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Abstract. In thecontext of webserviceprocurement(WSP),temporal–awareness
refersto managingservicedemandsandofferswhicharesubjectto validity peri-
ods,i.e. their evaluationdependsnot only on quality of service(QoS)valuesbut
alsoontime.For example,theQoSof somewebservicescanbeconsideredcriti-
cal in workinghours(9:00to 17:00from Mondayto Friday)andirrelevantatany
othermoment.Until now, theexpressivenessof suchtemporal–awarespecifica-
tionshasbeenquitelimited. As far aswe know, mostproposalshave considered
validity periodsto be composedof a singletemporalinterval. Otherproposals,
which couldallow moreexpressive time–dependentspecifications,have not per-
formeda detailedstudyaboutall theunderlyingcomplexities of suchapproach,
in spiteof thefactthatdealingwith complex expressionson temporalityis not a
trivial taskat all. As a matterof fact,it requiresa specialdesignof theso–called
procurementtasks(consistency andconformancechecking,andoptimal selec-
tion). In this paper, we presenta constraint–basedapproachto temporal–aware
WSP. Usingconstraintsallowsagreatdealof expressiveness,sothatnotonly de-
mandsandofferscanbeassignedvalidity periodsbut alsotheirconditionscanbe
assigned(possiblymultiple) validity temporalsubintervals.Apart from revising
the semanticsof procurementtasks,which we previously presentedin the first
editionof the ICSOCconferences,we alsointroducethenotionof thecovering
setof a demand, a topicwhich is closelyrelatedto temporality.
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1 Intr oduction

Web serviceprocurement(WSP)—includingautomatedsearchandselection—ofthe
bestwebservicesaccordingto theirofferedqualityof service(QoS)is anactivity which
is gainingimportancein the developmentof enterprise–level systemswith a service–
orientedarchitecture(SOA) [18,24].
�
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Webservices,asaparticularcaseof softwarepackages, mustbeselectedaccording
to userrequirements[3, 4]. On the one hand,theseuserrequirements,to which we
referto asdemands, areusuallyspecifiedusingbooleanexpressions,i.e. conditionson
attributesdescribingthe desiredQoSof a service,for example1 �������	�	
 � � . On
the otherhand,web serviceprovidersusuallyguaranteethe QoSof the servicethey
provide,i.e. theiroffers, for example 
 � �������������
 � � .

Procurementis the processof finding the bestoffer for a given demand[18]. Its
typical scenariois: (1) a provider advertisesits offers in a repository, (2) a customer
asksits matchmaker for anoffer to meetits demands,and(3) thematchmakersearches
for matchingoffers, returninga resultwhich may be an optimal offer accordingto a
givencustomercriterion,or a failuremessageif no matchingoffer is found[21].

Temporalityis an importantaspectof WSP. If a demandor offer is subjectto a
validity period,it is saidto be temporal–aware. As an example,in orderto specifya
(partof a) demandas“ theMTTF of thewebserviceat workinghours (9:00 to 17:00,
Mondayto Friday) shouldbe (at least) of 99%, otherwise90%”, we would require
to definemultiple, periodicalvalidity periodsassociatedto concreteconditionsof the
demand.Other temporalaspectsto be taken into considerationarethe granularityof
time points,periodsanddurations,andthedifferenttime zonesin which demandsand
offers(D&O) canbeavailable.

Not only it is necessaryto extendthe currentmodelsin WSPin orderto improve
their expressivessregardingtemporality, but it is alsoneededto re–thinktheso–called
procurementtasks,i.e. consistency andconformancecheckings,andoptimalselection,
becauseof the non-trivial, intrinsic semanticsof temporalexpressions.For example,
in a non-temporal-awarecontext we definethe notion of pessimisticconformanceso
that an offer is conformantto a demandiff all the quality valuesguaranteedby the
offer satisfytheconditionsimposedby thedemand.Let imagineadummydemandand
offer whichwereconstitutedby only avalidity period,with noconditionsregardingany
qualityattribute.If thevalidity periodof theofferwereincludedin thevalidity periodof
thedemand,thensuchoffer couldbeconsideredasconformant.But this is not thecase,
becausethe offer doesnot cover thevalidity periodof thedemand,so the offer is not
conformant.In general,if temporalityis takeninto account,thenotionsof consistency,
conformance,andoptimalselectionmustberevised.

Until now—to thebestof ourknowledge—proposalsallow ademandor anoffer to
haveavalidity periodcomposedof only a singletemporalinterval. Only a few of them
allows morecomplex temporalexpressions,but mostof themhave not provideda de-
tailedstudyabouttheunderlyingcomplexitiesof operationsdueto temporalsemantics.

