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Abstract

Software reusehasreceivedconsiderableattention asa
techniquefor aiding software designers. Onemechanism
for increasingtheefficiencyof reuseis componentadapta-
tion, particularly whendesigninglarge and intricate sys-
tems. Componentadaptation composesreusable compo-
nentsin an architecture to producea new system.Speci-
fication slicing is a methodfor decomposingcomplicated
systemsinto manageablesub-components,where each sub-
componentcapturesanindependentbehaviorof thesystem.
Thispaperoutlinesspecificationslicingandits application
for reuseusingtheparallel adaptation architecture.

1. Intr oduction

Developinglargeandcomplex softwaresystemsis adif-
ficult andchallengingtask.Softwarereusehasreceivedsig-
nificant attention asa techniquefor improving the quality
andreliability of suchsystems.A numberof specification-
basedreusesystems[6, 11] have beendevelopedwith at-
tractive results.

For reuseto beeffective, a designermustbeableto find
a componentin a library thatsatisfiestherequirementsof a
design.However, adesignercannotalwaysexpecta library
to containa componentthatmatcheshis/herspecificneeds,
especiallyif thedesiredfunctionality is complex.

Penix[10] proposedadaptation-basedreuse, a process
for adaptingexistingcomponentsby placingthemin anar-
chitectureto satisfya systemdesign.Froma top-down per-
spective, a systemdesignis decomposedinto a collection
of interconnectedcomponents.Thecollective propertiesof
the interconnectedcomponentsform the properties of the
system.A specification-basedretrieval enginecanbeused
to retrieveexistingcomponentsto bereusedin thearchitec-
turaldesignof thesystem.

Thispaperdemonstrateshow specificationslicingcanbe
usedfor paralleladaptation-basedreuse.A paralleladapta-
tion architectureis a parallel composition of independent
componentssuchthat the collective behavior satisfiesthe
behavior of a system. Specificationslicing is usedto de-
composesystemsinto independentsubsetsof disjoint spec-
ifications,whereeach specificationperformsasubsetof the
behavior of thesystem.Theuseof specificationslicing for
paralleladaptationwill be shown to producea solution to
a designproblemthatotherwisecouldnotberealizedwith
traditionalretrieval techniques.

In the next sectionwe briefly presentan overview of
specification-basedretrieval. This is followed by an intro-
ductiononadaptationarchitectures.Specificationslicing is
presentedin section4. An exampleof anadaptationarchi-
tectureusingspecificationslicing is shown in section5. In
section6 we evaluateour technique. Section7 discusses
relatedwork, followed by concludingremarksand future
directions in section8.

2. Specification-basedRetrieval

A formal specificationstatesthe behavior of a compo-
nentwithout statingtheimplementationdetails.Each com-
ponenthasa formal specificationthat interfacesthe imple-
mentationof the component.Using formal specifications
over implementations allow automatedtheorem-proversto
verify logical relationshipsbetweentwo components.

A formal specificationof a componentfollows the
DRIO [13] modelstructure:
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D andR arethedomainandrangerespectively. I is aset

of pre-conditionsthatdefinethe legal inputs to thecompo-
nent.Thepre-conditionsconstrainthedomainto thevalues
thathave a definedoutput. O is a setof post-conditions that
definethefeasibleoutputsfor eachlegal inputbasedon the



facet comppad(
inseq :: input sample_sequence;
len :: input nat;
leftpadseq :: output sample_sequence;
rightpadseq :: output sample_sequence) ::

dspdomain is
begin

pre: len > 0;
post1: leftpadseq’ =

append(zeroseq(len), inseq);
post2: rightpadseq’ =

append(inseq, zeroseq(len));
end facet comppad;

Figure 1. Rosetta specification of a zero
padding compon ent

D  R relation. If the pre-conditions hold thenthe compo-
nentmust end in a statesuchthat the post-conditions are
true.

TheDRIO componentmodelsarewrittenin Rosetta[1].
Rosettais a systemslevel designlanguagefor modeling
heterogeneoussystems.A Rosettafacetdescribesthe re-
quirementsandbehavior of a particularaspectof a system.
Rosettais a vast language,but only a subsetis neededto
describea DRIO model. Facetparametersdeclarethe do-
mainandrangeof components.Facet termsdefinepre-and
post-conditionsover thedomainandrange.

