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Abstract

There is a general consensusthat the paradigmshift to
component-basedsoftware developmentshouldbe accom-
paniedbya correspondingparadigmshift in theunderlying
approach to specificationand reasoning. Work in modu-
lar specificationand verification has shownthe way, and
following its lead, in this position paper, we outline our
approach to specifyingand reasoningabout components,
which usesa novelnotionof correctness.

1 What is this paper about?

As the title suggests,this paperis aboutan approachto
formal specificationof softwarecomponents.Thepurpose
of suchanapproachis to allow formalreasoningaboutcom-
ponents.The ultimategoal of Component-basedSoftware
Development(CBD) is third-party assembly. To achieve
this,it is necessaryto beableto specifycomponentsin such
away thatwecanreasonabouttheirconstructionandcom-
position,andcorrectnessthereof,a priori . Work in mod-
ular specificationandverification,e.g. [9, 14] hasshown
the way, andour approachfollows its lead. However, our
approachis novel andhencedifferentin theway we define
correctness.In this paper, we will discusshow we spec-
ify components,andin particularhow wedefineandreason
aboutcorrectness,andwhy this is usefulfor CBD.

2 SpecifyingComponents

Ideally componentsshouldbeblack boxes, in orderthat
userscan(re)usethemwithout knowing thedetailsof their
innards.In otherwords,theinterfaceof acomponentshould
provide all the informationthatusersneed.Moreover, this
informationshouldbe theonly informationthat they need.
Consequently, the interfaceof a componentshouldbe the

only point of accessto the component.It shouldtherefore
containall the information that usersneedto know about
thecomponent’soperations, i.e. whatits codedoes,andits
context dependencies, i.e. how andwherethe component
canbe deployed. The code,on the otherhand,shouldbe
completelyinaccessible(and invisible), if a componentis
to beusedasablackbox.

The specificationof a componentis thereforethe spec-
ification of its interface, which must consistof a precise
definitionof thecomponent’soperationsandcontext depen-
dencies,andnothingelse.

3 Reasoningabout Components

To reasonaboutcomponentsandtheir constructionand
composition,wewill coinaphrase,a priori reasoning, which
is essentialfor CBD to achieveits goalof third-partyassem-
bly. As its namesuggest,a priori reasoningtakesplacesbe-
fore theconstructiontakesplace,andshouldthereforepro-
vide anassemblyguidefor componentcomposition.

For CBD, a priori reasoningwould work asfollows:

� it requiresthat it is possibleto show a priori that the
individual componentsin questionare correct (wrt
their own specifications);

(This enablesus to do componentcertification, see
below.)

� it thenoffershelpwith reasoningaboutthecomposi-
tion of thesecomponents:

– to guidetheir compositionin orderto meetthe
specificationof a largersystem;

– to predict the precisenatureof any composite,
so that the compositecan in turn be usedasa
unit for furthercomposition.

(Thisenablesusto do systemprediction, seebelow.)



4 PredictableComponentAssembly

A priori reasoningaddressesan openproblemin CBD,
viz. predictablecomponentassembly. It doessobecauseit
enablescomponentcertificationandsystemprediction.

ConsiderFigure1. Two componentsA andB eachhave
their own interfaceandcode. If the compositionof A and

Interface Interface ?
A B C

Code Code ?+
Component A Component B Component C

Figure 1. Predicting component assemb ly.

B is C, canwe determineor deducethe interfaceandcode
of C from thoseof A andB? Theanswerlies in component
certification.

4.1 ComponentCertification

Certificationshouldsaywhatacomponentdoes(in terms
of its contextdependencies) andshouldguaranteethatit will
dopreciselythis(for all contextswhereits dependenciesare
satisfied).A certifiedcomponent,i.e. its interface,should
thereforebespecifiedproperly, andits codeshouldbever-
ified againstits specification.Therefore,whenusinga cer-
tified component,weneedonly follow its interface.In con-
trast,we cannottrusttheinterfaceof anuncertifiedcompo-
nent,sinceit maynot bespecifiedproperlyandin any case
we shouldnot placeany confidencein its code.

In the context of a priori reasoning, a certifiedcompo-
nentA is a priori correct. Thismeansthat:
� A is guaranteedto be correct, i.e. to meet its own

specification;

� A will alwaysremaincorrectevenif andwhenit be-
comespartof a composite.

Thisis illustratedby Figure2, wherecomponentA hasbeen

Interface/Spec Interface Interface?
A B C

Code Code
A

Component CComponent BCertified
component A

Code?+

Figure 2. Component cer tification.

certified,so we know how it will behave in the composite
C.

However, wedonotknow how B will behavein C, since
it is not certified.Consequently, we cannotexpectto know
C’s interfaceandcodefrom thoseof A andB, i.e. wecannot
predicttheresultof theassemblyof A andB.

4.2 SystemPrediction

For systemprediction,obviouslyweneedall constituent
componentsto becertified(a priori correct). Moreover, for
any pair of certifiedcomponentsA andB whosecomposi-
tion yieldsC:

� before putting A and B together, we needto know
whatC will be;

� andfurthermore,we needto beableto certify C.