In this paper, we presentan approachto temporal–awareWSPwhich is basedon
constraintprogramming(CP). It is basedon notionsintroducedin our previous non–
temporal–aware,constraint–basedapproachto WSP[15,18]. Using CP for WSPen-
tailssomeadvantages.First,D&O canbestateddeclaratively, endowing thesymmetric
modelwith averypowerful expressivenesssothatD&O canbespecifiedwith thesame
expressiveness.Thus,offersarenot limited to singleparameter–valuepairs.Moreover,
it is not necessaryto write specificproceduresfor procurementtasksbecausethey are
implementedby checkingpropertiesof D&O by meansof a constraintsolver.

1 MTTF standsfor meantimeto failure.



Figure1 shows an illustrative exampleof a temporal-awaredemand.It is written
in QRL (Quality RequirementsLanguage), which is a languagespecificallydevised
for that purposeby one of the authorsof this work as part of his PhD thesis[17].
This exampleis intendedto be self–explanatory, in order to give an overview of the
expressivenessof our approach.First, thedemandestablishestheCentralEuropetime
zone(UTC/GMT+1). Then, it definesthe global validity period (VP) togetherwith
othervalidity periods.TheworkinghoursVP is composedof someperiodicaltemporal
intervals,whereasthehomehoursVP is computedfrom theglobalVP andtheprevious
one.Anothervalididy periodis seasonwhich is non-periodical.

Note the validity periodscanbe assignedto conditionsof the demand,so that the
conditionson thesamequality attributesaredifferentat workinghoursor homehours.
TheseasonVP indicatesthedatesbetweenwhich thecostof usingtheserviceshould
notbegreaterthan10 � . Thedemand’shostis alwaysin Spainatany timeof theglobal
VP.

Notealsotheassessmentcriteriaincludeutility functionswhichdependsupontime.
Thesefunctionsaredefinedin a piecewise–like way. Eachpoint is associatedto the
correspondingutility value(between� and � ), so that two consecutive points form a
segmentof thefunction.Utility functionsareweightedby their gradesof importance.
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Fig.1. An exampleof temporal-awaredemandwritten in QRL

We alsointroducethenotionof covering. Sinceit is possiblethatnoneof theavail-
ableofferswereconformantto agivendemandbecausethey did notcover it, onecould
think of selectingseveralofferswhich aregroupedtogether, in orderto build a confor-
mantoffer whichcoversthevalidity periodof thedemand.

Therestof thepaperis structuredasfollows.First, Section2 introducesthe theo-
reticalbasisfor interpretingthetemporal-awareprocurementtasksby meansof CSP, so
thatSection3 presentsour proposalto modelthem.Next, Section4 providesa review
of the state–of–the–art.Finaly, Section5 concludesthe paperandpresentsthe future
work.



2 Constraint Programming in a Nutshell

Constraintprogramming(CP)is thestudyof computationalmodelsandsystemsbased
on contraints.CP is becominga very interestingalternative to the modelingof opti-
mization problemsbecauseof its potentialto solve hard, real–life problems,and its
declarative nature.A problemexpressedasa setof constraintsis formalizedasa con-
traint satisfaction(optimization)problem(CSP)[5, 7,8].

2.1 BasicDefinitions

In this section,we introduceCP asthe underlyingformalismof our approachfor ex-
pressingD&O. The coreof our proposalwas a set of definitionsusedto rigorously
definetheso–calledprocurementtasks.

Definition 1 (CSP).A CSPis a three–tupleof the form * +-, ./, 021 where +43576 is a
finite setof variables,.83596 is a finite setof domains(onefor each variable)and 0 is
a setof constraintsdefinedon + .

For instance,for thefollowingCSP * : ;<, =�> , : ? @ A A B C , ? @ A A B C > , : ;EDF=HGJI�, ;-KL=NMPO > 1 ,
theassignmentQ 5 : ;/RS8B , =HRS8@ > is oneof its solutions.

Definition 2 (Solution Space).Let T be a CSPof the form * +-, ./, 021 , its solution
space, denotedas U V W * TX1 , is composedof all its possiblesolutions.

U V W * TL1 5 :LQZY/+[S8.]\ QE* 0�1->
where QE* 021 holdsiff each assignmentin Q satisfieseveryconstraint in 0 .

In the previous examplethe solutionspaceis : : ;NRS^O , =�RS8@ > , : ;/RS_B , =HRS_@ > ,
: ;LRS`B , =-RSaO > > .

Definition 3 (Satisfiability). Let T be a CSPof the form * +X, .b, 0�1 , T is said to be
satisfiable, denotedas U c d * TL1 , iff its solutionspaceis not empty.

