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Abstract

Motivatedby theproblemof automaticallycom-
posingnetwork accessibleservices,suchasthose
on the World Wide Web, this paper proposes
an approachto building agenttechnologybased
on the notion of generic proceduresand cus-
tomizing userconstraint.We arguethatan aug-
mentedversion of the logic programminglan-
guageGologprovidesanaturalformalismfor au-
tomaticallycomposingserviceson theSemantic
Web. To thisend,weadaptandextendtheGolog
languageto enableprogramsthat are generic,
customizableand usablein the context of the
Web. Further, we proposelogical criteria for
thesegenericproceduresthat definewhen they
areknowledgeself-sufficientand physicallyself-
sufficient. To supportinformationgatheringcom-
binedwith search,we proposea middle-ground
Gologinterpreterthatoperatesunderanassump-
tion of reasonablepersistenceof certaininforma-
tion. Thesecontributionsarerealizedin ouraug-
mentationof a ConGologinterpreterthat com-
binesonline executionof information-providing
Web serviceswith offline simulationof world-
altering Web services,to determinea sequence
of Web Servicesfor subsequentexecution. Our
implementedsystemis currentlyinteractingwith
serviceson theWeb.

1 INTRODUCTION

Two important trends are emerging in the World Wide
Web (WWW). The first is the proliferation of so-called
Web Services– self-contained,Web-accessibleprograms
anddevices. Familiar examplesof Web servicesinclude
information-gatheringservicessuchasthe mapserviceat
yahoo.com,andworld-alteringservicessuchasthe book-
buyingserviceatamazon.com.ThesecondWWW trendis

the emergenceof the so-calledSemanticWeb. In contrast
to today’sWeb,which is designedprimarily for humanin-
terpretationanduse,theSemanticWebis a vision for a fu-
tureWebthatis unambiguouslycomputer-interpretable[2].
This will berealizedby markingup Webcontent,its prop-
erties,andits relations,in a reasonablyexpressivemarkup
languagewith a well-definedsemantics.DAML+OIL, a
description-logicbasedSemanticWebmarkuplanguage,is
onesuchlanguage[10, 11].

Our interestis in the confluenceof Web Servicesandthe
SemanticWeb. In early work, we outlined a semantic
markupfor describingthecapabilitiesof Webservices,ini-
tially in first-orderlogic anda predecessorto DAML+OIL
[19]. This effort evolved into a coalition of researchers
from BBN, CMU, Nokia, SRI, Stanfordand Yale who
aredevelopinga DAML+OIL ontologyfor Web services,
calledDAML-S [4]. Severalmetaphorshaveproveduseful
in developingthismarkup,includingviewing Webservices
as functionswith inputsandoutputs,andalternatively as
primitiveandcomplex actionswith (knowledge)precondi-
tions and(knowledge)effects. While DAML-S is not yet
complete,two versionsof theontologyhave beenreleased
for publicscrutiny [3]. We will returnto DAML-S towards
theendof thepaper.

The provision of, effectively, a knowledgerepresentation
of the propertiesandcapabilitiesof Web servicesenables
the automationof many tasks,asoutlinedin [19]. In this
paperwe focuson thetaskof automatedWebservicecom-
position(WSC):Givenasetof Webservicesandadescrip-
tion of sometaskor goal to be achieved (e.g.,“Make the
travel arrangementsfor my KR2002conferencetrip.”), find
a compositionof servicesthat achieves the task. Disre-
gardingnetwork issues,WSC canbe conceived aseither
a software synthesisproblem,or as a planningand plan
executionproblem,dependinguponhow we representour
services.In eithercase,this applicationdomainhasmany
distinctive featuresthat requireandsupporttailoring. We
identify andaddressmany of thesefeaturesin thispaper.