Figure1 specifiesa componentusingRosetta.The in-
put andoutputtypesdefinethe domainandrangerespec-
tively. The pre-condition pre defineslegal inputs to the
component;thepost-conditionspost1 andpost2 define
thevalid outputs of thecomponent,forming:
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Severalspecification-basedretrieval engines[6, 11]have

beendevelopedusingautomatedtheorem-proversto verify
that a componentspecification matchesa problemspecifi-
cation. Zaremski andWing [16] establisheda numberof
matchconditionsfor assessingspecification reuse.Figure2
showsa portionof thesematchconditions.

A problem specificationis a DRIO specificationthat
specifiesthe behavior of a systemyet to be implemented.
A library exists thatcontainscomponentspecifications.A
specification-basedretrieval engineformally verifiesthata
matchcondition exists,if any, betweentheproblemspecifi-
cationanda componentspecification.

If acomponentC formally satisfiesaproblemP, thenthe
implementationof C canbe reusedto implementP. C sat-
isfiesP if C acceptsall legal inputs to P andthevalid out-
putsof C mustbevalid outputs of P, giventhelegal inputs.
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Figure 2. Lattice of specification match con-
ditions

Weakplug-in andplug-in arestronger matchconditions of
satisfies. The plug-in pre matchcondition implies that a
componentmeetsonly thepre-condition requirements.The
plug-in postandweakpostmatchconditions imply that a
componentmeetsonly thepost-condition requirements.

3. Adaptation Ar chitectures

It is naive to assumethata componentwill exist in a li-
brarythatsatisfiesa largeandcomplex problem. It is more
feasibleto retrieve a componentthat hasa subsetof the
propertiesof the problem. The componentcanbe adapted
to obtainthepropertiesof theproblemby placingthecom-
ponentin anarchitecturewith othercomponents.An archi-
tectureissimplyacollection of interconnectedcomponents.

Penix [10] identifies several behavioral adaptationtac-
tics. Adaptationtacticsarebasedon the matchconditions
of thecomponentsavailablefor reuse.Each adaptationtac-
tic appliesanarchitectureconstructionmethodto thecom-
ponents.Adaptationcontinuesuntil theproblemis satisfied
or thesolutioncannotberealized.

In a paralleladaptationtactic, two or morecomponents
arecomposedin parallel. Figure3 shows a problemspeci-
ficationandtheparallelarchitectureto satisfytheproblem.
The problemhasindependentpost-conditions, denotedas
OA6B andOADC where

4 A - 4 A6B = 4 ADC .
In a bottom-upapproach,componentsarefirst retrieved

from the library and the architectureis evaluatedbased
on the component’s behavior. AssumecomponentA is
retrieved, which only satisfiesone of the post-conditions,
OA6B . ComponentA canbe adaptedby placingit in a par-
allel architecturewith anothercomponent(to be retrieved,
namelycomponentB) whichsatisfiesthemissingbehavior.

In a top-down approach,theproblemisdecomposedinto
independentsub-problems,i.e.

!FE 4 A6B and
!GE 4 ADC .
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Figure 3. A parallel adaptation architecture

Retrieval is performedon thesub-problems.Thematching
componentsarecomposedin a parallelarchitecture.

4. Specification Slicing

Programslicing[14] is a decomposition processusedto
isolatea subsetof programbehavior. A programslice is
asub-programthatcontainsonly thosestatementsandvari-
ablesthataffector areaffectedbyaslicingcriterion.A slice
criterionisasetof variablesthatareof interestatsomepoint
in theprogram.Programslicinghasgenerateda breadthof
applicationsat theimplementationlevel of softwaredesign,
includingdebugging[15], maintenance[7], andreuse[3].

Programslicingwasappliedat thespecificationlevel by
OdaandAraki [9]. They definea techniquefor slicing Z
specifications.A slicecontainsa portion of thestatements
in the specificationthat constrainthe value of a variable.
We applyspecificationslicing to theDRIO modelswritten
in Rosetta.The goalwill be to usespecification slicing to
decomposea problem specificationby isolating the inde-
pendentbehaviors; a retrieval enginewill beusedto locate
componentsthatsatisfytheslices.

A specificationis written as a tuple (D, R, I, O) rep-
resentingthe sets of domain variables, range variables,
pre-conditions, and post-conditions. The specificationin
figure 1 can be representedas the tuple ( H inseq, lenI ,H leftpadseq,rightpadseqI , H preI , H post1,post2I ).