U c d * TL1-e^U V W * TL123596
Definition 4 (Minimum Spaceand Value). Let T be a CSPof the form * +-, ./, 021 ,
its minimumspacewith regard to an objectivefunction f , denotedas g�h i�j<* TF, f21 , is
composedof all thesolutionsof T that minimizef . Its minimumvaluewith regard to
f , denotedas g�h i�kL* TF, f21 , is thevaluetheobjectivefunctiontakeson gHh i�j<* T2, f�1 .

gHh i�j<* T2, f�1 5 :LQZY/U V W * TX1J\Ll�Q�m�YbU V W * TL1/n-f�* Q�1Lo9fH* Q�m 1->
gHh i�kL* T2, f�1 59p eql�QbY/g�h i�j<* TF, f21/n-fH* Q�1 59p

For instance,considerthe CSPin the previousexampleandan objective function
defined as f�* ;E, = 1 5 ;�r = . In this case, g�h i�j<* T2, f�1 5 : : ;aRSsO , =`RSt@ > ,
: ;/RS8B , =HRS8@ > > . Theminimumvalueis 0.



2.2 Filters and Projections

In general,the solutionspaceof a CSPcanbe restrictedby meansof intersectinga
secondCSP.

Filters A filter is a kind of selection,which allows to obtaina CSPwhosesolution
spacehasbeenrestrictedto thosesolutionscontaininga (possiblypartial) assignment
over thevariables.

Definition 5 (Filtering). Let u be a CSP of the form v w-x y/x z2{ , and|�}/~`� � �F��4� � x � � � x � ����4� � � an assignmentdefinedover thek variablesin �J��w ,
thefiltering of u on | } , denotedas u-� � ���� � � � � � � � � ���� � , is anotherCSPdefinedon w and
y whoseconstraint set z2� is z whereinasmanyequalityconstraintsasassignmentsin|�} havebeenadded.

z � ~ zJ�
��
� � � � � � ~�� � �

In thepreviousexample,thefiltering over |�}b~a� �b���� � resultsin a CSPwhose
solutionspaceis � � �/��4� x �H��8� � x � �N��^� x �H��8� � � .

Projections A projectionis anotherkind of selection,which allows to obtain those
valueswhich take asetof variableswhenever theCSPis satisfiable.

Definition 6 (Projection). Let u bea CSPof theform v wXx ybx z�{ , and � a setof vari-
ablessuch that �a�7w , the projectionof u over � , denotedas uE� } , is anotherCSP
definedon � and y } whosesolutionspaceis composedof valuesof variablesin �
which arepart of anysolutionin �   ¡ v uL{ .

�   ¡ v uE� } { ~P�L|�}N¢ � � y }/£ ¤�|Z¢ �   ¡ v uX{-¥ |�} � |/�
where y } �9y is thesetof domainsof variablesin � .

In thepreviousexample,theprojectionof thesolutionspaceover � ~[� ��� results
in � � �/��4� � x � �/��8� � � .

3 Temporal-Aware ProcurementusingConstraint Programming

In [15,18], we describedhow CP canhelp automatingthe procurementtasks,i.e. the
checkingfor consistency andconformance,andselectionof optimal offers. The key
to automatingthe procurementtasksis to map D&O onto CSPs.In order to do so,
eachattributemustbemappedontoavariablewith its correspondingdomain,andeach
conditionmustbemappedontoaconstraint.

In this section,we review thesenotionsin orderto make themtemporal-aware.We
assumea linear, discretetime-structurebasedon naturalnumbers.Time elementsare
point times and temporalintervals. A temporalinterval is given by two time points
representingtheir extremes.



3.1 Demandsand Offers

Demandsassertthe conditionsthe provider shall meet,whereasoffersassertthe con-
ditionsa provider guarantees2. Regardingtemporality, all D&O areconsideredas(by
default) temporal-aware,i.e. they all have a validity period andtheir inner conditions
can(optionally)establishtime-dependentdemandrequirementsor offer guarantees.If
a D&O doesnot have anexplicit validity period,it will besupposedto haveaninfinite
temporalinterval.

Let ¦ denoteademand,and§ denoteanoffer. TheircorrespondingCSParedenoted
as ¨-© and ¨Eª , respectively. Let « denoteademandor offer. Any demandor offer « has
an(implicit) temporalvariable,denotedas ¬ , sothatits domain �® correspondsto the
validity period.Innerconditionsof D&O arebasedon QoSattributesand(eventually)
the temporalvariable,so that distinct temporalsubintervals canbe assignedto them,
providedthesesubintervalsareincludedin thevalidity period.¯�°

standsfor aCSPof theform ± ¬�² H® ² ³ ´ µ�¶ · whoseits solutionspacecorresponds
to the validity periodof « . Note ¬ ¸F¹ ¯�° is a shorthandfor an assignmentat time ¬ ¸
which belongsto thevalidity period.

