LNCS 2021

;Iose Nuno Ohvelra

Pamela Zave (Eds) :

FME 2001
Formal Methods :

for Increasing
Software Product wty

RIN Y P [ s

International Symposium of Formal Methods Europe
Berlin, Germany, March 2001
Proceedings

: ’I-. S 1> Springer




janhstog np APATT Dy, ) Ing awdog
JUSETT DUV 7 03 SYURG T, Sopay IV 1O uormpiy

) 0y S I 9:00Fy P Nl Sadpuy
ST ] UBlSe(] JO9) pUR USISGQ Pequslio)-3aai() ju Lpopy e, v

vasigy aapulivg
Goo . Bunndwuny Bary-opiAg 107 OPOLY SUNUIRIFol ¥

DYLY UG THONBL W0IDS UDIUDWRIGRASDIONUIA UGN
SIRRSPIAY PORHIT-gol) aandepy 3noge Butosvayy 10 [Opojy [PWming v

w Buayz unbuy g nsuy
€1 e *SAITUDIMYRIY 3218UTUI0N)~
s el -3
3 suzdpny pue Julupoy vl Peolddy snosody v

. PRIy ool
thery v smnpug - suoyvarddy puv jonue y so[] UopnLop

sualing ung

IS

nel ) SEOTUIUYOY] FUIALOSa ] -Roatiiy

. PSSO WN HIng) RN sodata aomagng
A
61 © SR ISOTIL ] (AIs SWLISAS PAIYLISH 10) toisopdxsy selg Surproay

FedT ) N i.ﬁtwu ANSSOIY \..n.ttﬁxr\\ 3 \L.r,.;.\\\ oy

bi} ) o:_._::::._,,,m A S 0 Buneyy ppepy )] mdy HAd PN 03 w0y
A >
] ) i 0.4 B AR CO0LGENNTDT LS iRy TYSID
Bl T ST PAN[RA-TINTY 18a() SUINIDY D -JOPD]Y
PURLITE uoyg tamotey oy ydasop
6 v S[A00ICL] SOUAIIO-AMY ) [0 SEH00110) J0 §JO0I ]

uBUDG YPUOYT fayjag wofels
an o = ARG~ . - saureaqi oseq
{PYTT &Y UL ADURTILIOJUOY) [RIOLAUYS(] JO SISA[RUY POZIICYIRJ

a OHUBLMIYINOS] () PUDYRL f 10pnT ) spanbayleg o
g uswaeuggy g pue ssiedold SuRuA(] Sme) 0 £ Y UOTIRAnLIOyeY]

< N uosyony |1sre(]
T i e R T spoie]y fruliag wﬁwnpﬁwxmﬂd
SIUDIT0D) JO R,
2%




-umsodwds a3 jo arayd

-sourje a3 wdﬁdﬂm Ul JS8I9ul I1e(]] I0] SjusAs syl Jo meNHmeuo 81 NUBYY 3

“(uaSaw(IN] Jo AyIsIdatun)) mwﬁom IpN[ pue
{Buung jo Lys1eatin) leleyely laeg ‘pue{uelys UOLE) Aq Wﬂmmmzdwhmn%moh
[0o0901g Ajauep] (dIARIL]) P6ET AT °Ud ouﬁmmsumo MHM%Q
(‘ouy ‘swesAg-oaoeay]) SWIg 8AdS pue (VS _,CBSOA_.S%L i ,Mum
[eaeN) empereyq ysewrey Aq peziued1o — (T0.SSIAY) Swels uw Qa .._mmb,m
-93rumu] JO UOTIEIYLISA PojewoIny Uo dOUSHIOA [BRUOIJBUIDIUT 3SI

:s[e109n3 wWinsodwAs aU3 Y3m patedo]-0d aIom sdoysyiom quﬁ.mcwaﬁ omj
,nos%v.m u] "sresodoxd [e1103n] pag3aqus A[PUIY oym 3s0Y] [[e 03 [27e13 a8 3\

(vSn ‘A1o1I0qR] YoI8ds
— AQ [e213LIN-UOISSIIA] [edl3orid
- eaeN) [empereqyg ysswey swa)sAg
MM%OSWWE@.? pue uoijesyroadg [ewiog :BUBPSYD [PPCIA puoiag
o (OVINI/gST) Andn( srydog, pue nIpe seax —
oy ypm SurreswiSuy sjuewaanbayf I0J 1xoddng ‘7 Ou,AED wrogq
z . . (urqn(] jo A3IsIeAtup)) SOYSNY] MYy pue ‘peyLImMyg
A0IPUY ‘YSIUUTPITY Ue OBy [g2UDI]A — SPOYIRIA [BWI0] 10} SurapoIAl
Q..EEO Sura9sAg BIpeJy [eMSY(T yoressay( pue ulIag nz 1B1ISIOA
-u)-ploquingy) Z[oH IpIeyY pue ‘Zuld seaIpuy 0yssiy 'f — 100% TAS
| tuntsodss

08 alom § 8 oYL
yoreaser ayy Sutpadald sAep omy A1} 10 PAMNPIYVs S1om S[RLIOINT SULWOO] UL

sdoysyJI0pA PUE STRLIOINT,

T saTuIon) mreifol |

<A

¥ong a1ousg
WIPpOIN®RZ UeLI]
Auyzolopey, muripeys
JooyIap Teorely
SO[20U0JSEA BdIpUEXa[y
IBgaL], pIeyoTy
OufuqQy, suefy
uasaung wryy
WeWYOLIYG I8)()
Teqeys perg

919G BSTRM
sutteyag ruy
BAlRIRG OBO[
usreg sewoy J,
IaWOY uryalg
I93ISSOY WOIN
Isidoy uep

