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Abstract

Softvare reusehasrecdved consideable attenton asa
techniquefor aiding software designers. One medianism
for increasingthe efficiencyof reuseis componenadapta
tion, particularly whendesigninglarge and intricate sys-
tems. Componentdapation composeseusabé compo-
nentsin an architectue to producea new system. Speci-
fication slicing is a methodfor decomposingomplicated
systeménto managablesub-componentsyhee ead sub-
componentaptulesanindependenbehaviorof thesystem.
This paperoutlinesspecificatiorslicing andits application
for reuseusingthe parallel adaptdion architecture.

1. Intr oduction

Developinglargeandcomple softwaresystemss a dif-
ficult andchallengingask. Softwarereusehasreceiedsig-
nificant attenton as a techniquefor improving the quality
andreliability of suchsystems. A nhumberof specification-
basedreusesystemd6, 11] have beendevelopedwith at-
tractive results.

For reuseto be effective, a designemustbe ableto find
acomponentn alibrary thatsatisfiegherequirement®f a
design.However, adesignecannotalwaysexpectalibrary
to containa componenthatmatchedis/herspecificneeds,
especiallyif thedesiredfunctionalty is complex.

Penix[10] proposedadaptaion-basedreuse a process
for adaptingexisting component®y placingthemin anar
chitectureto satisfya systemdesign.Fromatop-cbwn per
spectve, a systemdesignis decomposedhto a collection
of interconnecte@omponentsThe collective properies of
the interconnectedcomponentform the properies of the
system.A specification-baserktrieval enginecanbe used
to retrieve existingcomponents$o bereusedn thearchitec-
tural designof the system.

This paperdemonstrateBow specificatiorslicingcanbe
usedfor paralleladaptatiorbasedreuse.A paralleladapta-
tion architectureis a parallelcompositio of independent
componentsuchthat the collective behaior satisfiesthe
behaior of a system. Specificationslicing is usedto de-
composesystemsnto independensubset®f disjoint spec-
ifications,whereead specificatiorperformsa subsebf the
behaior of the system.The useof specificatiorslicing for
paralleladaptatiorwill be shavn to producea solutian to
a designproblemthatotherwisecould not be realizedwith
traditionalretrieval techniques.

In the next sectionwe briefly presentan overview of
specification-basetktrieval. This is followed by anintro-
ductionon adaptatiorarchitecturesSpecificatiorslicing is
presentedn section4. An exampleof anadaptatiorarchi-
tectureusingspecificatiorslicing is shavn in section5. In
section6 we evaluateour technique. Section7 discusses
relatedwork, followed by concludingremarksand future
directiors in section8.

2. Specificaton-basedRetrieval

A formal specificationstatesthe behaior of a compo-
nentwithou statingtheimplementatiordetails.Each com-
ponenthasa formal specificatiorthatinterfacesthe imple-
mentationof the component. Using formal specificaions
over implementatias allow automatedheorem-proersto
verify logical relationshps betweertwo components.

A formal specificationof a componentfollows the
DRIO [13] modelstructure:

Ve € D,3y € R|I(z) = O(z,y)

D andR arethedomainandrangerespectiely. | isaset
of pre-conditbnsthatdefinethe legal inpus to the compo-
nent. The pre-conditbnsconstrainthe domainto thevalues
thathave a definedoutpu. Ois a setof post-condions that
definethefeasibleoutputsfor eachlegalinputbasedon the



facet conppad(

inseq :: input sanple_sequence;
len :: input nat;
| eft padseq :: out put sanpl e_sequence;

ri ght padseq ::
dspdonmain is

out put sanpl e_sequence)

begin
pre: len > 0;
postl: |eftpadseq =
append(zeroseq(len), inseq);
post2: right padseq’ =

append(i nseq,
end facet conppad,;

zeroseq(len));

Figure 1. Rosetta specification of a zero

padding compon ent

D xR relation. If the pre-condibns hold thenthe compo-
nentmustendin a statesuchthat the post-coulitions are
true.