For instance,thefollowing tuplesdenoteanoffer §-º andtwo demands¦ º and ¦ » :
§-ºL¼P± ½ ¾E² ¬�¿ ² ½ À Á Â Â Ã Ä ² À Å Â Â Æ Á Ä ¿ ² ½ ¬N¹ZÀ Å Â Â Ç È Ä�É8È Ê�¾FÊEË�² ¬b¹ZÀ Ç Ë�Â Â Æ Á Ä�É4Ç Ê�¾FÊ-Æ ¿ ·

¦ ºL¼`± ½ ¾<² ¬�¿ ² ½ À Á Â Â Ã Ä ² À Å Â Â Ç Ë Ä ¿ ² ½ ¬N¹ZÀ Å Â Â Ç Ë Ä�É_¾�Ì-Æ ¿ ·
¦ »2¼P± ½ ¾E² ¬�¿ ² ½ À Á Â Â Ã Ä ² À Å Â Â Ç Ë Ä Í2À Ç Î Â Â Æ Á Ä ¿ ² ½ ¬�¹ÏÀ Å Â Â Ç Ë Ä�É_¾�Ì-È ² ¬b¹ZÀ Ç Î Â Â Æ Á Ä�É8¾�ÌLÇ ¿ ·

Their solutionspacesareshown graphicallyin Figure2. Theoffer §-º hasthetem-
poral interval À Å Â Â Æ Á Ä as validity period, representingthe office hoursof a day. Each
guaranteeof thisoffer is assignedatemporalsubinterval which is includedin thevalid-
ity period,coveringtheoverrall temporalinterval. Thefirst guaranteeof §-º is valid at
timesin À Å Â Â Ç È Ä . Thesecondguaranteeof §-º is valid at timesin À Ç Ë�Â Â Æ Á Ä .

Notethe“ É ” operatoris thelogic implicationwith its usualmeaning.
The first demand¦ º hasa uniquerequirementwhosetemporalsubinterval is re-

gardedto the overrall validity period À Å Â Â Ç Ë Ä . This demandis not definedat any other
timeof a day.

Theseconddemand¦ » hasa validity periodcomposedof two subintervals À Å Â Â Ç Ë Ä
and À Ç Î Â Â Æ Á Ä sothateachrequirementis assignedto everysubinterval.

3.2 Consistency

Checkinga demandor offer for consistency allows to unveil whetherthey have inter-
nal contradictionsor not alongthetimeswhenever it is defined.If temporalityis taken
into account,consistency mustalsoinvolvea checkingof their validity periods.More-
over, sincetheir requirementsor guaranteescanbealsoassignedoneor moretemporal
intervals, they shouldbe includedin the validity period in order to be consideredas
consistent.

2 For thesakeof simplicity, weareassumingaone-waymatchmaking,i.e.demandsonly require
somethingfrom offers,andoffersonly guaranteesomethingto demands,but notviceversa.The
interestedreaderis referredto [18] whereina two-way matchmakingis presented.
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Fig.2. Solutionspacesof temporal-awareoffersanddemands

Notethatit is alsopossibledifferentdemandrequirementsor offer guaranteeshave
to be fulfilled at the sametime. Checkingthe consistency of conditionsandvalidity
periodsseparatelyis notenough,but oncevalidity periodshavebeenchecked,thecon-
sistency of conjunctionof all demandsrequirementsor offer guaranteesat any time of
thevalidity periodhasto bechecked,aswell.

Definition 7 (Consistency).A demandor offer ü is saidto beconsistentiff theprojec-
tion over timeof its correspondingCSPý-þ equalsits non-emptyvalidity period.

ÿ � ��� � � � � ��� � ü
	
� � � � � ý-þ  � 	�� � � � � � þ�	
For instance,considerthe offer ��� in the previous example,andanotheroffer �
�

definedon thesameattributesanddomainsbut with thefollowing conditions:� ����� � � � �  !�"$#&%('�%() * ����� �  �� � + , !�"-�.%('/%0# 1
Both of themareshown in Figure3. Note that the offer ��� is consistent(seeFigure
3.a) becausethereareno contradictoryconditionsat any time in the validity period.
However, theoffer �
� is notconsistent(seeFigure3.b)becauseat time

� � �  (marked
with an arrow) thereexist two contradictoryconditions,so that the solutionspaceof
their conjuctionat sucha time is empty, and that point time is not included in the
projection.Therefore,sincetheprojectiondoesnot equalthevalidity period,theoffer
�
� is not consistent.