If a termp potentially affectstermq, thentermq is data
dependentonp. Post-condition termsaredatadependenton
otherpost-conditionsif they bothconstrainarangevariable.
Similarly, pre-condition termsaredatadependenton other
pre-conditionsif they bothconstrainadomainvariable.The
functionsfor datadependency aredefined:
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Figure 4. Rosetta specification slicing algo-
rithm

If a term p potentially determinesif term q is ap-
plied, thentermq is control dependenton p. In a DRIO
model, the pre-conditions control the application of the
post-conditions. A post-condition is control dependenton
a pre-condition if thepre-condition constrainsthe legal in-
putsrequiredto computethefeasibleoutputs. Thefunction
for controldependency is defined:

g K�MON2MQPRJ2SU^�WYX�V�k6WYn�Z\WY],^*^Q_D`ba
J�dK f g ^*PRh?i�c*jLk�PRh�S�kOV�JoZ�l	c*M<T*¶�k�c*MQh�S�^LV�JoZ
A specification sliceis representedbyatuple(D · , R· , I · ,

O· ). Theslicecriterionisasetof rangevariables.A specifi-
cationsliceis computedwith thealgorithm in figure4. Ini-
tially, the post-conditions thataffect or areaffectedby the
criterionareassignedtoO · , thenall post-conditionsthatare
datadependenton post-conditionsin O · areaddedin steps
1 and2. Next all the pre-conditions thatpotentially deter-
mineif thepost-conditionsin O · areappliedareaddedto I ·
in step3. Thenall pre-conditionsthataffect or areaffected
by thepre-conditionsin I · areaddedto I · in steps4 and5.
Finally, thedomainandrangevariablesinvolved in O · and
I · areselectedin steps6 through9.

R· representsall the rangevariablesthat affect or are
affectedby the criterion. If the specificationwasre-sliced
with

g c*k¸i�M<c*kU^*P«¹\º e · , the sameslice would be obtained.
A slice may containthe original specificationor an empty
specification.An emptyspecificationhasnopre-conditions
or post-conditions,i.e. pre: trueandpost:true.

A specificationmayrequirethevalueof a rangevariable
but doesnot constraintherangevariable(step8). Figure5
showsanexampleof sucha case.

Definition 4.1 A ”criterion partition” is the disjoint sub-
setsof therangevariablessuch that
1) theunionof thesubsetsequalstherange
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Figure 5. An slice with a range variable as
input

2) a subsetis notempty
3) a subsetdoesnotaffector is notaffectedbyanother sub-
set,meaningthesubsetsare all independent

A criterionpartition is thesameasa traditionalpartition
of a set if all the rangevariables(R) are independent.A
criterionpartition generatesa slicepartition.

Definition 4.2 A ”slice partition” is thepartition of slices
generatedby a criterion partition. A slice partition must
alsobedisjoint sincea criterion partition is disjoint, mean-
ing each slice is independentof all other slicesin the set
(oneslice doesnot influenceand is not influencedby an-
otherslice).

A criterion may containseveral rangevariables. If the
variablesareall interdependent, thenthecriterion is referred
to asthesmallestcriterion.

Definition 4.3 The”smallestcriterion partition” contains
thedisjoint subsetsof smallestcriterion.

In termsof the Stirling numberof the secondkind [5],
thesmallestcriterionpartitioncorrespondstoS(n,n),where
S(n, k) statesthe numberof partitions of an n-set into k
blocks.Here”n” is thenumberof disjoint smallestcriterion.

The algorithm in figure 6 is usedto generatethesmall-
estcriterion partition. C » representstherangevariables.A
singlerangevariableis selectedfrom C» andis usedasa
slicing criterion. The slicing algorithm is usedto generate
R¼ , which representsthe smallestcriterion that generates
thatparticularslice. By removing R ¼ from C» andrepeat-
ing, thesmallestcriterionpartition, C ¼5½�¾ , canbe obtained.
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Figure 6. Smallest criterion par tition/smallest
slice par tition algorithm

Thealgorithmisalsousedtogeneratethesmallestslicepar-
tition,S¼O¼�¾ .
Definition 4.4 The”smallest slice partition” containsthe
disjoint subsetsof smallestspecificationslicesgenerated
fromthesmallestcriterion partition.

Eachslice in the smallestslice partition representsthe
smallestindependentbehavior of thespecification,referred
to asthesmallestindependentslice.

Definition 4.5 The”smallestindependentslice” is a spec-
ification slice that can not be further sliced. Thecriteria
variablesfor generating thesmallestindependentsliceare
interdependent.

Eachslice specificationin a partition is submittedto a
retrieval engine.If amatchingcomponentis foundfor each
slice,thenthepartition representsthecollection of compo-
nentsto connectin parallel.