This is illustratedby Figure3. Thespecificationof C must

A B C
Interface/Spec Interface/Spec Interface/Spec

Code Code Code
Certified

component A
Certified

component B
Certified

component C

+

Figure 3. System prediction.

bepredictableprior to composition.Moreover, we needto
know how to certify C properly, andthushow to useC in
subsequentcomposition.A priori correctnessis just what
we needin orderto do systemprediction.

5 Modular Specificationand Verification

Currentapproachesto modular(formal)specificationand
verification,e.g. [9, 14], usemodular reasoning. This is
specification-basedreasoningthat tries to say beforerun-
ning thesoftwarewhetherit will behaveasspecifiedor not
(subjectto relevantassumptions).This is illustratedin Fig-
ure 4. Beforea compositemoduleC is deployed,we can

Code
Interface Interface

Code

Spec for C

C

Verified module C

Spec for B

B

Verified Module B
Code

Interface

Spec for A

A

Verified module A

+=

= +

Figure 4. Module composition.

predictwhetherit will work accordingto its specification.
For example,if componentmodules,sayA andB, areto be
usedin C, thecorrectnessof C is establishedbasedon the
specificationsof A andB (evenbeforeA andB have been
implemented).The componentsA andB arethenverified
independently. Thecontextsof A andB aretakenin account
whenusingandverifying A andB.

Thusmodularreasoningis a priori in nature.It predicts
correctness,basedon specification.This kind of prediction
is we believe subtly different from the predictionthat we
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intendto convey in Figure3, which predictsspecification,
basedon(certified)correctness(wewill discussthis in Sec-
tion 11).

6 Our Approachto SpecifyingComponents

In therestof thispaper, weoutlineourapproachto spec-
ifying components,sothatwecancarryoutapriori reason-
ing abouttheirconstructionandcomposition.Ourapproach
differsfrom currentwork in modularspecificationandver-
ification, however, in thatwe usea novel notionof a priori
correctness.

Diagrammatically, our componentlooks like Figure 5,
andin thesubsequentsections,we will explain thekey in-

INTERFACE

CODE

CONTEXT(
���������	��
�
�


)

Name

Signature:
Axioms:
Constraints:

Code for op1, op2,

�
�


Operations:

Dependencies:


�
�

;
�
�

;
�
�

;

specifications;
op1(  � ), op2(  � ), 
�
�
 ;���������	��
�
�
��  ���  ����
�
�
 ;
constraints;

Figure 5. Ingredients of a component.

gredients,viz. thecontext andthe interface, andtheir spec-
ifications.

We shouldpoint out that this is work in progress,sowe
do not yethaveall theanswers,soto speak.

7 Context

A componentis definedin a problemdomain, or a con-
text. We will representa context asa full first-orderlogical
theorywith anintended(mathematical)model.

7.1 Signatureand Axioms

A context
�������������

is composedof a signature
�

(containingsortsymbols,functiondeclarationsandrelation
declarations)anda finite or recursive set

�
of
�

-axioms.
A context axiomatisesa problemdomainandthusenables
us to reasonaboutit. More specifically, a context contains
theabstractdatatypes(ADTs) andall theconceptsthatare
neededto build a modelof theapplicationat hand.A con-
text is thusa (first-order)theorywith anintendedmodel.

Wedistinguishbetweenclosedandopen(or parametric)
contexts. A context

�������������
is closedif its signature

�
doesnotcontainany parameters.In thiscase,

�
’saxioms

�
have onefixed model. By contrast,a context

�������������

is openif its signature
�

containsparameters.In this case,�
’s axioms

�
have many potentialmodels,dependingon

theparametersin thesignature
�

.

Example 7.1 A simpleexampleof aclosedcontext is first-
orderarithmetic � �"! �#���%$'&(�*),+-�

.
�%$'&

containsthe
unary function . (successor)and the binary functions /
(sum)and 0 (product).

),+
containstheusualPeano’s ax-

ioms for . � / � 0 (andall the instancesof the first-orderin-
ductionschema).

CONTEXT 1,2�3 ;

SIGNATURE:
Sorts: 4 ;

Functions: 5 687:9�;<4>=? 687 4@9�;A4B=CEDGF 687 4 D 4@9H;A4B=
AXIOMS: I ?KJ 6�LNMO6P4�QSR ?PT M�U'VW5X=LNM D�Y 6S4ZQ ?PT M�U[V ?PT Y U\;]M^V Y =I C J 6�LNMO6P4�Q_M C 5`VaMb=LNM D�Y 6S4ZQPM C ?PT Y U'V ?PT M CcY U*=I F J 6�LNMO6P4�Q_M F 5dVW5X=LNM D�Y 6S4ZQPM F ?PT Y U[V T M F\Y U C M�Q

Thestandardstructureof naturalnumbersis theintended
modelof � �"! .

Example 7.2 A simpleexampleof an opencontext is the
following,whichaxiomatiseslistswith genericelements

�
anda generictotalordering e on

�
.