3.3 Conformance

Checkingif anoffer conformsto a demandallows to know whetherthevaluesguaran-
teedby a party (theoffer from a provider) meetthevaluesrequiredby theotherparty
(thedemandof a client) whenever thedemandis defined.A non-temporal-awareoffer
� anda non-temporal-awaredemand2 is saidto bepessimistic-conformantif f theso-
lution spaceof ý
3 is a subsetof thesolutionspaceof ý�4 . In termsof CP, this canbe
expressedby meansof Marriott andStuckey expression[14]:

ÿ � ��5�� 6 7/8 ��� � � * 2 	
�:9 � 8 � � ý
3<;�9<ý�4 	
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Fig.3. Temporal-awareconsistency

If temporalityis takeninto account,thischeckingmustbecarriedoutatany timeof
thevalidity periodof thedemand.In Section1, wehaveintroducedtheneedof revising
the conformancenotion, so that if an offer and a demandwere definedexclusively
by their validity periods,thenthey would beconsideredasconformantif f thevalidity
periodof theoffer coveredthevalidity periodof thedemand.

Definition 8 (Conformance).Anoffer z anda demand{ aresaidto beconformantiff
thevalidity periodof z covers thevalidity periodof { , andtheprojectionover timeof
theCSPrepresentingthosesolutionsof z which arenota solutionof { is disjoint to the
validity periodof { .

| } ~���} � ��� ~�� � z�� { ���:� } � � ��� ���0� } � � ��� �� � } � � � �
� ��� ��� � � � ����� } � � ��� �����
For instance,considerthe offer z�� and the demand{ � in the previous example,

togetherwith thedemands{ � and { � whosedefinitionsare:

{ �.� � � � � � � � �   ¡ ¢ ¢ £ ¤ �   ¥ ¢ ¢ ¦ ¡ ¤ � � � �¨§   ¥ ¢ ¢ © ª ¤�«¬�/0ª � ��§   © ®�¢ ¢ ¦ ¡ ¤�«¬�/¯© � �
{ �°� � � � � � � � �   ¡ ¢ ¢ £ ¤ �   ± ¢ ¢ ¦ ¡ ¤ � � � �¨§   ± ¢ ¢ © ª ¤�«¬�/0ª � ��§   © ®�¢ ¢ ¦ ¡ ¤�«¬�/¯© � �
Their conformancerelationshipsareshown in Figure4. Note that the offer z�� is

not conformantto thedemand{ � (seeFigure4.a)becauseat �²� © ® (markedwith an
arrow) thesolutionspaceof the offer is not a subsetof solutionspaceof thedemand.
Notethissituationis detectedby theaboveformula,becausethetime �¨� © ® belongsto
theprojectionover time of thosesolutionsof z�� which arenot includedin thesolution
spaceof thedemand{ � , andit is alsoincludedin its validity period ��� ³ . Theoffer z�� is
conformantto thedemand{ � (seeFigure4.b)becauseit is conformantatany timeof its
validity period,covering it completelyaswell. Finally, theoffer z�� is not conformant
to thedemand{ � (seeFigure4.c) becauseit doesnot cover its validity periodsinceit
doesnotsupplyanythingat ��� ± (markedwith anarrow). Thestripedzonesin Figure
4 representthesolutionspacesof thenegatedCSPcorrespondingto thedemands.
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3.4 Finding the Optimal Offers

The final goal of matchmakingis, given a demand,finding a conformantoffer that
is optimal from the customer’s point of view. This task is interpretedas a contraint
satisfactionoptimizationproblem(CSOP),whichrequiresapreferenceorderdefinedon
theoffer set.It is usualto establishsuchanorderby meansof a weightedcomposition
of utility functions,whosegeneralform is asfollows:

465 7 8 9 : : : 9 7 ; <>= ;? @
A 8CB
@ DE@ 5 7 @ < B

@EFHG I 9 J K ;? @
A 8CB
@ =LJ

whereeach
7 @

denotesa qualityattribute,eachB
@

its associatedweight,andeach

D>@
its

associatedutility functionrangingover

G I 9 J K
anddescribinghow importantthevalues

of attributearefor theclient.

Definition 9 (Set of Optimal Offers). Let MON be a set of conformantoffers to the
demandP , and

4
theassessmentcriteria givenby an utility function,thesetof optimal

offers,denotedas MRQN S T , is constitutedof thoseoffers in MON which maximize
4

.

M QN S T =VU W
F
MONYX Z W>[

F
MONO\ 465 W]<O^_465 W>[ < `

where
465 W><

standsfor theutility of theoffer
W

given
4

.

