuliplexgass takes care of
picts its BPSL specification. demultiplexing events.

Since theReactor pattern is simply used as the
underlying synchronous event demultiplexdor the ) o
Leader/Followerspattern, Fig. 4 really merges the dia- (i) Thethread-poolclass is linked to thesactorclass.

grams of Figs. 1 and 3 with few changes. The eliminations  (jiy Thesynchronous-event-demultiplexaass is linked

The additions made are as follows:

made are as follows: to thehandle-setlass.
(i) Thethread poolclass is not linked to thevent han- Assume thatpl represents the formula that specifies
dler class. the structural aspect of ttReactorpattern andy2 repre-
(i) Thereactorclass is not linked to theandleclass. sents the formula that specifies the structural aspect of the

Leader/Followergattern. Based on the above-mentioned

eliminations and additions, the formula that speci-

(iv) The synchronous event demultiplexelass is not  fies the structural aspect of the combined pattern can be
linked to thehandleclass. defined asin Compartment 1 of Table 5. The temporal

(iii) demuxs not defined irhandle-set
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Table 5. BPSL specification of tHeeactor-Leader/Followengattern combination.

¢ =elim ({Reference-to-manhread-pool, event-handlgrReference-to-mar(yeactor, handlg, Defined-in(demux, handle-sgt
Reference-to-manisynchronous-event-demultiplexer, handlavocation(demux, handle-evenths}, ©1 A p2) A

Reference-to-onghread-pool, reactor A
Reference-to-onésynchronous-event-demultiplexer, handle-set

Registeredreactor[0..1],concrete-event-handled) A
Owned(handle[0..1], concrete-event-hand|¢..1]) A
Ready(handle[«], synchronous-event-demultiplexXér.1]) A
Notified(thread-pool[«], reactor[0..1]) A
Dispatchedreactor|[0..1], concrete-event-handlgg]) A
Activated(handle]0..1], concrete-event-handIg..1]) A
Leader(thread-pool[0..1]) A

First-Follower (thread-pool[0..1]) A

Follower (thread-pool[x])

Register(r,ceh,h: — Registeredr,ceh) A— Owned(handle, ceh — Registered{r,ceh) A Owned’(h,ceh Vv
Remover,ceh,h: Registeredr,ceh) A Owned(h, ceh A Dispatchedr,ceh) — — Registered(r,ceh) A— Owned’(h,cel) v

Promote(r, tpl,tp2,ceh,h,seyl add (r, subst({hs/sed, tp/r in — Dispatchedtpl,ceh }, Promote(tp1,tp2,ceh,h,h¥) A
Notified (tp1,r)) Vv

Dispatch(r,sed,ceh,lt add (r, subst({hs/sed, tp/}, Dispatch(hs,tp,ceh,ly A Notified(tp,r)) v
Joinl (rtpl,h,ceh: add (r, Joinl (tpl,h,ceh A Notified(tpl,r)) V

Join2 (r,tp1,tp2,h,cel: add (r, Join2 (tpl,tp2,h,ceh A Notified(tp2,r)) v

Join3 (r,tp1,tp2,tp3,h,cel: add (r, Join3 (tpl,tp2,tp3,h,ceh A Notified(tp3,r))

relationsRegistered, Owned, ReadydDispatchedf the promising alternatives for specifying design patterns are
combined pattern are taken from tReactormpattern while LanguagE for Patterns’ Uniform Specification (LePUS)
the temporal relationéctivated, Leader, First-Follower (Eden and Hirshfeld, 1999), Distributed Co-operation
andFollower are taken from theeader/Followergpattern. (DisCo) (Back and Kurki-Suonio, 1988), Constraint di-
A new temporal relatioMNotifiedwas added to the com- agrams (Lauder and Kent, 1998) and Contracts (Heim
bined pattern to reflect the fact that now the leader threadal., 1990). LePUS and DisCo have achieved the best rank-
notifies thereactor when ahandlebecomes ready but it ing after an extensive comparison based on well-defined
is thereactors job to dispatch the event to the appropri- evaluation criteria (Taibi and Ngo, 2003).

ate concrete-event-handlerSimilarly, the actiondRegis-
ter and Removeof the combined pattern are taken from
the Reactorpattern while the action®romoteand Dis-
patch are taken from thé.eader/Followerspattern with
some additions and substitutions. The actidgwigl, Join2
and Join3 of the combined pattern are taken from the
Leader/Followergattern with some additions.

As such, the BPSL is based to a certain extent on both
mathematical backgrounds of LePUS and DisCo (FOL
and TLA). LePUS is derived from Higher-Order Logic
(HOL) and focuses only on specifying the structural as-
pects of design patterns. We preferred to use a small frac-
tion of FOL because approachability was paramount in
the design of the BPSL. If the users of a formal specifi-
cation language for design patterns cannot easily under-
5. Related Work stand it, how are they supposed to understand design pat-

terns formally specified by this language? DisCo was de-
There are many formal specification languages proposedrived from TLA and was designed to specify reactive sys-
by academia and industry. However, not all of them are tems, which are in constant interaction with their environ-
suitable for specifying design patterns, mainly because ment and therefore have a predominant behavioral aspect.
design patterns are abstractions and do not need specibisCo has little (almost none) support for specifying the
fications catering to low-level details. Also patterns cut structural aspect. The subset of TLA used in the BPSL is
across module boundaries and not many specificationsdifferent from the one used in DisCo, the syntax is com-
approaches can support such cross-cuttings. The mospletely different while they share most of the semantics
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derived from TLA concepts. DisCo (and in fact TLA it- theories. This subset was chosen to cater for the proper-

self) does not support the concept of temporal relationsties of patterns in particular, not components in general.