CONTEXT fbg'hi3 Tkj Dml 6N7 j D j 9nU*=
IMPORT: 1"2�3 ;

SIGNATURE:
Sorts: j Dpo ;

Functions: qHr�st6u7K9N; o =v 6u7 j Dpo 9w; o =q�xzyGy{6u7 j Dpo 9w;<4B=
Relations: |}x ? 687 j D 4 Dpo 9~=

AXIOMS:I�q�r�s D v J 6KLNM D�YwDp� 6 j D LX� Dp�wD sb6 o QT R��wr�sHVaM v �%� T Y v � V � v sH; Y V � � � VWskU�U*=I�q�xzyGy J 6KLNM�6 j QPq�xzyGy T M D q�r�skU�VW5�=LNM D�Y 6 j D Lwsb6 o QM^V Y ;Aq�xzyGy T M D�Y Q s�U\VWq�xKy*y T M D skU Ca� =LNM D�Y 6 j D Lwsb6 o QR�M^V Y ;Aq�xKy*y T M D�Y Q skU\Vaq�xKy*y T M D s�U*=I�|}x ?KJ 6KLNM�6 j D Lwsb6 o QT |}x ?PT M D 5 D skU\��� Y 6 j D ��6 o QSs�V Y v ���"M^V Y U*=LNM�6 j D Lwsb6 o QT |}x ?PT M D ?ST r�U D s�U\�<� Y 6 j D ��6 o Qs�V Y v ���d|Nx ?PT M D r D �SU�U*Q
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Thecontext (ADT) �>�"� is imported,togetherwith its
signature���'� andaxioms�,� .�[��� and � are the constructors for the sort � of lists of
elementsof sort � . (For an element � and a list � , ��� �
standsfor thelist with head� andtail � .) Their axiomsare
thelist constructoraxioms(plusstructuralinduction). �¡�¢}£ �\¤ � ¤ ��¥ meansthattheelement� occursat position �
in thelist � , wherepositionsstartfrom ¦ .�'¡S§:§�£ �\¤ ��¥ is thenumberof occurrencesof theelement�
in thelist � .
7.2 Constraints

In an opencontext, someof the parametersin the sig-
naturemay not be instantiatedjust anyhow. In fact their
instantiationmustbesubjectto strictly definedconstraints.

Example7.3 In thecontext ¨�©iª�� £ �«¤z¬®\¯ �«¤��±° ¥ , in or-
der to ensurethat ¬ is a total ordering,we have to addthe
following constraints:

CONTEXT ²�³[´¶µ�·k¸O¹Gº¼»}½ ¸O¹p¸�¾n¿*À
IMPORT: Á,Â�µ ;

SIGNATURE:
Sorts: ¸O¹�Ã ;

Functions: Ä�ÄGÄ
Relations: Ä�ÄGÄ

AXIOMS: Ä�ÄGÄ
CONSTRAINTS: ÅwÆ�¹�Çw¹pÈ-»P¸�ÄN·kÆ�ºBÇ�É@Ç�ºBÆ�¿'ÊAÆ^ËaÇwÀÅwÆ�¹�Çw¹pÈ-»P¸�ÄN·kÆ�ºBÇ�É@Ç�ºÌÈS¿'ÍAÆ,ºÌÈÎÀÅwÆ�¹�Çw¹pÈ-»P¸�ÄPÆ�ºBÇ`Ï"Ç�ºBÆbÄ

Thepurposeof constraintsis to filter out illegal param-
etersof the context: only parametersthat satisfy the con-
straintsareallowed. For example,if in thecontext ¨�©¶ª%� £�c¤b¬Ð¶¯ �c¤*�±° ¥ , we want to substitute� by the sort Ñ of
naturalnumbers,andthe ordering ¬ by Ò on Ñ , thenwe
canexpressthis asa closure (or instance):

CLOSURE Á"Â�µH²�³[´¶µ OF ²b³'´iµ�·k¸O¹mºÓ»N½ ¸O¹p¸�¾n¿*À
CLOSE: ¸ BY Ô ;º BY ÅNÆb¹�Ç"»PÔZÄN·kÆ,º>Ç�Ê]ÆOÕ«Ç}¿ .

This closureof the context ¨�©iª�� £ �«¤z¬�%¯ �c¤��c° ¥ sat-
isfy theconstraintsof thecontext since Ò is a totalordering
on Ñ .

In this example,we haveclosed� and ¬ within ¨�©iª%�
itself, for simplicity. In general,of course,they couldalso
beclosedwithin anothercontext Ö , after importing ¨�©iª%�
into Ö .

Obviouslyconstraintsdefinecontext dependencies.

8 Interface

Theinterfaceof acomponentis definedin thecontext of
the component.The interfaceis the only part of the com-
ponentthat is visible to theusers,andit shouldprovide all
the information that the usersneedin order to deploy the
component.Sincethe interfaceis definedwithin the con-
text, thelattershouldberegardedaspartof theformer. As
we alreadymadeclear, theinterfaceshouldcontainspecifi-
cationsfor theoperations,andthecontext dependencies,of
thecomponent.