In a non-temporal-awarecontext, the utility of an offer correspondsto the worst
case,thatis to say, theutility of thosevalueswhich minimizetheutility function:465 W><]=ba6c dfeO5 gEhE9 4Y<

If temporalityis taken into account,utility functionscanbedependentupontime,
sothatquality attributescanhave differentutility valuesat distinct temporalintervals.
Theutility of anoffer is theaverageutility duringthevalidity periodof P :

465 W]<>= J
X i j k 5 l N < X ?m n o p q a6c dfeO5 gEh S m rsRm n 9 4Y<

where
gEh S m rsRm n standsfor theCSPwhich correspondsto

W
filteredat time t = t [ .
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Fig.5. Optimalselectionwith temporal-awareutility functionsandoffers

For instance,considerthe offer Ä>Å in the previous example,andanotheroffer ÄEÆ
defined on the same attributes and domains but with the following conditionÇ ÈÊÉÌË Í Î Î Ï Ð ÑRÒÓÏÕÔ×ÖØÔÚÙ Û

. Assumetheseoffers areconformantto a demandÜ
whosevalidity period is

Ë Í Î Î Ï Ð Ñ
, so that the assessmentcriteria is given by the utility

function Ý in Figure5. Noteit givesdifferentutility valuesfor intervals
ÈÞÉHË Í Î Î ß à Ñ

andÈáÉHË ß â Î Î Ï Ð Ñ
. Thesetof optimaloffersis ãRäå æ çHè Ç ÄEÆ Û , accordingto theirutility values:

Ý6é Ä>Å ê è ÅÅ Æ Ç ÆëíìÞîðïØÅëíì ß ïØÅÆ ìáî Û è Ð Î à âÝ6é ÄEÆ ê è ÅÅ Æ ÇfñëíìHòOï ñÆ ìÞî Û è Ð Î â Ï
Theutility of Ä>Å is computedin thisway. Notethatthenumberof timepointswhich

belongsto ó å is
ß Ù

. If
ÈáÉHË Í Î Î ß Ù Ñ

(six timepoints)then
Ö è Ù is givenanutility of

Ù ô â
,

if
È è ß à (onetime point) then

Ö è ß is givenan utility of
ß ô â

, andif
ÈbÉVË ß â Î Î Ï Ð Ñ

(anothersix time points) then
Ö è ß is given an utility of

ß ô Ù
. The utility of ÄEÆ is

computedin asimilar way.

3.5 Finding the Optimal Covering

Sinceit is possiblethatnoneof theavailableofferswereconformantto agivendemand
becausethey did not cover it, one could think of selectingseveral offers so that all
togetherareconformantto the demand,coveringall the validity period.Thecovering
problemis to find suchasetof offers,optimizingaccordingto assessmentcriteriafrom
demandandother(optional)criteria, in orderto adoptdifferentstrategiessuchas,for
example,to minimizethenumberof offers.

Definition 10 (Covering). Let Ü be a demandand ã a setof availableoffers3. ã is
said to bea coveringsetof Ü iff there exists(at least)a conformantoffer in ã at any
timeof thevalidity periodof thedemand.õ ö ÷Yø ù ú û õ üfý þ>ú ÿ é ã�� Ü ê ��� È �fÉ ó å � � Ä É ã�� 	 ø ü�
fø û �� üfÿ é Ä�� ���� � � Ü � ���� � ê
where Ä�� ���� � and Ü � ���� � standfor theoffer Ä andthedemandÜ at time

È è È � , respec-
tively.

3 An offer is availableif f it providesthefunctionalityrequiredby a demand.



For instance,considerthe demand� � whosevalid periodis ��� ����� �   ! " # andthe
assessmentcriteria given by the utility function $ , and the offer %&� in the previous
example,togetherwith thefollowing offers %�' y %�( whicharealsodefinedonthesame
attributesanddomainsas %&� , but with thefollowing constraints:)+* , ��- .�/0� �   ! 1 #�23! 4�564&7 8 .9/0� ! !   ! " #:2�7 4�564�;:8 .9/0� ! <   = 1 #:23! 4�564&7 >)+* ? �@- .9/0� �   ! 1 #�23! 4�564&= 8 .9/0� ! !   = 1 #:2A; 4�564&" >

Thedemandandoffersareshown in Figure6. Noneof themis conformantto the
givendemand,but if it werepossibleto join two (or more)of them,thenonewould be
ableto build a conformantoffer, i.e. theso-calledcoveringsetof a demand.
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Fig.6. Coveringandtemporal-awareness

Figure6 shows the coveringsetof � � which is constitutedby the offers - %&� 8 %�( >
(markedwith thearrows). It is a coveringsetbecauseat any time of ��� � thereexist (at
least)aconformantoffer:

.9/0� �   ! 1 #:�A%&� � .9/�� ! !   ! 7 #:�A%&� 8 %�( � .�/0� ! ;:  ! " #:�A%�(
Thesetsof offers - %&� 8 %�' > and - %&� 8 %�' 8 %�( > alsoconformacoveringsetof thedemand.
However, the setof offers - %�' 8 %�( > is not a coveringset,becauseat time .�/@� �   ! 1 #
thereis no offer conformantto thedemand.