The DRIO componentnodelsarewrittenin Rosettd1].
Rosettais a systemslevel designlanguagefor modeling
heterogeneousystems. A Rosettafacetdescribeghe re-
guirementsandbehaior of a particularaspeciof a system.
Rosettais a vastlanguage but only a subsetis neededto
describea DRIO model. Facetparametersleclarethe do-
mainandrangeof componentsFaced termsdefinepre-and
post-condionsover thedomainandrange.

Figure 1 specifiesa componenusingRosetta. The in-
put and outputtypesdefinethe domainandrangerespec-
tively. The pre-condiion pr e defineslegal inputsto the
componentthe post-condions post 1 andpost 2 define
thevalid outpus of the componentforming:

Icomppad = pre
Ocomppad = postl A post2

Severalspecificdion-basedetrieval engineg6, 11] have
beendevelopedusingautomatedheorem-praersto verify
thata componenspecificdion matchesa problemspecifi-
cation. Zaremnski and Wing [16] establisheda numberof
matchconditionsfor assasingspecificdion reuse Figure2
shaws a portion of thesematchconditiors.

A problem specificationis a DRIO specificationthat

specifiesthe behaior of a systemyet to be implemented.

A library exists that containscomponenspecifications.A
specification-baserktrieval engineformally verifiesthata
matchconditian exists, if ary, betweerthe probkem specifi-
cationanda componenspecification.

If acomponenC formally satisfiesa probkemP, thenthe
implementatiorof C canbe reusedto implementP. C sat-
isfiesP if C acaeptsall legal inpus to P andthe valid out-
putsof C mustbevalid outpus of P, giventhelegalinputs.

Stronger .
9 Plug-in

(Ip =>1Ic) A (Oc= Op)

SN

i Plug-in Pos
Weak Plug-in Oc = Op
(lp = Ic)A (lc A Oc = Op)

N e

- Ic A Oc= Op
Satisfies
(lp=1Ic) A (Ip A Oc = Op)

Weaker

Plug-in Pre
(lp =>1Ic)

Figure 2. Lattice of specification match con-
ditions

Weakplugin andplug4n are stronger matchconditians of
satisfies The plugin pre matchconditon implies that a
componenmeds only the pre-conditbn requirementsThe
plug-in postandweak postmatchconditims imply thata
componenmeetsonly the post-condibn requirements.

3. Adaptation Ar chitectures

It is naive to assumehata componentvill existin ali-
brarythatsatisfiesalarge andcomple problem. It is more
feasibleto retrieve a componenthat hasa subsetof the
propertes of the probem. The componentanbe adapted
to obtainthe propertiesof the problemby placingthe com-
ponentin anarchitecturevith othercomponentsAn archi-
tectureis simplyacollectimn of interconnectedomponents.

Penix[10] identfies severd behaioral adaptatiortac-
tics. Adaptationtacticsare basedon the matchconditins
of thecomponentsvailablefor reuse.Each adaptatiorac-
tic appliesan architectureconstructiormethodto the com-
ponents Adaptationcontiruesuntil theproblemis satisfied
or the soluton cannotberealized.

In a paralleladaptatiortactic, two or more components
arecomposedn parallel. Figure3 shawvs a problemspeci-
ficationandthe parallelarchitectureo satisfythe probem.
The problemhasindependenpost-condions, denotedas
Op1 andOp, WhereOp = Op1 A Ops.

In a botbm-upapproachcomponentarefirst retrieved
from the library and the architectureis evaluatedbased
on the componens behaior. AssumecomponentA is
retrieved, which only satisfiesone of the post-condions,
Op;. ComponentA canbe adapteddy placingit in a par
allel architecturewith anothercomponen{to be retrieved,
namelycomponenB) which satisfieghe missingbehaior.

In atop-down approachtheproblemis decomposehto
independensub-probéms,i.e. I — Op; and! — Ops.
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Figure 3. A parallel adaptation architecture

Retrieval is performedon the sub-prdlems. The matching
componentsirecomposedn a parallelarchitecture.