8.1 Operations

In theinterface,operationsarerepresentedby theirspec-
ifications.In a context ×��E¤���Ø , a specificationof a new (re-
lation) symbol Ù is a setof axiomsthat define Ù in terms
of thesymbolsof thesignature� . For example,supposein¨�©iª%� wehaveoperationsfor sorting,suchasinsertionsort
andbubblesort. Thespecificationfor thesetwo operations
areasfollows:1

ÅwÚb»SÃ�ÄNÛ_ÜKÝ}·~Úk¿�ÊÅNÞ�»_Ô�¹[ÅwÆb¹	Ç^»_¸ßÄÎ·�·áàNâ_ãS·kÆ�¹�Þ�¹�Úk¿HÉ�àNâ_ãP·kÇ�¹�ãP·kÞ	¿*¹�Úk¿�¿'ÍAÆ,ºÌÇÎ¿
Å�ä_¹på@»SÃ�Äzæ�ç�ÜzèB·éä_¹�åÎ¿\ÊêÅwÆO»_¸ßÄXëwâzìGìP·kÆb¹käS¿�ËíëwâzìGì_·kÆb¹påÎ¿
Å�ä_¹på@»SÃ�ÄXî*âKÜ:ï�·éä_¹påÎ¿\ÊÐæ�ç�ÜKè>·éä_¹�å}¿HÉBÛKÜKÝw·~åÎ¿
Å�ä_¹på�¹�Úb»PÃ�ÄPâzÜKÝw·éäS¿HÉ^âzÜzÝw·~å}¿'Í·�ð,ç:Ü:ñXç_·éä_¹�åw¹pÚk¿'ÊAâzÜKÝw·~Ú�¿�Édàwç�ÜKèB·éäNòGåw¹pÚk¿�¿*Ä

Werepresentoperationsaslogic programs.For example,
theoperationsinsertionsortandbubblesortarerepresented
by thefollowing logic programs:

Operation: insertionSort·�ð,ç:Ü:ñXç�¿î*âKÜ:ïm·�½z¾�¹m½K¾n¿ôóî*âzÜzïG·kÆbÄ äP¹�Úk¿ôó î*âKÜ:ïm·éä_¹påÎ¿*¹�ð"ç�Ü:ñXç_·�½ Æ}¾~¹på�¹�Úk¿
Operation: bubbleSort·�º%¿î*âKÜ:ïm·�½z¾�¹m½K¾n¿ôóîGâzÜ:ïm·kÆbÄ ä_¹�ÇwÄ Úk¿ôó àNõ�Ü:ïm·kÆbÄ ä_¹m½ ÇS¾~¹påÎ¿*¹mîGâzÜ:ïm·~åw¹�Úk¿àNõ�ÜzïG·�½:¾~¹:½z¾�¹m½K¾n¿ôóà}õXÜ:ïm·�½ Æ}¾~¹G½ ÆÎ¾�¹m½K¾n¿ôóàNõ�ÜzïG·kÆbÄ ä_¹m½ Æ}¾~¹�ÇwÄ Úk¿ôó Æ�ºBÇw¹kàNõ�ÜzïG·éä_¹m½ ÇS¾�¹�Úk¿àNõ�ÜzïG·kÆbÄ ä_¹m½ ÇS¾�¹�ÆbÄ Úk¿ôó ÇdºÌÆ�¹kàNõ�ÜzïG·éä_¹m½ ÇS¾�¹�Úk¿

The operationinsertionSortcomputesthe relation ö ¡ ÙP÷
(asspecifiedby the specificationgiven above) in termsof
the relation øúù_Ù_ûNù (alsoasspecifiedabove). It therefore
needsaprogramfor øúù_Ù_ûNù in orderto completethesorting
operation.As a resultinsertionSorthas øúùKÙ_ûwù asa param-
eter, hencewe write insertionSort(øúù_Ù_ûNù ). In any context
thatis aclosure(instance)of ¨�©iª%� , insertionSortwill need
a programfor øOù_Ù_ûwù .

1For lists ü and ý , üXþpý standsfor their concatenation.
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Thusparametersto operationsalsodefinecontext depen-
dencies.

By contrast,the operationbubbleSorthasonly the pa-
rameter¬ , which is theparameterof the context. Sobub-
bleSortwill work for any context in which ¬ is instantiated
(closed)by any total ordering.

8.2 Context Dependencies

Theseconsistof the(global)parametersin thesignature
of thecomponent,the(local) parametersof theoperations,
togetherwith theconstraintsin thecontext.

So now we can definethe context dependenciescom-
pletelyin a component.

9 Code

The codeshouldbe inaccessible(invisible) to the user.
It is usuallybinary. However, if we allow parametersin the
operations,thenthecodehasto besourcecode,which has
to beinstantiatedbeforeexecution.

If the sourcecodeis available,thenthe useror the de-
velopercan also verify its correctnesswith respectto the
specificationsin thecontext.