Componentspecifications in the library arenot guaran-
teedto bein thesmallestindependentform, thusthesmall-
est slice partition doesnot guaranteea completesolution.
Thereforeevery possible slice partition mustbe generated
(generatedby every possiblecombinationof the smallest
criterion). The numberof partitionsof an n-setfollow the
Bell numbers,bó [2, 12], which increasesexponentially. If
noneof the slice partitions generatea completesolution,
thentheredoesnotexist aparallelcompositionarchitecture
to solve theproblem.

Specificationslicing can be usedto automatethe top-
down parallel adaptationarchitectureby slicing the inde-
pendentbehavior of the problem. Eachslice representsan
independentbehavior; theparallelcompositionof theslices
satisfiesthebehavior of theproblem.The interconnections
of the componentsmatchingthe slice specificationsis a
variablemappingfrom theproblemto thecomponents.

Specificationslicing has applicationsin reuse-of-the-
largeandreuse-of-the-small.Figure3 shows a largeprob-



facet cross_equal(
R :: input signal;
L :: input signal;
hileft :: output signal;
hiright :: output signal;
midleft :: output signal;
midright :: output signal;
locenter :: output signal) :: analog is

begin
pre: true;
post1: hileft’ = hpfilter(delay(L));
post2: hiright’ = hpfilter(delay(R));
post3: midleft’ =

hpfilter(lpfilter(equalize(L)));
post4: midright’ =

hpfilter(lpfilter(equalize(R)));
post5: locenter’ =

lpfilter(equalize(mix(L, R)));
end facet cross_equal;

Figure 7. Rosetta specification of a 3-way
crosso ver/equ alizer

lem decomposedand smaller componentsreused. Con-
versely, a largearchitecturalcomponentcanbedecomposed
into its reusablesub-components.

5. Example

In this section we presentan example to illustrate
our slicing algorithm for the parallel adaptationarchitec-
ture. Figure7 shows a problemspecificationfor a 3-way
crossover/equalizer[8] system.Figure9containsthelibrary
of availablecomponents.Clearlytheredoesnotexist a sin-
gle componentin the library to satisfytheproblem. It will
be shown thata collectionof componentscanbe retrieved
andcomposedin a parallelarchitectureto satisfytheprob-
lem.

The algorithm in figure 6 is usedto generatethesmall-
estcriterion partition andthe smallestslice partition. The
smallestcriterionpartition is ( ô hileft õ , ô hirightõ , ô midleft õ ,ô midright õ , ô locenterõ ). Theslicepartition is shown in fig-
ure 8. The setof smallestcriterion containsfive elements.
TheBell number, bö , for n = 5 is 52, meaningthereare52
possible partitions. In theworstcase52differentslicepar-
titionshave to be testedfor retrieval andadaptation,fortu-
natelythenumberof uniquespecification slicesto undergo
retrieval is equalto thesizeof thepower setof thesmallest
slicepartition,or 2 ö -1 = 2÷ -1 = 31specifications.

Retrieval is performedon the smallestslice partition.
Componentsfor only three of the specificationscan be
reused. Insteadof blindly searchingthrough all possible
slicepartitions,heuristicscanbeappliedto testonlyunique

TWEETERMONO

L

R

WOOFER2MONO

MIDRANGESTEREO

i

oi

o
li

ri

ro

lo

ri

li

o

TWEETERMONO

midleft

midright

locenter

hileft

hiright

Criteria        Slice                            Match

{locenter}  {{R, L}, {locenter},    woofer2mono
                      {pre}, {post5}}
{hileft}       {{L}, {hileft},              tweetermono

{hiright}     {{R}, {hiright},            tweetermono
                      {pre}, {post1}}

                      {pre}, {post2}}
{midleft}    {{L}, {midleft},           nil
                      {pre}, {post3}}
{midright}  {{R}, {midright},         nil
                      {pre}, {post4}}
{midleft,     {{R, L}, {midright,      midrangestereo
 midright}    midleft}, {pre},

{post3, post4}}

criterion
smallest

partition

I = pre
O = post1 post2 post3

post4 post5

Figure 8. Crosso ver/equalizer parallel archi-
tecture



facet tweetermono(
  i :: input signal;

  pre:  true;

end facet tweetermono;

facet tweeterstereo(
  li :: input signal;
  ri :: input signal;
  lo :: output signal;

  pre:  true;

end facet tweeterstereo;

facet woofermono(
  i :: input signal;

  pre:  true;

end facet woofermono;

facet woofer2mono(
  li :: input signal;
  ri :: input signal;

  pre:  true;

end facet woofer2mono;

facet midrangestereo(
  li :: input signal;
  ri :: input signal;
  lo :: output signal;