4. Specificaton Slicing

Programslicing[14] is a decompositio procesausedto
isolatea subsetof programbehaior. A programslice is
asub-progranthatcontainsonly thosestatementsndvari-
ablesthataffect or areaffectedby aslicingcriterion. A slice
criterionis asetof variableghatareof interestatsomepoint
in the program.Programslicing hasgenerated breadthof
applicatiors attheimplementatiorevel of softwaredesign,
including dehugging[15], maintenanc¢7], andreuse|3].

Progranmslicingwasappliedat the specificatiorevel by
OdaandAraki [9]. They definea techniquefor slicing Z
specifications A slice containsa portion of the statements
in the specificationthat constrainthe value of a variable.
We apply specificatiorslicing to the DRIO modelswritten
in Rosetta.The goalwill beto usespecificaion slicing to
decompose probkem specificationby isolatng the inde-
pendenbehaiors; a retrieval enginewill be usedto locate
componentshatsatisfytheslices.

A specificationis written as a tuple (D, R, I, O) rep-
resentingthe sets of domain variables, range variables,
pre-condiibns, and post-condions. The specificationin
figure 1 can be representedas the tuple ({inseq, len},
{leftpadseqrightpadsed, {pre}, {postl,post?}).

If atermp potenially affectstermq, thentermq is data
dependenvnp. Post-condibn termsaredatadependenbn
otherpost-coditionsif they bothconstrairarangevariable.
Similarly, pre-conditbn termsare datadependenbn other
pre-condiibnsif they bothconstrairmdomainvariable.The
functionsfor datadependencaredefined:

dDepend(q,p: O) : bool = Ir €
R|constrains(q,r) A constrains(p,r)

dDepend(q,p: I) : bool = 3d €
D|constrains(q,d) A constrains(p, d)

INIT : R; « criterion,

O; « {o|Vo € O,3r € R, constrains(o,r)}
D+ 0,1, « 0,

1.0% « O; U{o|Vo € 0,3z € O,,dDepend(o, )}
2.Repeat step 1 until O, = O,

3.1  « I, u{i|Vi € I,3x € O,, cDepend(z,i)}
4.7  « I, u{i|Vi € I,y € I,,dDepend(i, y)}
5.Repeat step 4 until 1L = 1,

6.D, «+ D, U{d|Vd € D,3o0 € O,,requires(o,d)}
7.D, « D, u{d|Vd € D,3i € I;,constrains(i, d)}
8.D, « D, U{r|¥Vr € R, 30 € O, requires(o,r)}
9.R. + R, U {r|Vr € R,30 € O,, constrains(o,r)}

Figure 4. Rosetta specification slicing algo-
rithm

If a term p potentally determinesif term q is ap-
plied, thenterm q is controldependenbn p. In a DRIO
model, the pre-conditbns control the application of the
post-condions. A post-coulition is control dependenbn
a pre-condiion if the pre-condiion constrainghelegal in-
putsrequiredto computethefeasibleoutpus. Thefunction
for controldependengis defined:

eDepend(o : O,i: 1) :bool = 3d €

D|constrains(i, d) A requires(o, d)

A specificdion sliceis representetly atuple(D;, Ry, I,
O;). Theslicecriterionis asetof rangevariables.A specifi-
cationsliceis computedwith thealgoritim in figure 4. Ini-
tially, the post-condions thataffect or are affectedby the
criterionareassignedo O;, thenall post-condionsthatare
datadependentn post-condionsin O, areaddedin steps
1 and2. Next all the pre-condiions that potentally deter
mineif thepost-condionsin O, areappliedareaddedo |
in step3. Thenall pre-condibnsthataffect or areaffected
by the pre-condiionsin | ; areaddedto I in steps4 and5.
Finally, the domainandrangevariablesinvolvedin O, and
| areselectedn steps6 through9.