10 A NewNotion of A Priori Corr ectness

In our work thebasisfor a priori reasoningis a new no-
tion of a priori correctness.So having laid out the speci-
fication of a component,we now turn to our definition of
a priori correctnessof a component.Specifically, we con-
sidera notionof a priori correctnessof theoperationsin a
component,thatwecall steadfastness.

10.1 Steadfastness

A steadfastoperation(program)Op is one that is cor-
rect (wrt to its specification)in eachintendedmodelof the
context Ö of the component.Sincethe (reductsof the) in-
tendedmodelsof its specialisationsand instancesare in-
tendedmodelsof Ö , a steadfastprogramOp is correct,and
hencecorrectlyreusable,in all specialisationsandinstances
of Ö .

A formalisationof steadfastnessis givenin [8], with both
amodel-theoretic,hencedeclarative, characterisationanda
proof-theoretictreatmentof steadfastness.Herewe give a
simpleexample(basedon an examplein [8]) to illustrate
theintuition behindsteadfastness.

Example10.1 Considerthefollowing component:
wherethe opencontext ©ÿ����� £�� ¤��w¤*ù ¥ is definedas fol-
lows:

INTERFACE

CODE

Iterate

CONTEXT �
	�����������������
Operations:

Dependencies:

��� �  �!#"#�  � ��$&%�' � � ��( ) ;
�����*���+�-,/.1032��54�6 ;iterate�#,7.1032��54�6/� ;

Code for iterate

Figure 6. The Iterate component.

CONTEXT 8:9<;
=?>&@BA5C�A�D7E ;
IMPORT: FHGI9 ;

SIGNATURE:
Sorts: @ ;

Functions: D JLK/MONP@BQC JLK @BAR@SMTNU@BQV JLK @BARWXMONU@BQ
AXIOMS: YTZ[J\@^] V >_Z<A�`\E�abDcQYTZ[J\@BA�YTdeJcWf] V >_ZgARhc>_d<E-E�a V >_Z<A�d<E
CiZ<]

wherejlknm is theclosedcontext for first-orderPeanoarith-
meticdefinedin Example7.1.

In theopencontext oqp�r�sut�vxw*yzw+{c| :
(i) v is a (generic)domain,with a binary operation y

anda distinguishedelement{ (seethefirst axiom);

(ii) theusualstructureof naturalnumbersis imported;

(iii) thefunctionsymbol } representstheiterationopera-
tion }~t��<wR�:|q�f{�y���y��7�/�+y� ��� �������� ���-�&� �
(seethesecondaxiom).

We canusethe Iterate componentto iterate � timesthe
binaryoperationy onsome(generic)domain v .

Supposein Iterate, or morepreciselyits context oqp�r�s ,
we specifythe ����{\�1����{ operationby thefollowing relation:

�:�����-�+�*���I� ����{\�1����{Tt��<wR��w+��|q ¡�X�¢}~t��gw5�:| (1)

The predicate ����{/�1����{Tt&£¤wR��w+��| meansthat � is the result
of applying the iteration operation } to t��<wR�:| , i.e. �¥�
}~t��gw5�:|q�f{¦y��§y��/�7�+y� �*� ��#�¨��� ���-�&� � .

Thisspecificationof ����{/�1����{ canbeimplementedby the
operationiterate(©O��ª«�5wc¬* ) definedby the following logic
program:

Operation: iterate®«¯�°
±_²5³�´+µO¶· ²-¸*¹7º�²«¸\®_ºT³�»�³«¼�¶¾½ ¯�°
±_²*®_¼�¶· ²«¸*¹/º1²-¸/®_ºO³-¿c®_°<¶5³«¼�¶¾½ · ²-¸*¹7º�²«¸\®_ºT³-°�³-À�¶5³7´+µ<®_À~³-ºT³-¼�¶
where Á is thesuccessorfunction for naturalnumbers,and
the relations ©
��ª�� and ¬* are specifiedin o¨p�r�s by the
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specifications:

Â¤Ã1Ä�Å�ÆÈÇ ÉOÊ�Ë«Ì*Í&Î�Ï Ð ÎÒÑÔÓ
ÂqÕ-Ö Ç ×*ØÙÍ&Ú:Û5ÜÝÛ5ÞzÏßÐ ÞXÑÔÚ[àáÜ (2)

Thepredicate
ÉOÊ�Ë«Ì*Í&Î�Ï

means
Î

is thedistinguishedelementÓ
, and

×*ØÙÍ&Ú¤ÛRÜÝÛ5ÞzÏ
meansthat

Þ
is theresultof applyingthe

operation
à

just onceto
Ú

and
Ü
. Thereforein theprogram

for iterate,if
ÉOÊ�Ë«Ì�Í&âTÏ

, i.e.
â

is just
Ó
, then ã Ì�Ó\ä1å�Ì�ÓTÍ�å<Û5æOÛ5âzÏ

computesç Í�å<Û5æ�Ï¨Ñfâ[ÑèÓ . Otherwise,if ã Ì�Ó\ä1å�Ì�ÓTÍ�å<ÛRÊ�Û5é�Ï ,
i.e.