SIPPIY 24835
IOIOTY ong-uear
BIRARY OIUOJUY
qUOLJ $39Y]
IBUYISIBI ] I9PUBXA[Y
19104 SIMBT-dLIRTY
UBWIDYIJ ITN]
IaNyosyald ferpuy
Isjuley usydagg
u23s0() urA ueliran
e[nosy 281095
uueumeN piae(]
ysofwreN ‘g repay
sal1aynyy med
BIOJA] BIpUBXS[Y
IBBOIY I8AT[()
BAOTTRY I BUUY
z19]y ueydeg
U MBIpUY
soTjouely snodeue g
MO ULARY)

sador eruojuy
Ip[RASSIRT tea Yer]
o0y BION]

ddeuyy epuexsy
®ANL g yluereyn
ysof assley
seuor g puo
JUOJSUYO[ URLIPY
Suaqrp oy
D{SMOUE[ ZSRWIOT,
Bunpy uep Sue(]
ISYOTUUSH Jloyg
[PSI8H B3Ry
sedR] uey
UBIUBARE] Uep
930017 0s11q uep
BI0D) "N}

uosqry g

881095) SLIYD)
Surpzsen xejy
syotuIes) (1
URSL] BUR(T
ZOPURTLIS ] SpNe[))-ULa(
slte g 207

A1 wea 10394
essa)-Andn(y arydog
Tadea(y ueyjyeuor
usyop) sruryg
usyoy) prae(y
uoIpneyy) eyt
1ued[RAR)) BUY
[[esue) anbrutuwo(g
Sumelg XeN
janbsnog np arpA
eqi0g omeJ

[og pueoy

Irerq auuir
m3a1reotq ueny
1iag 101p1(
XNoI[I8g 9118l ]
$01Ied 9p IOTR[y 0INOG 01I8QOY
SUOIY [RIRIUR]
myy assley
BPIRW[Y IB[aovg SOIe))
SURDY [T

SO 1rerSnr r T




4
i
2,
H
H
i
ki
{

SAVINTITIUL
10 SUNSSIUO Au® 10} 0ZIFO[OdR agy 9IRINILE ST MOje 81| oIy JBpopnouy mo
10 386(] 013 QT "PaIapus aavy pinoa wnsodults oY) Jo Senb oy y1on sotpu
InoiIia pur s310dal M JAISUDIXD PIONPOId O 'S99I9J0L [BUIDIXNG JO IoqIUnu
® pue sa3ytwod weldord ay) Jo s1aquia A pamataal alam siaded pajinugns 1y

$3919]07Y] [RUISIXH

Hqu) juawaSeue]y VISLW
ureg HAWD SIALw

Oy B[siyDIewreq

OlUIy Op SPBPISIaATIY)

adoIng spor3Ia]y [eUWIO]
LsYld D

urpIeg Nz JBIISIDATU() -1p[OqUINEY

:padpajaouype
Aqnyerels st suopninsul pue samuedmos Sulmof[o) oy jo j10ddns snoIouad ayJ,

suornyijsujy furiosuodg

Tadsay swiqog,
ueqIQ) SBWoy
(1rey-00) Sistoy] SuesSiom

(vsn ‘1reyo-00) savy BlpWRJ

(M) poapooay wip

(310) 19p1EUYIS 8a33G

(nzeig) oredwreg oisniny

(jee1sT) ONUg WY

(spuepisyion oY) ¥e[d OOIN
(epui) eApued Ysojred

(reSnjzod ‘Ireyo-00) BILAIQ "N 950[
(Luetwrany) moqdin selqo],

SUaLIely [OXY
(11eyo-00) wAIIUYR[ URIAIG
ENEE)S JuiviRife]

a93j1to”) SurziuesiQ

(Luewrany) YOIN Lepali]
(medepy) 21005y preyory
(¥sn) mstpy aspeder
(soue1y) L1214 enbrurwo(y
(soure1]) nipag soAx
(j{rrwua(]) UssIRT WLIOL) 1839d
(M) premeBzig wyor

uspamMg) UOSSNLIY NLIUSH-sIe
PoMG) UOSSIIY NLUSH-STE]
(vsn) wnng Prd

(31n) uetog sxrey’

823 1rwo)) ureidold

‘suo1InIMsul Sulosuods i1 pue SI9ZIUeSI0 [800] 9Y3 03 [NyaIels
osfe are oy ‘sreded pepIwIGNS Y1 Buimslacl Ul SXUSSIP pue ared Iy 10]
S09.I]81 13 PHE 593IWIHOD 1ueISo1d 1 JO SISUULW A3 03 [NJaIeI8 124 aI¢ oAy

SJURWZpa[MOUOY

T ——— Y |

Coasar Bt




Lecture Notes in Computer Science

The:LNCS series reports state-of-the-art results in computer science
research, development, arid education, at a high level and in both printed
-and electronic form. Enjoying tight cooperation with the R&D conmu nity,
with nimerous individuals, as well as with prestigious organizations and
socleties, LNCS has grown inito the most cotiiprehensive computer science
research forum available. .

The scope of LNCS, includirg its é.ubse_‘ries LNAL, spans the whole range of
computer science and information technology including interdisciplinary
.. topics in a variety of application fields. Thé type of material published
< traditionally includes :
i ‘ﬁrpcéeéfngs‘"(_f)'ub:]ishga‘_in time fo'r,"thé..respect'ive tonference)
- = post-proceedings (consisting of thoroughly revised firial full papers)
..~ tesearch monographs (which may be based onl'xoutsta'nding PhD work,

resedrch projécts, technical reports, etc.)

More recently; sevetal color cover Subimeghgwfe .b_ce_b,a_dd
" beyond a collection of papers, various'added-value
. # Hhel 2 gt TR AT T e
_sublines include v =
~ tutorials (textbook-
' '.'.a_dvanced courses) .= bl
Q-statgf_of-the rt:surveys (offering complete and
of a topic)= e mey ‘

' In'parallel-{o the printed bo
. electronically

figerde/comp/incs/.
s for pﬁblic_ation should be sent-to't

-Computer Scidive

Ceciors ngeg dn b




s

A Formal Model of Object-Oriented Design and
Gol" Design Patterus

Andres Flores!, Richard Moore?, and Luis Reynoso!
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Buenios Aires 1400, 8300 Neucuen, Argentina
IZ-mail: {aflores, 1reynoso}Quuncoma.edu.ar
2 United Nations University - International lustituke for Soltware Technology
P.O. Box 3058, Macau
IZ-mail: rm@iist.unu. edu

Abstract. Particularly in object-oriented design methods, design pat-
terns are becoming increasingly popular as a way of identifying and ab-
stracting the key aspects of commonly occurring design structures. T'he
abstractness of the palterns means Uhat they can be applied in many dif-
ferent donains, which makes them a valuable basis for reusable object-
oriented design and hence for helping desiguers achieve more eflective re-
aulls. However, the standard literature on palterns invariably describes
them informally, generally using natural language Logether with sotne
sort of graphical nolation, which makes it very dillicult to give any mean-
inglul certification that the patterns have been applicd consistently and
correctly in a design. In this paper, we describe a formal model of objecl-
oriented design and design patterns which can be used to demonstrate
that a particular design conforins to a given patlern, and we illustrate
using an exatnple how this can be done. The formality of the model can
also help to resolve ambiguilies and incompletencsses in the informal
descriptions of Lthe pallerns.