In this paperwe conceive WSC asa planningandexecu-
tion task,wheretheactions(services)maybecomplex ac-
tions. In relatedwork, we show how to compile service
representationsinto operatorsthat embodyall the possi-
ble evolutionsof a complex action,in orderto treatcom-
plex actionsas primitive action plan operators[18]. As
a planning task, WSC is distinguishedin that it is plan-
ning with very incompleteinformation.Severalsequenced
information-gatheringservicesmay be required,that cul-
minatein the executionof only a few world-alteringser-
vices. (Imagine making your travel plans on the Web.)
Sinceour actions(services)aresoftwareprograms,thein-
putandoutputparametersof theprogramactasknowledge
preconditionsandknowledgeeffectsin aplanningcontext.
Softwareprogramscanalsohave side-effectsin theworld
(suchasthepurchaseof acommodity),thataremodeledas
non-knowledgeeffects.Servicepreconditionsareregularly
limited to knowledgepreconditions.Information-gathering
services(akasensors)don’t fail, network issuesaside.Ex-
ogenouseventsaffect thethingsbeingsensed.Persistence
of knowledgehasatemporalextentassociatedwith it (con-
traststockpricesto thepriceof a shirt at theGap),which
affectsthe sequencingof services.Servicesoften provide
multiple outputs,a subsetof which mustbeselectedto act
asinput for asubsequentservice(considerpickingflights).

Many servicesperform similar functions, so WSC must
choosebetweenseveralservices,eachsharingsomeof the
sameeffects.Also,plans(compositionsof services)areof-
tenshort,sotheplansearchspaceis shortandbroad.WSC
tasksmayor maynot bedescribedin termsof a goalstate.
In someinstancesthey aredescribedasasetof looselycou-
pledgoals,or constraints.Many plansmaysatisfytheWSC
task.Userinputanduserconstraintsarekey in pruningthe
spaceof plans(e.g.,choosingfrom themultitudeof avail-
ableflights)andin distinguishingdesirableplans.

The uniquefeaturesof WSC serve to drive the work pre-
sentedin this paper. RatherthanrealizingWSCsimply as
planning,we argue that a numberof the activities a user
may wish to performon the (semantic)WWW or within
somenetworked serviceenvironment, can be viewed as
customizationsof reusable,high-level genericprocedures.
For example,we all useapproximatelythe samegeneric
procedureto make our travel plans,andthis procedureis
easily described. Nevertheless,it is difficult to task an-
otherperson,lessacomputer, to makeyour travel plansfor
you. Theproblemlies not in thecomplexity of theproce-
dure,but ratherin selectingservicesandoptionsthatmeet
your individual constraintsandpreferences.Our vision is
to constructreusable,high-level genericprocedures,and
to archive themin sharable(DAML-S) generic-procedures
ontologiesso thatmultiple userscanaccessthem. A user
could then selecta task-specificgenericprocedurefrom
the ontology and submit it to their agentfor execution.

The agentwould automaticallycustomizethe procedure
with respectto theuser’s personalor group-inheritedcon-
straints,the currentstateof the world, andavailableser-
vices, to generateand executea sequenceof requeststo
Webservicesto performthetask.

We realizethis vision by adaptingandextendingthe logic
programminglanguageGolog(e.g.,[14, 22, 6]). Theadap-
tationsandextensionsdescribedin the sectionsto follow
are designedto addressthe following desiderataof our
WSCtask.Generic: We wantto build a classof programs
thataresufficiently genericto meetthe needsof a variety
of differentusers.Thusprogramswill oftenhaveahighde-
greeof nondeterminismto embodythe variability desired
by differentusers.Customizable: We wantour programs
to beeasilycustomizableby individual users.Usable: We
wantourprogramsto beusableby differentagentswith dif-
ferenta priori knowledge. As a consequence,we needto
ensurethattheprogramaccessesall theknowledgeit needs,
or that certainknowledgeis stipulatedasa prerequisiteto
executingtheprogram.Similarly, theprogramensuresthe
actionsit might useare

�������
-ible. Theprogramsmustbe

bothknowledgeandphysicallyself-sufficient.