  pre:  true;

           hpfilter(lpfilter(equalize(li)));

           hpfilter(lpfilter(equalize(ri)));
end facet midrangestereo;

  post: o’ = hpfilter(delay(i));

  post1: lo’ = hpfilter(delay(li));
  post2: ro’ = hpfilter(delay(ri));

  post: o’ = lpfilter(equalize(i));

  post: o’ = lpfilter(equalize(mix(li, r)));

  post1: lo’ = 

  post2: ro’ = 

begin
  o :: output signal) :: analog is

  ro :: output signal) :: analog is
begin

  o :: output signal) :: analog is
begin

  o :: output signal) :: analog is
begin

  ro :: output signal) :: analog is
begin

Figure 9. Analog compon ent library

partitions. Clearly the slice partition ( ø hileft ù , ø hiright ù ,ø midleft, midright ù , ø locenterù ) shouldbetestednext since
neither ø midleft ù nor ø midright ù had matching compo-
nents. This slice partition doesindeedgeneratea parallel
composition architectureto satisfytheproblem.Theparal-
lel architectureis composedin figure8.

6. Evaluation

Thelargestgainfrom ourslicingtechniqueis theability
to increasereuseusingan adaptationarchitecture.The ex-
amplein thelastsectionshowedthatthetraditionalsingle-
component-reusedid not provide a solution, whereasour
techniqueprovided a solution by reusinga collection of
components.

Our slicing techniquecan be easily integratedinto ex-
isting specification-basedreusesystems.After a problem
specificationis sliced, eachspecificationslice is given to
theretrieval engine.The resultsarethenusedto construct
thearchitecture.

Specificationslicingalsogivesdesignersall thebenefits
of programslicing at the specificationlevel. Specification
slicing allows designersto trackdependencies[9] andper-
form testinganddebuggingactivities[4].

Thedrawbacktoourslicingapproachis theverbosegen-
erationof specificationslice partitions. As the numberof
smallestcriterion increase,the numberof slice partitions
grow exponentially. In a significantlylarge problemspec-
ification thesheernumberof specification slicesgenerated

maydrownedtheretrieval enginefrom findingasolution in
a reasonableamountof time. Differentheuristicsarebeing
exploredto avoid searchingevery possibleslicepartition.

7. RelatedWork

Penix [10] presentsa framework for adaptationtactics
usingarchitectures.In his work, problemandcomponent
specificationsareassigneddomainfeaturesusinga classi-
fication technique. A componentfor reusethat hassome
of the featuresof the problemis adaptedwith othercom-
ponentswith themissingfeaturesin a parallelarchitecture.
Thecollective featuresof thecomponentsin theparallelar-
chitecturematchesall thefeaturesof theproblem. This as-
sumesthe featuresarealwaysfine grained. For example,
a highpassfilter anda lowpassfilter would both have the
featurefilter, but thetwo filtersarevastlydifferent.

Oda and Araki [9] developedspecification slicing and
wasfurtherexploredby ChangandRichardson[4]. Chang
andRichardsondevelopedmethodsfor staticanddynamic
slicing of Z specifications. They appliedspecificationslic-
ing toward testing,validation, and debugging. We apply
staticspecificationslicingfor reuse.

Zhao[17] developeda slicing approachfor architecture
descriptionspecificationsfor reuse-of-the-large.A largede-
scription of asoftwaresystemis describedin anADL using
acollectionof elements(componentsandconnectors);slic-
ing is usedto extract andreuseelementsor collectionsof
elementsin othersystemdesigns.



8. Conclusionsand Futur eWork

Softwarereuseis an invaluable techniquefor develop-
ing softwaresystems. For reuseto be profitable, archi-
tecturesmustbe constructedusingsmallercomponentsto
solve largerandmoreintricateproblems.

In this paper, specificationslicing wasimplementedas
a methodfor parallelcomponentcomposition. Theslicing
approachisolatesthe independentbehaviors of a problem,
subsequentlythe slicesincreasethe chances of reusein a
library containingbasiccomponents.An example showed
a problemthat could not be solved usingonecomponent,
rathera solution wasachieved usinga paralleladaptation
architecture.

Theslicingmethodfor parallelcompositionhasbeenim-
plementedin a systemcalledSPARTACAS. SPARTACAS
usesseveraladaptationarchitectures,in addition to thepar-
allel architecture,andhasbeensuccessfully appliedtosolve
a digital down-converterproblem. Reusemetrics,suchas
time,recall,andprecision,arecurrentlybeinginvestigated.
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