1 Introduction

Design patlerns offer desiguers a way ol reusing proven solutions to particu-
lar aspects of design rather than haviug to start each new design from serateh.
Pallerns are generic and abstract and cmbody “best praclice” solutions Lo de-
sigtt problems which recur in a range of dilferent coutexts (1], although these
solutions are not necessarily the simplest or most eflicient, for any given prob-
lem [11]. Patterns are also uselul hecause Lhey provide designers wills an effective
“shorthand” for conmunicating with cach other about complex concepts [3]: the
nanie of the pattern serves as a precise and concise way of referring o a design
technique which is well-documented and which is known to work well.

Oue specific and popular set of sofllware design patterns, which are inde-
pendent of any specific application domain, are the so-called “Gol”! patlerns
which are described in the catalogue of Gamma ct al. [10]. The GoF catalogue

D Ctang of Four”
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224 A. Tlores, R. Moore, and I.. Reynoso

is thus a description of the know-how of expert designers in problems appearing
in various different domains.

Although there is nothing in design patterns that makes them inherently
object-oriented (3], the QoI cabalogue uses object-orientod conecepts to describe
twenty three patlerns which capture and compact the essential parts of corre-
sponding design solutions. Each GoF pattern thus identifies a group of clagsoes,
together with the key aspects of their {unctionality and interactions, which com-
monly oceur in a range of diflerent object-oriented design problems.

The deseriptions of the Clol? patterns in [10] are largely informal, consisting
of a combination of o graphical notation hased on an extension of OM'L' (Object,
Modelling Technique [16]) together with natural language and sample code. This
Bives a very good intuitive picture of the patterns, but is not sufficiently precise to
allow a designer to demonstrate couclusively that a particular probleur mafiches
a particular pattern or that a proposed solution is consistent with a particular
pattern. The notation also makes it diflicult to be cerlain that the patterns used
are meaningful and contain no inconsistencies.

A formal model of patterns can help to alleviate these probleis. One existing
approach to this [6] represeuts patterns as formulae in LePUS, a language defined
as a fragment of higher order monadic logic [7]. A second [13] formalises the
temporal behaviour of patterns using the DisCo specification method, whicl is
based on the Temporal Logic of Actions (12]. Another [5,4] specilies the cssential
elements of GoF patterns using RSL {the RAISE Specification Language; [14]).

Our approach is based on the last of these, though it signilicantly extends
the scope of the model used thercin in several ways. First, we generalise the
model so that it describes an arbitrary object-oriented design and not just the
patlerns. Second, we formally specify how to matel g design against a pattern.
And third we include in our model specifications of the behavioural propertics
of the design, specifically the actious that are to be performed by the methods,
which was omitted from the model described in (5,4]. In this way, we can forially
model all the components of an generic object-oriented design and also forwally
chieck that a given subsct of that design matches a given pattern, Indeed, Lhe
model has been used as the basis for o thorough analysis and formal specification
of the propertics of the majority of the patterns in the GoF catalogue, as a
result of which a number of ambiguities and incomnpletencsses in the infortal
descriptions of several of the Gol? patterns have been identified and extonded
pattern structures have been proposed (15,8,2].

We begin by giving an overview of the extended OMT notation and of our
formal model of a generic object-oriented design based upon it in Seclion 2. T'hen
we discuss low to formally link a design with a pattern in Section 3. Section 4
then shows Liow the propertics of individual patterns are specified in our model,
using the State pattern {rom the GoF catalogue (10] as an example, and Section 5
gives an example of the whole process of specilying a design and verifying that
it malches a pattern, again using an example of a design based on the State
patiern. We conclude with o summary of our work and an indication of future
work we plan iu this feld.
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2 A Formal Model of Object-Oricuted Design

Since we are primarily interested in using our general model Lo specily properties
of object-oriented design patlerns, in particular the Gol® patterns [10], we base it
on the extended OMT [L6] notation wlhich is used in {10] to deseribe the structare
of Gol” patterns and which has to a large extent been used as a standard notation
for describing patlerns. Anexample of this notation is shown in Figure 1, which
represents the structure of the State pattern.

l ~ Context -fj/';__ — e State

Request() O-f----- state->1landlc() H Handle()

00| saestions =

yARAN

— l

C(_)ncrclcSlaleA_ _ConcrelcS(alcl!

Handle() Handle()

L

Fig. 1. State Patlern Stracture

Wa-begin by giving an iuforinal overview of this notation in Section 2.1, then
introduce our formal model it Section 2.2.

2.1  An Overview of Extended OM'T Notlation

In Lthe extended OMT notation, a design consists essentially of a collection of
classes aud a collection of relations linking the classes. Bach class is depicted
as a rectangle containing the name of the class, the signatures (i.c. names and
parameters) of the operalions or methods which objects of the class can perform,
and the state variables or instance variables which represent the internal data
stored by instances of the class. Lvery class in a design bas a unique name.

Classes and methods are designated as abstract or conerele by writing Lheir
name in italic or upright script respectively in the OMT diagram. No instances
(objects) may be created from an abstract class, aud an abstract method cannol,
be executed (often because the method is only completely defined in subclasses).

Concrete methods, which can be executed, may additionally have annotations
i the OMT dingram which indicate what actions the method should perform.
These annobations appear within rectangles with a “folded” corner which are
attached to a method within the class description rectangle by a dashed line
ending in a small circle.