R; representall the rangevariablesthat affect or are
affectedby the criterion. If the specificationwasre-sliced
with criterion’ «— R,, the sameslice would be obtained.
A slice may containthe original specificationor an empty
specification An emptyspecificatiorhasno pre-conditioms
or post-condions,i.e. pre: trueandpost:true.

A specificatiormayrequirethevalueof a rangevariable
but doesnot constrainthe rangevariable(step8). Figure5
shavs anexampleof sucha case

Definition 4.1 A “criterion partition” is the disjoirt sub-
setsof therangevariablessud that
1) theunionof the subset&qualstherange



O = postl: X' =f(a, y)

| =pre:a>0 /N post2:y' =g(b]
a X
; 5=
b i Ly
Criterion Slice
{x} ({a, y} {x}, {pre}, {post1})
{y} (b}, {y}. {}, {post2})

Figure 5. An slice with a range variable as
input

2) a subseis notempty
3) a subsetoesnotaffector is notaffectedby anotrer sub-
set,meaninghesubsetare all independent

A criterionpatrtition is the sameasa traditional partition
of a setif all the rangevariables(R) are independent.A
criterionpartiion generates slice partition.

Definition 4.2 A "slice partition” is the partition of slices
genented by a criterion partition. A slice partition must
alsobedisjoint sincea criterion partition is disjant, mean-
ing ead slice is independenbf all other slicesin the set
(oneslice doesnot influenceand is not influencedby an-
otherslice).

A criterion may containseveral rangevariables. If the
variablesareall interdependenthenthecriterionis referred
to asthe smallestcriterion.

Definition 4.3 The"smallestcriterion partition” contains
thedisjoint subset®f smallestriterion.

In termsof the Stirling numberof the secondkind [5],
thesmallestriterionpartiion correspond#o S(n,n), where
S(n, k) statesthe numberof partitions of an n-setinto k
blocks.Here"n" isthenumberof disjant smallestriterion.

The algorithm in figure 6 is usedto generate¢he small-
estcriterion partiion. Cr representsherangevariables.A
singlerangevariableis selectedrom Cr andis usedasa
slicing criterion. The slicing algorithm is usedto generate
R;, which representghe smallestcriterion that generates
thatparticularslice. By remoring R, from Cr andrepeat-
ing, the smallestcriterion partiion, C.,, canbe obtained.

INIT :Cr «+ R,

criterion « ()

Cicp 0, Sssp 0,

l.criterion + {r|3r € Cr}

2.(Ds, Rs, I, 0,)  slice(criterion)
3.5%sp ¢ Sesp U{(Ds, Rs, I5,04)}
4.Clep + Cscp U{R:}

6.Repeat step Luntil Cp =0

Figure 6. Smallest criterion partition/smallest
slice partition algorithm

Thealgorihmis alsousedto generatehesmallesslicepar
tition, S,,,.

Definition 4.4 The "smallestslice partition” containsthe
disjoint subsetsof smallestspecificationslices geneated
fromthe smallestriterion partition.

Eachslice in the smallestslice partition representghe
smallestindependenbehaior of the specificationyeferred
to asthesmallestindependenslice.

Definition 4.5 The”smallestindependenslice” is a spec-
ification slice that can not be further sliced. The criteria
variablesfor geneating the smallesindependenslice are
interdependent.

Eachslice specificationin a partiion is submittedto a
retrieval engine.lf amatchingcomponents foundfor eath
slice, thenthe partiion representshe collectin of compo-
nentsto connectn parallel.

Componenspecificdions in the library are not guaran-
teedto bein thesmallestindependentorm, thusthe small-
estslice partition doesnot guaranteea completesolution.
Thereforeevery possibé slice partiton mustbe generated
(generatedby every possiblecombinationof the smallest
criterion) The numberof partitions of an n-setfollow the
Bell numbersp, [2, 12], whichincreasegxponentialy. If
none of the slice partitions generatea completesoluton,
thentheredoesnotexist a parallelcompositiorarchitecture
to solve the problem.