and its semantics as defined in Section 2.2. Moreover, the concept of elimination was added to FOL
A lot of work has been done on formally specify- o cater for cases where some variable symbols and predi-

ing software Components and their combination: however’ cates need to be removed aﬁ:er Combination. Furthermore,
comparatively little has been done with reference to for- We believe TLA is too generic to be applied directly to
mal specification of the design pattern combination. Pat- SPecify the behavioral aspect of patterns but rather a sub-
terns and software components share a lot of things be-Set thereof, which is specifically devised to tackle all is-
cause they can both be building blocks of software archi- Sues and particularities of patterns. In the BPSL pattern
tecture. However, the fact that patterns represent successcombination (from a behavioral aspect) is not simply the
ful solutions to well-known design problems within cer- conjunction of behavioral specifications of the underlying
tain contexts makes them special components. Each patPatterns, but a rigorous process that involves identifying
tern represents a well-tested abstraction that has an infinitdhe behaviorally dominant pattern (if any), substitutions,
number of instances (implementations). For these reasondartial substitution and addition in temporal relation and
patterns are building blocks from which more reusable actions as well as introducing new actions (if required).
and changeable software designs can be built. In the Mikkonen (1998) used a variation of DisCo to spec-
following, we will only highlight the work on formally  ify the behavioral aspect of patterns. The specification
specifying pattern combination that is found to be very of pattern combination was done using as an example the
related to what is presented in this paper. Composition Observer-Mediatopattern combination. The correctness
has been studied by Abadi and Lamport (Abadi and Lam- of the specification of the pattern combination is ensured
port, 1993). Their results are applicable to any domain, using the concept ofefinement Actions of the pattern
whereas ours are specialized in pattern combination. combinatiommustrefine actions fronbothpatterns, which

Saeki (2000) used the Language of Temporal Order- guarantee to satisfy their characteristic properties. Al-
ing Specification (LOTOS) (ISO 8807; 1989) to specify though the concept aéfinements similar to the concept
pattern combinations. The formal semantic of the LO- of substitution substitutions in the BPSL do not force the
TOS is based on the Calculus of Communicating Systemsusage of actions from both patterns. Moreover, the BPSL
(CCS) for behavior specification and on the Algebra of POSSe€sses more operators than substitutions a defined in
Abstract Data Type (ADT) for data specification. The Section 3.1 such as partial substitution, elimination, addi-
LOTOS was originally devised by the International Or- tion and addition of action preconditions.
ganization for Standardization (ISO) to specify the layers
and their interaction for the Open System Interconnection
(OSI) model. The LOTOS has been adapted in (Saeki,

2000) to be used for specifying patterns that appeared inThe gppealing increase in network and processing speeds
(Gammaet al., 1995) and their combination. While the a5 increased the popularity of distributed application de-
LOTOS is best suited for network layers specification, yelopment to take full advantage of their inherent benefits.
its adaptation to patterns did not yield simple and clear However, as in any other software development effort, dis-
specifications as expected by any formal specification lan-triputed application development is facing enormous com-
guage. plexities and challenges. Design patterns seem to alleviate
Donget al. (2000) used FOltheoriesto specify the the problem by providing sound and robust solutions that
structural aspect of patterns and TLA to specify their be- have been successfully applied in previous development
havioral aspect. The same techniques were used to specifgfforts. Current textual descriptions of design patterns
pattern combinations. Each pattern is specified by an FOLand especially their combination usually lead to ambigu-
theory that is derived from its signature (name, domain ity and misunderstanding due to the inherent liabilities of
and range). From a structural aspect, pattern combinationthe natural language. As patterns represent abstractions,
is performed usinghame mappingwhich associates the any formal language meant to specify them should strive
classes and objects declared in a pattern with the classeto achieve simplicity, accuracy and completeness. Since
and objects declared in the pattern combination. The spec{patterns have two complementary aspects (structural and
ification of the behavioral aspect is done purely using TLA behavioral), the BPSL was devised to combine the specifi-
not a subset thereof. From a behavioral aspect, patterrcation of the two aspects in order to achieve completeness.
combination is simply the conjunction of the TLA formula The BPSL has carefully chosen the subsets of FOL and
representing each of the participating patterns. Although TLA to be used in order for it to be simple for users and
name mapping is similar to FOL substitutions, the BPSL yet describe patterns accurately. The BPSL was success-
approach to the structural aspect specification is more rig-fully used to formally specify all cases of pattern combina-
orous as it uses a carefully chosen subset of FOL not FOLtion. In this paper the formal specification of tReactor

6. Conclusion
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&

Helm, R., Holland, I.M. and Gangopadhyay D. (199@on-
tracts: Specifying behavioral compositions in object-

and Leader/Followerspatterns as well as their combina-
tion was taken as a case study. The specification of the
combination for both parts (structural and behavioral) is oriented systems— Proc. ECOOP/OOPSLA90, Ottawa,
guaranteed to be correct because it is built on top of the =~ Canada, pp. 169-180

existing well-tested specifications of the patterns involved 1SO 8807 (1989):Information Processing Systems, Open Sys-
in the combination. As such, instances of the pattern com- tems Interconnection-LOTOS— A Formal Description
bination can be used in particular applications without fur- Technique based on the Temporal Ordering of Observa-

ther proof, which saves considerable efforts of fixing er-
rors downstream in the software development process.
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