Thus, for example, the structure in Figure L indicales that the class Con-
text in the State patlern is a concrele class which conlains a concrete method
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called Request, while the class State is an abstract class which contains an al-
stract method called Handle. In addition, the annotation attached to the Request
method in the Context class indicates that the action of this method is to invoke
the Handle method on the variable called state.

Relations speeify connections or cotnmunications between classes and are
represented as lines linking classes in the OMT diagram. Four different types of
relations are used — inherifance, aggregation, association and instentiation — and
these are distinguished in the diagram using different types of lines. Inheritance
relations have a triangle in the middle of the line whose point and base indicate
respeclively Lhe superclass nnd subclasses, Thus, in the State pattern the State
class is a superclass of the ConcreteState classes. Aggregation relations, which
signify that one object is a constituent part or a sub-object of another, are drawn
as solid lines with a diamond on one end aud an arrowhead on the other, the
arrowhead pointing towards the class of the sub-object. The relation between
the Context class and the State class in FFigure 1 is thus an aggregation relation
which indicates that the Context class cousists of a sub-object of the State class.
Association relations are also shown as solid lines with an arrowhesd on one end
but they are utnarked at the other end, while instantiation relations are shown
as dashed lines with an arrowhead on one end. An association relation indicates
that one class communicates with another, and an instautiation relation indicales
that a class creates objects belonging to another class. The arrowhead indicates
the direction of the communication or the class being instantiated respectively.

Association and aggregation relations also have au associated arity, which
tuay be one or many according to whelher each object of one class communicates
with or is composed of a single object or a collection of objects of the other class.

Relations of arity many are indicated by adding a solid black circle to the front
of the arrowhead.

2.2 The Formal Model

From the patterns and examples in [10] it can be seen that the various actions
that can appear as annotations to nethods in a design basically correspond
to the different types of relations that can link the classes, except that at the
level of the actions there is no distinction between aggregation and association
relations. Thus, in our lormal model we define three types of actions — invocalion,
instantiation, and self or super invocation — which we use to model these actions.

An invocalion represents an interaction that corresponds to an association
or aggregation relation: objecls of one class request objects of another class to
perform some action by executing some method. Some variable (generally Lhe
“name” of the relation) in the first class represents the object that receives
the request, while the request itself cousists of the name of the method which
should be executed together with appropriate parameters for that method. In the
RSL specification variables are represented by thie type ‘Variable_Name’ and the
parameters of a request by the type ‘Actual_Parameters’, which is basically just
a list of variables which does not, include the reserved variable name super which
is used exclusively in super invocations (described below). Then the request as
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a whole is modelled using the type ‘Actual Signature’ and the whole invocation
by the type ‘Invocation’.

Invocation ::

:all_vble @ Variable Neae call_sig : Actual Signature,
Actual _Siguature

methname : Method_Name a_params : Actual_Paramcters,
Actual_Paramecters = W{_Varinble_Nane*

An instantintion of course represents an indernction which corresponds to an
instantiation relation: one class requests another class to creale a new object. In
most object-oriented programming languages there are essentially two ways in
which this sort of object creation can be perforined. First, the class inight create
a “default” instance of itsclf (for example in Smalltalk by using the basic ereation
method new which is available in every class) and then set the state variables
of this instance appropriately using other methods. Or second, the class may
have other local creation methods which create customised instances directly
using paraineters to the methods (as, lor example, in the parameterised method
new: in Smalltalk which uses its parameter to additionally set the state of the
instance it creates). We cover both of these situations in our model by defining
an instantiation (the type ‘Instantiation’) to consist of Lhe name of the class to
be instantiated together with a possibly empty list of parameters.

Instantiation ::
class_name : Class Name a_parais : Actnal Parameters

Self and super invocations are analogous to invocations except that the in-
vocation is to the sane class or to a superclass respectively. Super invocations
therefore correspond in sonie sense to inheritance relalions, but there is no such
correspondence with relations in the case of self invocations because relations
between a class and itself are generally not shown explicitly in an OMT diagram.
In our formal model we use the type ‘Invocation’ to model both self and super
invocations, except that in these cases the call variable of the invocation is the
specific variable name ‘self’ or ‘super’ respectively.

self, super : Variable Nawe

In general, an annotation can contain one or more instantiations or invo-
cations, the order of which is generally important. We model this as a list of
requests, where a request can be either an invocation or an instantiation. Anno-
tations can also indicate assigmments to variables, including both state variables
aud local (dummy) variables. Two forms of assignment are used: one wlere the
results of some request are assigned to variables, generally for use in a later
request, and the second where the paramcters of the method ‘are assigned to
variables, generally state variables. These assignments are modelled using the
type ‘Variable_Change', which maps sets of variables to either requests or sets
of variables. These correspond to the two forms of assignment described above.
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The predicate defining the subtype here ensures that the emply set is not in
the domain of the map and that no two sets in the domain have variables in
common?.

Variables = W{_Variable_Name-set,
Request = Invocalion | Instantiation | _,
Request_or.Var = Recuest | Variables,
Variable_Change =
{I m : WL.Vhle.Name-seb 5 Request.or.Var «
iswlvehange(in)

I}

The requests and the variable assignments coustitute the body of a concrete
or implemented method. The actions performed by abstract or defined methods
are unspecified, however, so these methods basically have no body. And some
patterns (e.g. the Composite pattern in [L0]), and hence of course designs, can
include methods which are defined in a superclass but which should not be
implemented in all subclasses and indeed do not make sense in some subclasses.
Such methods, which we call error methods, also have no body. Our formal
definition of the body of a method then takes the form of a variant Lype which
defines each of the three different types of method, the hodies of defined
error methods being represented simply as Lhie constants of the same nanes.