Specificationslicing can be usedto automatethe top-
down parallel adaptationarchitectureby slicing the inde-
pendentehaior of the probkem. Eachslice representsan
independentehaior; theparallelcompositbn of theslices
satisfieghe behaior of the problem. The interconnections
of the componentamatchingthe slice specificationsis a
variablemappingfrom the problem to the components.

Specificationslicing has applicationsin reuse-of-the-
large andreuse-of-the-smallFigure 3 shows a large prob-



facet cross_equal (

R :: input signal;

L :: input signal;

hileft out put signal;

hi right out put signal;

m dl eft out put signal;

m dri ght out put signal;

| ocenter out put signal) analog is

begin

pre: true;

postl: hileft’ = hpfilter(delay(L));

post2: hiright’ = hpfilter(delay(R));

post3: mdleft’ =
hpfilter(lpfilter(equalize(L)));

post4: mdright’ =
hpfilter(lpfilter(equalize(R)));

post5: locenter’ =

Ipfilter(equalize(mx(L, R));
end facet cross_equal;

Figure 7. Rosetta specification
crosso ver/equ alizer

of a 3-way

lem decomposedind smaller componentgeused. Con-
versely alargearchitecturabomponentanbedecomposed
into its reusablesub-components.

5. Example

In this section we presentan example to illustrate
our slicing algoritym for the parallel adaptationarchitec-
ture. Figure7 shaws a problemspecificationfor a 3-way
crosseer/equalizef8] system Figure9 containghelibrary
of availablecomponentsClearlytheredoesnot exist a sin-
gle componentin the library to satisfythe probem. It will
be shavn thata collectionof componentganbe retrieved
andcomposedn a parallelarchitecturgo satisfythe prob-
lem.

The algorithm in figure 6 is usedto generatehe small-
estcriterion partition andthe smallestslice partiion. The
smallestriterionpartition is ({hileft}, {hiright}, {midleft},
{midright}, {locentet). Theslicepartitionis shavnin fig-
ure 8. The setof smallestcriterion containsfive elements.
The Bell numberb,,, for n =5 is 52, meaningthereare 52
possibé partitions. In the worstcase52 differentslice par
titions have to be testedfor retrieval andadaptationfortu-
natelythe numberof uniquespecificdion slicesto undego
retrieval is equalto the size of the power setof the smallest
slicepartition, or 27-1 = 2°-1 = 31 specifications.

Retrieval is performedon the smallestslice partition.
Componentdor only three of the specificationscan be
reused. Insteadof blindly searchingthroudh all possible
slicepartitions, heuristicscanbe appliedto testonly unique

O = postl~ post2 post3
A\ postd posts

TWEETERMONO °

midleft

MIDRANGESTEREO midright

WOOFER2MONO o

hiright
TWEETERMONO 0
Criteria Slice Match
{locenter} {{R, L}, {locenter}, woofer2mono
{pre}, {post5}}
{hileft} {{L}, {hileft}, tweetermono
{pre}, {post1}}
smallest | {hiright} {{R}, {hiright}, tweetermono
criterion {pre}, {post2}}
partition | {midleft} {{L}, {midleft}, nil

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

midrangestereo

Figure 8. Crosso ver/equalizer parallel archi-
tecture



facet tweeternono(

i :: input signal;

0 :: output signal) :: analog is
begi n

pre: true;

post: o = hpfilter(delay(i));

end facet tweeternono;

facet tweeterstereo(

Ii :: input signal;

ri :: input signal;

lo :: output signal;

ro :: output signal) :: analog is

begi n

pre: true;

postl: 1o = hpfilter(delay(li));
post2: ro’ = hpfilter(delay(ri));

end facet tweeterstereo;

facet woof er nono(

i :: input signal;

0 :: output signal) :: analog is
begi n

pre: true;

post: o = Ipfilter(equalize(i));

end facet woof er nono:

Figure 9. Analog

partiions. Clearly the slice partition ({hileft}, {hiright},
{midleft, midright}, {locente}) shouldbetestechext since
neither {midleft} nor {midright} had matching compo-
nents. This slice partition doesindeedgeneratea parallel
compositim architecturgo satisfythe problem. The paral-
lel architecturés composedn figure 8.