éêÑ ç Í�å<ÛRÊ:Ï , and
×*ØiÍ&énÛ+å<ÛRâTÏ

, i.e.
âëÑìé§àíå

, then
ã Ì�Ó/ä1å�Ì�ÓTÍ�å<Û�î�Í�Ê:Ï*Û5âzÏ computesç Í�å<Û�î�Í�Ê:ÏRÏBÑ¢âbÑ¢é¥à�åïÑ
ç Í�å<Û5Ê:Ï�à�åBÑèÓ�à�å à�ð7ð/ð+àñ ò�ó ôõ Ä�ö¤÷gø�ù ú�û-ü�ý

å
.

Theoperationiterate(
ÉOÊ�Ë«Ì5Ûc×*Ø

) is definedin termsof the
parameters

ÉOÊ�Ë«Ì
and

×�Ø
. If we canassumethatoperations

for
É
Ê�Ë�Ì

and
×*Ø

areapriori correct,i.e. they arecorrectwrt
their specifications(2) in any interpretationof þ¨ÿ���� , then
we canprove that the operationiterate(

É
Ê�Ë�Ì�Ûc×*Ø
) is stead-

fast, i.e. it is alwayscorrectwrt (1) (and(2)).
For example,supposewehaveacomponentNaturals as

shown in Figure7, in which the context is ���nÿ , andthe

INTERFACE

CODE

Operations:

Naturals

CONTEXT �	��

������ ���������

;
unit, op;

Code for unit, op

Figure 7. The Naturals component.

operationsunit andop arespecifiedasfollows:

Â:Ã�Ä�Å�Æ Ç É
Ê�Ë�Ì�Í�ÎÝÏ Ð Î Ñfæ
Â Õ�Ö Ç ×�ØÙÍ�Ú:Û5Ü<Û+Þ�Ï Ð ÞXÑ Ú��bÜ (3)

(i.e.
ÉOÊ�Ë«Ì�Í&Î�Ï

means
Î

is
æ
, and

×�ØÙÍ�Ú:ÛRÜÝÛ+Þ�Ï
means

ÞXÑÔÚ��íÜ
)

anddefinedasfollows:

Operation:- unit���! #"%$�&('*)
Operation:- op+-,.$#/.021!0234'65 3879/;:<1

Thenin Naturals, unit andop are(trivially) a priori cor-
rect wrt to their specifications(3), and if we composethe
componentsIterate andNaturals, the operationiteratein
the compositeIterate+Naturals will be fully instantiated
(andthereforeexecutable),andmoreimportantlyit will be
correctwrt its specification(1) (and(2)).

Thecompositionhereis of coursejust thesimpleclosure
operationon Iterate, but it is sufficient to illustratetheidea
of steadfastness.In this closureof Iterate:

(i) = is thesetof naturalnumbers;

(ii)
à

is
�

;

(iii)
Ó

is
æ
;

(iv) ç Í�å<ÛRÊ:ÏqÑfæ>�bå?�fð7ð7ð(�bå[ÑÔÊ�å .
Consequently, thespecification

ÂA@#ÆCBED%F�ÆCB
(1) specialisesto

ã Ì�Ó\äcå�Ì�ÓTÍ�Ú:ÛRÊ�Û+Þ�ÏqÐ¡Þ Ñ Ê�å
andsimilarly

Â:Ã1Ä�Å�Æ
(in (2)) specialisesto

ÉOÊ�Ë«Ì�Í&Î�ÏqÐ ÎÒÑfæ
(in (3)), and

Â Õ�Ö
(in (2)) to

×*Ø¤Í�Ú:Û5Ü<Û+Þ�ÏqÐ¡ÞXÑÔÚ��bÜ
(in (3)). Since,theoperationsunit andop arecorrectwith
respectto their(specialised)specifications(3), theoperation
(iterate(

ÉOÊ�Ë«Ì+Û\×*Ø�ÏHG
unit

G
op) will compute

Ê�å
, andis cor-

rectwrt its (specialised)specificationin Iterate+Naturals.
To illustratethe correctreusabilityof the iterateopera-

tion in Iterate, supposenow wehaveacomponentIntegers

INTERFACE

CODE

Operations:

CONTEXT I��J

Integers

��#��� �K�2���L�
;

unit, op;

Code for unit, op

Figure 8. The Integ ers component.

asshown in Figure8, wheretheoperationsunit andop are
specifiedby:

Â Ã1Ä�Å�Æ Ç ÉOÊ�Ë«Ì�Í&Î�Ï Ð Î Ñfæ
Â Õ-Ö Ç ×*ØiÍ&Ú:Û5ÜÝÛ5ÞzÏßÐ ÞXÑÔÚ�MuÜ (4)

anddefinedby:
Operation:- unit���! �"%$�&('*)
Operation:- op+*,.$#/.0E1N0234'65 3879/?OP1

Obviously the operationsunit and op in Integers are a
priori correct wrt their specifications(4). We can com-
poseIterate and Integers by a closureoperationon Iter-
ate, andgeta correctiterateoperationin thecompositeIt-
erate+Integers.