Method_Body ==
defined |
error |
implemented
(variable_change : Variable_Change, request_list, : Request*)

The other iimportant compouents of a method are its result, which we model
as a set of variables, its formal parameters, which is a list of parameters, each of
which is a variable (which cannot be ‘self” or ‘super’; the type "W{_Vble_Name’)
with optionally the name of a class indicaling the type of Lhat variable, and its
name. The well-forinedness condition ‘is_wf_formal_parameters’ on the formal
paramecters ensures that all the variables representing the formal paramecters are
distinct (so that they can be distinguished in the body of the method). There
are also consistency conditions on the components of the method, for example
that cvery set of variables to which the result of an instanlintion is assigned
can contain only ouc variable, and these are similarly embodicd in the funclion
‘is.-wi_method’ and hence in the definition of a well-formed mecthod.

The method names are included in the form of a map from method natues to
well-formed methods since the names of the methods in a particular class must
all be different. The constraint ‘is_wf_class_method’ simply states Ghat certain
reserved method names cannot be used.

2 Although this latter condition might, at first sight scem to be Loo restriclive, our

model is an abstract one in which we only model the final value of each particular
variable.

I
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Method ::

{_params : Wi Formal_Parumneters

methres : Result

body : Method_Body,

Result = Variables,
Parameter ==

var(WEVhble Nune) |

paramTyped(paramName : WILVble_Nmue, className ¢ Class Numwe),
WL Formal_Parameters =

{| p: Parameter* « is_wi_formal_parameters(p) I}
WILMethod = {| i : Method « is-wi_method(m) |},
Map_Methods = Method Name -3 W(_Method,
Class Method = {| m : Map_Mcthods » is_wi_class method(m) |}

The state of a class is similarly defined as a set of variables, which also
ay not include the reserved variables ‘self” and ‘super. This, together with the
methods and the class type, which is simply either of the two values ‘abstract’ or
‘conerete’, then forms all the important components of a class definition except
its name. We again include the class names using a map from class names to
well-formed classes beeause the nanes of all classes in a design must be distinct.
The well-formedness condition on a class requires that state variables cannot he
used as formal parameters Lo methods,

State = WI_Vble_Name-set,
Class_Type == abstract | concrete,
Design_Class ::
class_state : State
class_methods : Class_Method
class_type : Class_Type,
WE Class = {| ¢ : Desigu_Class + is.wl_class(c) |},
Classes = Class_Name 7 WE Class

A relation is basically determined by the classes it links and its type, which
may be inheritance, association, aggregation, or instantintion. All relations ex-
cept inheritance relations are binary, linking a single source class Lo a single
sink class. We in fact also model inheritance relations as binary relations hy
considering the ease in which a class hins several subelasses as many inheritance
relations, one linking the superclass to cach individual subelass. Thus, our basic
definition of a relation is embodied in the record type ‘Design_Relation’.

In the case of instantiation and inheritance relations, there can be at wmost
one such relation between any pair of classes. Tlic type together with the source
and sink classes is thus sullicient to identily the relation uniquely. However, it is
possible to have more than one association or aggregation relation between the
same two classes, and furtherniore the arity of these relations can be indicaled, at
least to the extent that it is either onc or many. We therefore introduce the type
‘Card’ to represent the arity and use the names of the relations to distinguish
between them. In this way, for example, the aggregation relation between the
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Context and State classes in the State pattern (see Figure 1) has arity one-one
and is identificd uniguely by its nane state,

The well-formedness condition ‘wil_relation’ states that instantintiou relalions
are not explicitly shown between a class and itsclf and that there cannot be
inheritance rclations between a class and itself,

Card == one
Ref =
relation_name @ W{_Vhle_Name
sink_card @ Card
“source_card : Card,
Relation_ Type ==
inheritance
association(as_refl : Ref) |
aggregation(ag.rel : Ref) |
instantiation,
Design_Relation ::
relation_type : Relation_Type
source.class : Class_Name
sink_class : Class_Name,
WL Relation = {] r : Design_Relation « wf_relation(r) |}

many,

An object-oriented design, which is represented in our model by the Lype
‘Design_Structure’, then simply consists of a collection of classes and a collection
of relations, together with appropriate consistency conditions (for example that
there are no circularities in inheritance relations, that an abstract class cannot be
the sink of an instantiation relation because creating instances of abstract classes
is not allowed, that an abstract class must have subclasses, ete. Pull details of
these consistency conditions can be found in [9)).

Design_Structure = Classes x WE_Relations,
WE_Design_Structure =
{| ds : Design_Structure + is_wf_design_structure(ds) |}

3 Matching Desigus to Patterns

We now go on to explain how to link our model of n design to the design pallernus
in such a way that it is possible to determine whether or not the two match.
We make this link using a renaming map, which associates the names of
entities (classes, methods, state variables and parameters) in the design with
the names of corresponding entities in the pattern. Thus, the corresponcences
between stale variables and between paraincters are modelled using Lhe Lype
“VariableRenaming’, which simply maps variables in the design to variables in
the pattern. The Lype ‘Met,hod_and_Pn,rmneLer_Rﬁumuing’ relates methods in
the design to methods in the pattern. It consists of two parts: the first simply
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defines the correspondence belween the names of Lhe methods aud Lhe second
relates their parameters. "This nested structure is necessary because two different:
methods may lave parameters with the sanme nane.

The renaming of a class has a shiilarly nested structure, the Lype ‘Class-
Renaming’ consisting of Lhe name of the class i the patlern together with one
renaming map for the methods in the elass and another for the state variables.
However, in this case it is possible for a single class in the design to play sev-
eral voles in the pallern (for instance, in the example illustrating the Commnd
pattern in [10] the class Application iu the design plays both the Client and the
Receiver roles in Lhe patlern). We Lherefore map cach design class Lo a sel of
class renamings in the renaming map, and the full renaming map is representbed
by the type ‘Renaming’. The well-formedness comelition requires that no design
class can have an cmpty sct of renmings and that the renamings of any one
design class must all refer to dilferent pattern classcs. ,
VariableRenaming = Variable_Namc = Variable_Name,
Mcbllod_uud_ParmucLeLchnmil1g = Mecthod_Name Method _Renaming,
Mecthod_Renaming ::

method_name : Method_Name parameterRenaming : VariableRenaming,
ClassRenaming ::

classname : Class_Nuae

methodRenaming : Method_and_Parameter_Renaming

varRenaming : VariableRenaming,

Renaming = Class_Name n¢ ClassRenaming-set,
Wl Renaming = {| r : Renaming + is.wf_Renaming(r) [)

Finally, we link the design with the renaming map through the type ‘De-
sign_Renaming’. Its well-formedness condition is quite complicated so we refer
the reader to {9] for the details.