Amongall thecoveringsetswhichcanbeconformedfromasetof offers,oneshould
beableto selectthebestone.Therefore,we needto computetheir utility accordingto
assessmentcriteriaattachedto a demand.

Let � beacoveringsetof thedemand� � , and$ theutility functionof � � , theutility
of a coveringset is given by the aggregationof maximumutilities at any time in the
validity periodof � � :

$�� ���+� !� � � � � ��� � �¡ ¢ £ ¤ ¥ ¦¨§¡© ª* ¤�« ¦ ¬  ®¯& £ - §�° ±�² � ³
*:´ ¢ µ¶�¢ £ 8 $�� >

where ��� ´ ¢ µ¶�¢ £ is thesubsetof offersin � whichareconformantto � at time .9�·.:¸ :
��� ´ ¢ µ¶�¢ £ �@- ¹º/»� � ¼ � ½�¾�� ¿ À�Á ½�Â � % ¢ µ¶�¢ £ 8 � ¢ µ¶�¢ £ � >



For instance,considerthesetof offers ÃÅÄÇÆ È&É , È�Ê , È�Ë } availableto thedemandÌ É , whoseassessmentcriteria is Í , in the previous example,the utility valuesof the
coveringsetsof

Ì É are:

Í�Î Æ È&É Ï È�Ê Ð Ñ+Ä ÉÒ Æ�ÓË�Ô�Õ6Ö ÓË�Ô�Õ6Ö ÓË�Ô0×+Ö ÓÓ Ô0× Ð�Ä�Ø Ù Ú ÛÍ�Î Æ È&É Ï È�Ë Ð Ñ&Ä ÉÒ Æ�ÓË�Ô�Õ6Ö Ê Ë�Ô9Õ6Ö Ê Ë�Ô0×+Ö�×�Ô0× Ð�Ä�Ø Ù Ü ÝÍ�Î Æ È&É Ï È�Ê Ï È�Ë Ð Ñ+Ä ÉÒ Æ ÓË�Ô9Õ6Ö Ê Ë�Ô�Õ6Ö Ê Ë�Ô�×+Ö�×�Ô�× Ð�Ä�Ø Ù Ü Ý
Theutility of thecovering Æ È&É Ï È�Ë Ð is computedin this way. Notethat thenumber

of time pointswhich belongsto Þ�ß is Ú . If à9á�â Ü Ù Ù × Ø ã (threetimepoints)thentheofferÈ&É hasthe conformantvalue ä�Ä Õ which is given an utility of Õ å æ , if à@áçâ × × Ù Ù × Õ ã
(threetime points) thenboth offers areconformant,but the bestone is È�Ë becauseit
offers a conformantvalue äçÄ»Û which is given an utility of Û å æ whereasÈ&É hasa
conformantvalue ä@Ä Õ which is given a worseutility of Õ å æ , if à�Ä × Û (onetime
point) thenthe offer È�Ë hasthe conformantvalue ä�ÄÅÛ which is given an utility ofÛ å æ , andif à9Ä × æ (anotheronetime point) thentheoffer È�Ë hastheconformantvalueä�Ä·Û which is givenanutility of × . Theutility of theremainingcoveringsis computed
in a similarway.

Definition 11 (Setof Optimal Coverings).Let
Ì

bea demand,Í anutility functionas
assessmentcriteria, and Ã�èß thesetof all coveringsgivena setof availableoffers.The
setof optimal coverings,denotedas Ã èß é ê , is constitutedof thosecoveringsetswhich
maximizetheutility functionÍ .

Ã�èß é ê Ä@Æ Ãçá�Ã�èß�ë ì Ã�í�á0Ã�èß·î Í�Î Ã�Ñ�ï�Í�Î Ã�í Ñ Ð
Giventheoffersanddemandin thepreviousexample,thesetof optimalcoverings

is Æ Æ È&É Ï È�Ë Ð Ï Æ È&É Ï È�Ê Ï È�Ë Ð Ð .
Note that thesecoveringsetshave thesameutility, althoughthe latterseemsto be

redundantbecausevaluesfrom È�Ë override thosefrom È�Ê . We can establisha pref-
erenceorder by meansof any secondaryassessmentcriteria, for example,by min-
imizing the numberof offers. In this case,the optimal subsetregarding ð9ñ ò&ó ô&ó ofÆ Æ È&É Ï È�Ë Ð Ï Æ È&É Ï È�Ê Ï È�Ë Ð Ð is Æ Æ È&É Ï È�Ë Ð Ð .
4 RelatedWork

Figure7 showsabrief comparisonamongrelatedproposals,showing their characteris-
tics on temporalityat a first sight.Becauseof the limited extensionof this paper, this
sectionis devotedsolely to temporal–awareproposals.A broaderoutline,which also
includesthenon–temporal–awareproposals,is availablein [15,18].