In Iterate+Integers:

(i) = is thesetof integers;
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(ii)
à

is
M

;

(iii)
Ó

is 0;

(iv) ç Í�å<ÛRÊ:Ï�ÑèæQM åRM^ð/ð7ð�M åBÑSM�Ê�å
,

andthespecification
Â�@#ÆCBED%F�ÆCB

((1) in Iterate) specialisesto

ã Ì�Ó\ä1å�Ì�ÓTÍ&Ú:Û5Ê�Û5ÞzÏqÐLÞXÑTM�Ê�å
Â:Ã�Ä�Å3Æ

(in (2)) specialisestoÉOÊ�Ë«Ì�Í&Î�ÏqÐ Î Ñèæ
(in (4)), and

Â�Õ�Ö
(in (2)) to×�ØÙÍ�Ú:ÛRÜÝÛ+Þ�ÏqÐLÞXÑfÚJM Ü

(in (4)). Sinceunit andop arecorrectwrt their specifica-
tions (4), the operation(iterate

Í�É
Ê�Ë�Ì�Ûc×*Ø<Ï*G
unit

G
op) com-

putes
M�Ê�å

for aninteger
å
, andiscorrectwrt its (specialised)

specificationin Iterate+Integers.
The iterateoperationis thus a priori correctin Iterate

andwe sayit is steadfast. It canbecorrectlyreusedin any
compositewith operationsfor unit andop aslong asthese
operationsarein turn steadfast.

ThecomponentIterate hasno constraintsin its context de-
pendencies.To furtherillustratethenotionof steadfastness,
wenow consideracomponentwhosecontext dependencies
includeconstraints.

Example10.2 ConsiderthecomponentIterate* (Figure9)
obtainedfrom Iterate (Figure6) by addingthe following

INTERFACE

CODE

CONTEXT UWV�X�Y>Z�[	\�]^\�_E`
Operations:

Dependencies:

a�b c d�eKfKc d \ a�g#h�i c \ akjLl ;
[	\�]^\�_-\Emon(prq�\*s�t ;

Iterate*

iterate*ZKmon(prq�\*s�tu` ;
constraints;

Code for iterate*

Figure 9. The Iterate component.

constraintsto its context dependencies:v £ � vxw�{¦yá£Ò� £v £:w*y<w+� � vxw�£ByStCyíy��z|q��t�£[yzyO|�y�� (5)

(theseconstraintsstipulatethat y shouldbeassociative)and
by replacingtheiterateoperationin Iterate by thefollowing
operationiterate*:

Operation: iterate*®«¯�°O±_²�³�´+µz¶· ²«¸*¹/º1²-¸/®_ºO³-»�³-¼�¶ ½ ¯�°O±_²*®_¼�¶· ²-¸*¹7º1²-¸\®_ºT³-°�³-¼�¶ ½ {}|~{T� °�³ · ²-¸*¹7º1²-¸\®_ºT³E{e³-À¦¶5³´+µÝ®_À~³-ÀI³«¼�¶· ²-¸*¹7º1²-¸\®_ºT³-°�³-¼�¶ ½ {}|u¿c®#{?¶�� °�³ · ²-¸*¹7º�²«¸\®_ºT³E{ ³�À¦¶5³´+µÝ®_À~³-ÀI³E�1¶5³�´+µg®���³-ºT³-¼�¶

The operationiterate* hasthe samespecification
�¤�#���-�������

(1) asiteratein Iterate, but it computestherelation ����{/�1����{
moreefficiently thaniterate:thenumberof recursivecallsis
linear in iterate,whereasit is logarithmicin iterate*. How-
ever, iterate*would not besteadfastin Iterate. For exam-
ple, if we were to useiterate* in placeof iteratein Iter-
ate, theniterate* would be correctwrt (1) and(2) in Iter-
ate+Naturals, but it wouldnotbecorrectwrt (1) and(2) in
Iterate+Integers, where,for instance,for

����{\�1����{Tt��<w+Á�t�Á�t�Á�t�Á�tC��|5|R|5|*wH�T|
iterate*wouldcompute� insteadof thecorrectanswer�	� � .
Thusdespitethea priori correctnessof unit andop in both
Naturals and Integers, iterate* would not be correct in
both Iterate+Naturals and Interate+Integers. Therefore
iterate*wouldnot besteadfastin Iterate.

Thereasonfor this is thatin Iterate*, theconstraints(5)
requirethattheparameters{ and y of thecontext satisfythe
unit andassociativity axioms.Theseimply that��� ®_ºT³-°g¶6� � ®_ºO³�°��~�\¶�� � ®_ºO³«°?���\¶W�Ùº �L�:°R�������k�� ®_ºT³-°g¶6� � ®_ºO³�°��~�\¶�� � ®_ºO³«°?���\¶ �L�:°R�����%�(�-�
whichmeansthatwhenever y is associative, } canbecom-
putedin logarithmic time. So, if we were to useiterate*
in placeof iteratein Iterate, theniterate*would becorrect
in Iterate+Naturals becausehere( v is the setof natural
numbers){ is � , y is � , andsothey actuallysatisfythecon-
straints(5) anyway, even thoughtheseconstraintsarenot
presentin Iterate. On the otherhand,iterate* would not
becorrectin Iterate+Integers becausehere( v is thesetof
integers) { is 0, y is � , andsince � is not associative, they
do not satisfy(5).