Design-Renaming = WI_Design_Structure x W Renaming,
Wi Desigu_Renaming =

{I pr : Design_Renaming is.wl_design renaming(pr) |}

4 Specifying the Properties of Lhe Patterns

hiorder to check whether a particular (subsct of a) design malehes o particular
pattern, we formally specify functions which embody all the properties thal
the entitics in the patlern must exlibit, then we require that every cntity in
the design which has a renaming under the renaming map to an cutily in the
Pattern satisfies the propertics of that entity in the pattern. We illustrate how
the properties of the patterns are specified by cousidering the specification of
the State pattern in [10] (see Figure 1).

The structure of the State pattern comprises a single hierarchy of classes
rooted at the State class, togethier with a single Context class, The Context class




232 A. Flores, L. Moore, and .. Reynoso

basically defines a comumon interface which clients can use Lo interacl with the
various ConcreleState subclasses, and essentially it simply forwards requests ap-
propriately via its state variable. This is represented by the single aggregation
relation between these classes in Lhe patiern structure.

We define the function ‘hierarchy’ to specily the firsl of these propertics.
This is a generic function which checks that a hierarchy of classes in the design
lins ws its root a class which plays a given role in the pallern and which is
unique in the design, has leaf classes which play any of a given set of roles in Uhe
pablern®, and hiag no classes which play roles fron agiven sel of roles (in Lhis case
Context and Client). 'I'he specilic properly of the State pattern Lhat we require
is then embodied in the function ‘State_hierarchy’ which simply instantiates the
function ‘hicrarchy’ with the required roles. We omit the specification of the
function ‘hierarchy’, which is rather long, for brevity and refer the reader to [9)
for the details.

State_hierarchy : W{ Design_Renauning — Bool
State_hicrarchy(dr) =
hierarchy(State, {ConcreteState}, {Context, Client), dr)

Another property of the State pattern is that there is a single class which
plays the Context role, and this is a concrete class. This is specified using the June-
tions ‘exists.oue’ and ‘is_concrete.class’ from [9]. The function ‘exists.one’ checks
that a single class in the design plays a given role in the pattern, and the fune-
Lion ‘is_concrete class’ checks thatb all classes that play a given role are concrete.
Again, the specificalions of the required property of the State pattern, which
are represented by the [unctions ‘exists_one_Context’ and ‘is_concrete.Contlext’,

arc obtained by instantiating these functions with the appropriate roles from the
State patiern.

exists_one : Class_Name x W[ Design_Renaming — Bool
exists_one(cp, (ds, 1)) =
(3! cd : Class Name » renaming_class_name(cd, ¢p, 1)),

is_concrete_class : Class_Name x WI_Design_Renaming — Bool
is_concrete_class(ep, ((dsc, dsr), 1)) =

V c¢d : Class_Name

renaming_class_name{cd, ep, r) = is_concrete_class{dsc(ed))

),

exists_one_Context : W{_Design_Renaming — Bool
exists_one.Context(dr) = exists_onc(Context, dr),

is_conerete_Context : W{_Design_Renaming — Bool
is_conerete_Context(dr) = is_concrete_class(Context, «r)

3 ; . . . - .
I this case there is only one class in Uhis scl, nanely ConcreteState, bul il is possible

Lo have more than one class as, for example, in the Command patlern in [10].
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Other properties of Lhe Stale pattern are specilied similarly. These include,
for example, thal the class which plays the Context role contains a single state
variable which plays the state role and that it also contains at least one method
which plays the Request role, all such methods being implawented and containing
an invocation to the state variable of a method which plays the Handle role.
Together with the propertics specified above, these lead us to Uhe delinition of
the function ‘is_state.pattern’ which embodies all the essentin properties of the
clements of the State pattern. Again, [ull details can be found in 19].

is_stale_patlern : W Design_Renaming > Bool
issstate_pattern(dr) =
State_hicrarchy(dr) A
exists_oue_Context(dr) A
is_conerete_Conlext(dr) A

In fact we have already completed specifications of this form for almaost, all
of the patterns in the Gol" catalogue. Tull details of Llese specifications can be
found in [15,8,2].

5 An Example: Checking an Instantiation of Lthe State
Pattern

In this section we give an example of how an object-oriented design is representod
in our model and how we relate this to a pattern using the renaming map. As
the basis for this, we use the example which is used in (10] to illustrale the
motivalion and sample code of the Stale patlern.

"This example is a model of a T'CP network connection. This connection can
be in one of several states — closed, established, listening, ete. — and different
operations can be applied to these states to manipulate the connectlion.

The OMT-extended diagram of this design, where we only include classes
representing the three states mentioned above, is shown in Figure 2.

We give vuly a representative salnple of the specification of the design here,
defining ouly the class TCPConnection and the relations in detail. The complete
specification can be found in [9).

We begin by defining RSL constants which represent the names of the classes,
methods, state variables and paramecters which are used in the design. Those used
in the class TCPConnection and the relations are:

TCPConnection Class_Namne,
TCPState : Class Nae,
TCPEstablished : Class.Name,
Clicut : Class_Nane,
ActiveOpen : Method _Name,
PassiveOpen : Method_Name,
Close : Method_Name,

Send : Method_Name,
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Fig. 2. Design for a 'TCP Network Conneelion

Acknowledge : Method _Name,
Synchronize : Method _Name,
ProcessOctet : Method_Name,
ChiangeState : Method_Name,
var_slate : Variable Name,
var_context : Variable Name,
state : Variable_Name,
octetstreamn : Variable_Name

Next we define the other parts of the methods ~ their bodies, resulls and
parameters — and the collection of all methods in the class.