Note thatour point of view is differentfrom theperspective of serviceworkflows,
which is interestedin the problemof finding an optimalexecutionplan of servicesin
the context of a workflow [24]. We areinterestedin the procurementof web services
whosedemandsandoffersaretemporal–aware.Of course,theworkflow issueis very
relatedto ourproblem,andthey canbestudiedasa whole.
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Fig.7. A comparisonamongtemporal–awareproposals

4.1 Proposalsbasedon Ad-hoc Formalisms

Theseproposalsdo not have any formalism for temporalspecifications,suchas the
UDDI Extension[20] and the WS-QoSontology [22]. In general,they only allow to
defineanuniquevalidity periodfor anentiredemandor offer.

Fortunately, otherproposalsdo allow to assigna validity periodto every condition
of a demandor an offer, suchas the IBM WSLAWeb ServicesLevel Agreementlan-
guage[6,11] andtheWSOLWebServiceOfferingsLanguage[23]. TheHP WSMLWeb
ServicesLevel AgreementManagementlanguage[19] allows to specifyboth a single
validity periodfor the entireagreementandalsoa periodictemporalinterval to every
condition.BothWSLA andWSML languagesallow validity periodsto becomposedof
multiple sub-intervalsin distinct,limited waysaswell.

4.2 Proposalsbasedon SemanticWeb

Theseproposalsarebasedon formalismsof thesemanticweb,having a muchgreater
dealof expressiveness.TheOWL+TIME Ontology [9, 10] is averyexpressivelanguage
which is usedby semantic-web-basedapproachesof WSP, suchasthe Web Ontology
Language- Services(OWL-S)[2, 13,16].

However, having agreaterdealof expressivenessleadsto severalcomputationprob-
lemsof theDescriptionLogics(DL) reasonersableto reasonaboutsuchtemporalspeci-
fications.As amatterof fact,in logicsthereexist a tradeoff betweenexpressivenessand
the computabilityof reasoningprocedures[12], so the moreexpressive temporalDL
languagesareknown to beundecidable,thatis to say, thereis noalgorithmfor comput-
ing the satisfiabilityof a DL specification.Most of temporalDL reasonersovercome
this problemby makingthelanguagelessexpressive,or treatingthetime asa concrete
domainin orderto usehibrid reasonerssothattemporalspecificationsareprocessedby
externalsolvers,suchastheCSPsolvers.In general,both(1) thereasoningon lessex-
pressivetemporalDL specifications,or (2) solvingaCSP, areknown to beNP-complete
[1].



5 Conclusionsand Future Work

In this paper, we have presentedan approachto addtemporal–awarenessto WSPby
usingCP, which endows our proposalwith a declarative way to specifydemandsand
offerssothat theprocurementtaskscanbecarriedout by meansof constraintsatisfac-
tion problems.We have introducedthenotion of coveringof a demand.We have also
shown the needto review the semanticsof procurementtasksif temporalityis taken
into account,andproposeda rigorousdefinitionfor them.

Our approachallows to specifya global validity periodfor a demandor an offer,
and other validity periodswhich can be periodicalor not, or composedof multiple
intervals.Thesevalidity periodscanbeassignedto differentconditionsof thedemand
or theoffer. Utility functionscanbetemporal–awaretoo,sothatdifferentutility values
for aqualityattributecanbedefinedat distincttimeperiods.Theexpressivenessof our
approachis similar to semanticweb–basedproposals,thoughtheir majordrawbackis
theundecidablenatureof morecomplex temporalDL languages.

For futurework, we arecurrentlyfinishingthedevelopmentof a proof–of–concept
implementation,by adaptingtheprototypeintroducedin [18] sothatit becomestempo-
ral–aware.At operationallevel, consistency, conformance,andoptimality have not to
becomputedatevery timepointof validity periods,just asthey weredefinedin theory.
A pre–processingstepis neededin orderto get theconcretetime intervalsof interest,
thensuchtaskscanbecarriedout onsuchtime intervals.

Experimentsneedto becarriedoutin orderto characterizethecomplexity of tempo-
ral–awareprocurementtasks.As a result,it is expectedto know whatkind of temporal
expressionsto avoid becauseof their impacton theexponentialbehavior of CSPsolv-
ing.
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