6. Evaluation

Thelargestgainfrom our slicing techniquds the ability
to increasereuseusingan adaptatiorarchitecture.The ex-
amplein thelastsectionshavedthatthe traditional single-
component-reusdid not provide a soluion, whereasour
techniqueprovided a solutim by reusinga collection of
components.

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

Specificatiorslicing alsogivesdesignersll the benefits
of programslicing at the specificationevel. Specificdion
slicing allows designerdo track dependencief] andper
form testinganddehuggingactiities[4].

Thedrawbackto ourslicingapproachs theverbosegen-
erationof specificationslice partitions. As the numberof
smallestcriterion increase,the numberof slice partitions
grow exponentially In a significantlylarge problemspec-
ification the sheemumberof specificdion slicesgenerated

facet woof er2nmono(
I'i :: input signal;

ri :: input signal;
0 :: output signal) :: analog is
begi n
pre: true;
post: o = Ipfilter(equalize(mx(li, r)));

end facet woofer2nono;

facet m drangestereo(
Ii :: input signal;

ri :: input signal;

lo :: output signal;

ro :: output signal) :: analog is
begi n

pre: true;

postl: lo =

hpfilter(lpfilter(equalize(li)));
ro =

hpfilter(lpfilter(equalize(ri)));
end facet m drangestereo;

post 2:

compon ent library

maydrownedtheretrieval enginefrom findinga solutian in
areasonablamountof time. Differentheuristicsarebeing
exploredto avoid searchingevery possibleslice partiion.

7. RelatedWork

Penix[10] presentsa framevork for adaptationtactics
usingarchitectures.In his work, problemandcomponent
specificationsare assigneddomainfeaturesusinga classi-
fication technige. A componentor reusethat hassome
of the featuresof the problemis adaptedwith othercom-
ponentswith the missingfeaturesin a parallelarchitecture.
Thecollective featuresf the componentén the parallelar
chitecturematchesll the featuresf the problem. This as-
sumesthe featuresare alwaysfine grained. For example,
a highpasdilter and a lowpassfilter would both have the
featuref i | t er, butthetwo filters arevastlydifferent.

Odaand Araki [9] developedspecificdion slicing and
wasfurther exploredby ChangandRichardsori4]. Chang
andRichardsordevelopedmethodsfor staticanddynamic
slicing of Z specificaions. They appliedspecificatiorslic-
ing toward testing, validaton, and detuggirg. We apply
staticspecificatiorslicing for reuse.

Zhao[17] developeda slicing approachfor architecture
descriptiorspecificationgor reuse-of-the-lage. A largede-
scriptian of a softwaresystems describedn anADL using
acollectionof elementgcomponentsndconnectors)slic-
ing is usedto extract andreuseelementsor collectionsof
elementsn othersystemdesigns.



8. Conclusionsand Futur e Work

Softwarereuseis an invaluabé techniquefor develop-
ing software systems. For reuseto be profitable, archi-
tecturesmustbe constructedising smallercomponentgo
solve largerandmoreintricateproblems.

In this paper specificationslicing wasimplementedas
a methodfor parallelcomponentomposition Theslicing
approachsolatesthe independenbehaiors of a problem,
subsequentlyhe slicesincreasethe chance of reusein a
library containingbasiccomponents An example shaved
a problemthat could not be solved usingone component,
rathera soluton was achiezed usinga paralleladaptation
architecture.

Theslicingmethodfor parallelcompositiorhasbeenim-
plementedn a systemcalled SFARTACAS. SFARTACAS
usesseveraladaptatiorarchitecturesin additon to the par
allelarchitectureandhasbeensuccesfully appliedto solve
a digital down-corverterproblem. Reusemetrics, suchas
time, recall,andprecision arecurrentlybeinginvestigated.
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