Although there are eight methods in the class TCPConnection, the forms of
ActiveOpen, PassiveOpen, Close, Send, Acknowledge aud Synchronize are essen-
tially the same: each has no parameters, returns no result, causes no variable
changes, and has a body which consists of a single invocation to the var_state vari-
able of the corresponding method (i.e. the method with the same nane) in the
TCPState class, the paraneter of each invocation being self. The specilicalions of
these six methods are thiercfore all identical up to the names involved. Therelore
we only show the specification of one of them, ActiveOpen, here together with
the specifications of ProcessOctet and ChangeState,

We first define constants representing the bodies of the methods.

Because there are many cases in which different methods in the design hiave
essentially Lhe same structure as, for example, with the six methods deseribed
above, we introduce generic parameterised functions to represent Lthese common
structures and then define the individual methods in terms of these. An nddi-
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tional advantage ol this approach is thal the generic funclivns are likely Lo be
reusable across many diflerenl designs.

We Lherefore begin by delining the function ‘onecinv_meth_body’ which de-
scribes in paramecterised form the bodies of the first six methods in TCPConnec-
tion. This function then basically describes thie body of any method in the design
which consists of a single invocation to a given variable of a given mcethod, the
invocation having a single given parameter and the method involving no vari-
able changes. Note that the invoked method and its parameter form an actual
signature (see Section 2.2) in the specification. Then the body of the ActiveOpen
method is represented by o constant, “meth_body AOctn®, which in constraeted
by instantiating the function ‘one_inv_neth_body’ appropriately, in this case with
the values var_state, ActiveOpen and self.

one.inv_meth_body :
Variable_ Name x Method Name x WI_Variable_Nane —
Method_Body
one.invancth.body(v, m, p)
implemented

(1], (milcInvocation(v, mk_Actual Signature(m, (),

il

meth_body_AQctn : Method_Body =
onc-invometh_body(var_state, ActiveOpen, sell)

The ProcessOctet and ChangeSlate methods are Lreated similarly. ‘Fhe lirst
of these, like several other methods in the design, has no explicit body, so we
introduce a generic constant ‘empty.method_body’ to represent the Lody of all
stuch methods. The second simply assigns its parameter to a parlicular stale vari-
able, so its body is empty apart from a single variable change which represents
this assignment. This Lype of body is modelled generieally using the funclion
‘assign_param_meth body’ and the body of the ChangeState method is again ob-

Lained by instantialing this lunclion appropriately, in this case with Uhe variables
var_state and state.

empty_method_body : Method_Body = implemented(} ], ),

assign_paratn_necth_body :

Variable Name x W{_Variable Name — Method Body
assign_paran_meth body(v, p) =

implemented({ {v} = Request_or_Var_from_Variable(p) ], ()),

weth_body_ChgSt : Method_Body =
assign_param_meth_body(var_state, state)

Having defined the bodies of the methods, we now proceed to define the
methods as a whole.

Again there are similaritics in the structure of the methods: the first six meth-
ods in the TCPConnection class all have no parameters and no result, though
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they have diflerent bodies; the method ProcessOctet has a single untyped paran-
oter and no resull; and the mnetlhiod ChangeState, in common with the majorily
of the niethods in the other classes, s a single Lyped parameter and no re-
sult. We therefore introduce the lwo generic functions Onethod_with body’ and
‘nethod with_body_param’ to describe each of these forms in an appropriately
parameterised way.

method_with_body : Method _Body — Method
method_with _body(b) = mk _Method(Q), {}, b

mcthotLW{(;h-body_pnrmu :
Method Body X W _Formal Parameters —» Method
method_wil;h_bo(ly_pm'mu(b, p) = mk_Method{p, {}, b)

Then the specifications of the individual methods in the class TCPConnec-
tion are obtained by appropriately instautiating these generic functious, and
the collection of all methods in the class, which is represented by the RSL
constant «C4u_Class_Methods', is formed by constructing o nap from cach
method name to the appropriale method. Tlowever, the methods constructed by
these generic functions do nol necessarily satisly the well-fortnedness condition
ts.whmethod’ (the resull type of the functions is ‘Method’ not Wi Method").
Similarly, the collection of methods must salisly the well-foredness condition
‘s wlclassmethod’. We must therefore check that these conditions are satisfied
in order to be certain that the design is well-formed and the definition below is

correctly typed. ‘

Cin_Class.Methods : Class.Mcthod =
[

ActiveOpen +» 111(:(.110(1_wil.h_body(uwhh_body_AOcLu),
PassiveOpen = mct]\0(1_wi(;h-body(m(:l.hJ)O(.ly_POctn),
Close = nu:l.hml_w'lLh_\)()(ly(n|ulAh_b()(ly_Can),
Send - mci,hod_wil,h_bo(ly(nu:l;h_body_Scl;n),
Acknowledpe — mcl,ho(l_wit.h_l)ody(mcLll_body_l\kc(.n),
Syuchronize = mc(‘,hud_wil’.l1_\)()(ly(mnl.l|_lm(1_y_Syan),
ProcessOctet —

method_with_body_param

(cmpl'.y_meLIm(l_l)ocly, (vur(ocl,cl,sl,rczml))),

ChangeState =

method_with_body_parain

(lllcth_l)ody_Ctht, (pm‘mu’l‘ypcd(st;nLc, TCPState)))

l

The scts of methods for the other clusses are defined similarly.

The next step is Lo incorporate the definitions of the methods in the closs
into a definition of the class as a whole. Tor this we need to additionally define
the class state and ils type.

Bl
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In the desipn, the class TCPConnection has o single state variable var_state
and is n concrele class. ‘Uhe specification of this class, which we must again check
for well-formeduess (Lhe function ‘iswi_class’) is Cherelore:

Ctn_Class : Wl Class =
mk_Design_Class({varslale}, Chn_Class_Methods, concrete)
Next we turn Lo Lhie relations in the design. ‘There are in fact one apprepation

relation, oue association relation amd three inheritance relations (one between
TCPState and each of its sube

wmes) included. Hore we only show the specificn-
tion of oue of the inheritance relations hecause Uie others are entirely analogous
up to the nawmes of Lhe classes involved.