However, we canprove that iterate* is steadfastin Iter-
ate*, againassuminga priori correctnessof operationsfor
unit andopdefinedin someothercomponent.It will becor-
rect in any compositeIterate*+C aslong asC satisfiesthe
constraints(5) in thecontext dependenciesof Iterate*. For
example,ascanbeseenfrom theabovediscussion,iterate*
will becorrectin Iterate*+Naturals since � is associative.

Forsomethingcompletelydifferent,supposeMatrices is
acomponentwith acontext of � -dimensionalsquarematri-
ces.Thenin thecompositeIterate*+Matrices, v is theset
of � -dimensionalsquarematrices,{ is the � -dimensional
identity matrix, andsincematrix multiplication } is asso-
ciative, iterate*will becorrect,whereop computesmatrix
products.

11 Discussion

Sinceasteadfastprogramis correct,andhencecorrectly
reusable,in all specialisationsandinstancesof its context,
a componentwith steadfastoperations,which we will call
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asteadfastcomponent, whencomposedwith anotherstead-
fastcomponentwill alsobesteadfast.In otherwords,stead-
fastnessis not only compositional, but is also preserved
throughinheritancehierarchies.

Consequently, in the context of systemprediction (as
shown in Figure3) whencomposingsteadfastcomponents,
notonly canwebesurethatthecompositewill besteadfast,
but we canalsopredictthe specificationof the composite.
This is illustratedin Figure10.

A B C
Interface/Spec Interface/Spec Interface/Spec

Code Code Code

component A component C

+
Steadfast

component B
Steadfast Steadfast

Figure 10. Composing steadfast components.

In the context of modularspecificationandverification
(asshown in Figure4), steadfastmodulescanbe verified
andthespecificationof thecompositecanbepredicted,prior
to composition.This is illustratedin Figure11. We under-

Code
Interface Interface

Code

Spec for C

C

Spec for B

B

+Code
Interface

Spec for A

A

+

Steadfast module C Steadfast module A Steadfast module B

Figure 11. Composing steadfast modules.

standthatcurrentapproachesto modularreasoningneedto
know the specificationof the compositebeforepredicting
if thecompositewill work accordingto its specification.If
this is the case(asshown in Figure4), thensteadfastness
offers the advantageof being able to predict the specifi-
cationof the compositeprior to composition. Thus,with
steadfastmodules,wecandosystempredictionasshown in
Figure10.

12.Conclusion

For lack of space,we have presentedthe intuition be-
hind steadfastnessby meansof simpleexamples.We hope
this doesnot detractfrom its presentation.Afull accountof
steadfastnesscanbe found in [8]. Steadfastnessis defined
in termsof model-theoreticsemantics.It is thusdeclarative
in nature.We believe thatdeclarative semanticsin general
will beimportantfor lifting thelevel of abstraction.

Our approachto specifyingcomponentsis very generic.
The componentmay be just a classor ADT. It may be a
module,in particularwhat Meyer [10] calls an abstracted
module, whichis thebasicunit of reusein theCBD method-
ology RESOLVE [14]. It maybeanobjectmodel[2] asin

OMT [11] or UML [12]. It mayyetbeanOODframework,
i.e. a groupof interactingobjects[6], suchasframeworks
in theCBD methodologyCatalysis[3, 5]. It couldevenbe
a designpatternor schema[4].

Webelievethatourapproachto componentspecification
canenablepredictablecomponentassembly, which is cur-
rently an openproblemin CBD. In addition,we believe it
can provide a hybrid, spiral approachto CBD [7] that is
bothtop-downandbottom-upfor CBD,asillustratedin Fig-
ure 12. First a library of steadfast componentshasto be

Top−down

yes
no

Architectural Spec

Bottom−up

Spec

Correct software

Correct software ?

Requirements Spec

Library of steadfast components

Library of steadfast components

analysis &
transformation

synthesis

synthesis

design

Figure 12. A spiral model for CBD.

built. Thenatureof steadfastness,coupledwith theuseof a
priori reasoning, thenallows thesecomponentsto becom-
posedinto larger systemsin eithera top-down (following
the traditionalwaterfall modelor thesoftware architecture
approach[13, 1]), or bottom-upmanner, or indeedacombi-
nationof both.

Bottom-updevelopmentin particular is more in keep-
ing with thespirit of CBD. Compositionof steadfastcom-
ponentscan show the specificationof the composite,and
thereforethe specificationof any softwareconstructedcan
becomparedwith theinitial specificationfor thewholesys-
tem. Guidanceasto which componentsto ‘pick andmix’
canalsobeprovidedby componentspecifications.
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