The aggregation and association relations are both one-one, so their specifi-
cations (the constants ‘agg_rel’ and ‘ass_rel’ respectively) are similar apart from
their types and the names of the classes and variables involved. The inlieritance
relations are simply specified as inheritance relations between the appropriate
pair of classes. Bach must of cowrse be shown to satisfy the well-Tormedness
condition ‘wl relation’,

agg_rel @ Wi Relation =
ik _Design_Relation

(
aggregalion(mk_Ref(var_state, one, one)),
TCPConnection,
TCPState

)

ass_rel : W Relation =
mk_Design_Relation
(
association(imk_Ref(var_context, one, one)),
Client,
TCPConnection

)

inhl_rel : Wl Relation =
mk_Design_Relation(inheritance, TCPState, TCPEstablished)

The other classes and relations in the design are specified in a similar way,
then the specilication of the design as a whole is obtained by combining them
together. To do this, we construct a map which associates cach class name in
the design with its definition and a set containing all the relations in Lhe design.
The design as a whole is then represented hy the pair constructed from these two
components. Checking the remaining well-formedness conditions then ensures
that the design as a whole is well-formned.
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Class.Map : Classes =

[
Client = Cli_Class,
TCPCounection =3 Ctn_Class,
TCPState - Sta_Class,
TCPEstablished = Est_Class.
TCPListen -3 Lis_Class,
TCPClosed +» Clo_Class

h

Relset : Wi Relation-set =
{aggxel, inhl_rel, inh2_rel, inh3_rel, ass_rel},

State.DS : Wi Desjgn_Structure = (Class.Map, Rel_set)

This compleles the specification of the design and we must now link the
design to the paltern by defining a renaming mapping from the names of the
classes, methods, state variables and parameters in the design to the correspond-
ing entitics which represent their roles in the patlern (see Figure 1). Again we
concentrate on the class TCPConnection here.

The class TCPConnection corresponds to the Context class in the pattern,
and the first six methods (ActiveOpen, PassiveOpen, Close, Send, Acknowledge,
and Synchronize) in TCPConnection all correspond to the Request operatiou in
the pattern. Thus, in this example there are many clements of Lhe design which
play a single role in the pattern.

Since all the above methods play the same role in the pattern and have
no explicit paramecters, they all have the same renaming. We therefore simplify
our spegcification by introducing a constant ‘Ctnrequntd’ which represents Lhis
renaming. Then we consbruct a renaming map ‘Ctu_mtd’ for the methods (aund
their parameters) by mapping each of the nethods at the design level to this
constant.

Note that the methods ProcessOctet and ChangeState have no counterparts
in the pattern so are simply omitted from the method renaming map.

Cturequmtd : Method Renaming = mk_Method _Renaming(S.Request, []),

Ctu.ntd : Method_and _Parameter_Renaming =
[

ActiveOpen = Ctn_req_mtd,
PassiveOpen v+ Ctu_requimnld,

Close = Ctn_reqintd,

Send — Ctn_reqntd,

Acknowledge +— Ctu_req_mtd,
Syuchronize — Cln_req bl
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We similarly build a variable renaming map to associate the state variables in
the TCPConnection ¢lass with those in the Context class. This is then combined
with the method renaming to yickl the renaming for the whole class.

Ctn_vbles : VariableReuaming = [var_state - S.state],

Cin_Class_Rewuning : ClassRenaming =
mk_ClassRenaming(S.Context, Ctuantd, Ctu_vbles)

We Tollow the sane procedure for the other elasses in the desipn to oblain
the renaming for the whole desigu, which simply associates the names of the
classes in the design with the appropriate class renaming. Note that each design
class plays a single role in the pattern so there is only a single class retiaming
for cach design class. Again, we wmust check that the well-formeduess condition
‘is_wf_Renaming’ is satislicd.

State Renaming : Wl Renaming =
[

TCPConnection -3 {Ctn_Class_Renaming},
TCPState = {Sta_Class_Renaming},
TCPEstablishied +» {Con_Class_Renaming},
TCPListen = {Con_Class_Renaming},
TCPClosed = {Con_Class_Renmning},
Client -5 {Cli_Class Renaming)

The final step is to combine the specifications of the design and the re-
naming and to check that these togother satisly the well-formedness condition
‘is_wl_design_renaming’.

State_Pat_Ren : Wi Design Renaming = (State DS, State Renaming)

This value is then used as inpul to the funclion ‘is_state_pattern’ defined
in Section 4 to check whether or not the TCP network connection design is an
instance of the State pattern.

6 Conclusions

We have described a formal model of a generic object-oriented design based on
the extended OMT notation and we have shown how a design in this model can
be linked to a Col pattern using the renaming map. We have furthermore shown
low the specific properties of individual Gol® patterns can be specified in this
model, and we have illustrated using an example design how the specifications
can be used to determine whether or not a given design matchies a given pattern.
This allows desiguers to be sure, as well as Lo demonstrale to others that they
are using the patlerns correctly and consistently. The model can also help de-
signers to understand the properties of the Gol" patterns clearly, and indeed our
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analysis of the various Gol* patterns using the model has identificd a number
ol incousistencies and incompletenesses in the informal descriptions of o number
ol patterns and lhas led us to propose modified pattern structnres which resolve
these problems [15,8,2].

The work presented liere concentrates on matching a subset, of a design to
a single pattern at a time, whereas in practice a design is of course likely to be
based around several different patterns and may eveu comprise several instances
of the sane pattern. We have in fact considered the possibility of extending the
model to deal with multiple patterns and it turns out that this can easily be
doue by simply redelining the renmning map slightly. In future work we plan to
investigate this extension further with a view to describiug so-called “conpomxl”
patterns [17].

Although we have limited our attention to GoF patierns in our current work,
we believe that our basic model is in fact sufficiently general that it could be
applied in a similar way Lo give formal descriptions of other design patterns
based on the extended OMT notation. We also believe that our work could form
a strong basis for a similar model of an object-oriented design based on the UML
notation (http://www.omg.org/uml), and we propose to investigate this in the
future.

Finally, we believe that the formality of our general model and of our specifi-
cations of the individual GoI® patterns makes them a useful basis for tool support
for GoF® patterns and we plan to iuvestigate this possibility in the [uture.
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