2 ADAPTING GOLOG

Golog (e.g., [14, 8, 6, 22]) is a high-level logic program-
ming language,developedat theUniversityof Toronto,for
the specificationandexecutionof complex actionsin dy-
namicaldomains.It is built on top of the situationcalcu-
lus (e.g.,[22]), a first-orderlogical languagefor reasoning
aboutactionandchange.Gologwasoriginally developed
to operatewithout consideringsensing(aka information-
gathering)actions.For Webapplications,werely on aver-
sion of Golog built on top of the situationcalculuswith
knowledgeandsensingactions(e.g., [24, 22]), which we
henceforthreferto simplyasthesituationcalculus.

In the situationcalculus[6, 22], the stateof the world is
describedby functionsandrelations(fluents)relativizedto
a situation

�
, e.g., ���
	�� ���

. To dealwith sensingactions,a
specialknowledgefluent � , whosefirst argumentis also
a situation,is introduced.Informally, ������������� holdsif the
agentis in the situation � but believes (s)hemight be in��� . Thefunction ����� �!�"�#� mapsa situation � andanaction �
into anew situation.A situation � is simplyahistoryof the
primitive actionsperformedfrom an initial, distinguished
situation $!% . A situationcalculustheory & comprisesthe
following setsof axioms(See[22] for details.):

' domain-independentfoundationalaxiomsof thesitu-
ationcalculus,( ;' accessibilityaxiomsfor ) , *,+.-�+0/ 1;

1At this stage,we donot imposeany conditionson � suchas



' successorstateaxioms, 13242 , onefor ) andonefor
everydomainfluent 5 ;' actionpreconditionaxioms,136�7 , onefor everyaction8 in thedomain,thatserve to define

������� � 89� ���
;' axiomsdescribingtheinitial situation,1:2�; (including

axiomsabout) );' uniquenamesaxiomsfor actions,1:<�-�6 ;' domainclosureaxiomsfor actions,13=?> 6 2.

Gologbuilds on top of thesituationcalculusby providing
asetof extralogicalconstructsfor assemblingprimitiveac-
tions,definedin thesituationcalculus,intocomplex actions
thatcollectively compriseaprogram,@ . Constructsinclude
thefollowing.

a — primitiveactionsA�B�C�A
D
— sequencesEGF

— testsA�B�H A
D
— nondeterministicchoiceof actions�JI � � A � � �

— nondeterministicchoiceof argumentsA�K
— nondeterministiciteration

if
E

then
A B

else
A D

endIf – conditionals
while

E
do

A
endWhile — while loops

Notethattheconditionalandwhile-loopconstructsareac-
tually definedin termsof otherconstructs.

if
E

then
A�B

else
A#D

endIf LMON EPF CQA�B?RSH N T EPF CQA#D#R
while

E
do

A
endWhile LMON EGF C�A�R�K�C T EGF

Theseconstructscanbeusedto write programsin thelan-
guageof a domaintheory, e.g.,U�VPWYX[Z]\�^[Z`_#aYb�c �
	� � C

if � 8 \
then

\�b�decgf 8 \ �
	W �
else

U ��� a4^ 8h� Z �
	W �
endIf.

Givena domaintheory, 1 andGologprogram
A
, program

execution must find a sequenceof actions 	8 such that:&jikOlm��� @
�g$!%��`�����gn�4�g$!%��`��oYlm��� @
�g$!%��`�����gn�4��$p%?�`� denotesthat
the Golog program@ , startingexecutionin $ % will legally
terminatein situation�����gn�4��$ % � , where�����gn�Y�g$ % � abbreviates����� �rqY�`����� ��q�sPt?�Qo�o�o��`����� �Yt��g$ % �`�`� .
2.1 CUSTOMIZING GOLOG PROGRAMS

In this sectionwe extend Golog to enableindividuals to
customizea Golog programby specifyingpersonalcon-
straints. To this end, we introducea new distinguished
fluent in the situationcalculuscalled l�u#��v�w#��x�yzu�� �Y�"��� , i.e.,
action � is desirablein situation � . We contrastthis with{ ���#��� �Y�"��� , i.e. action � is physicallypossiblein situation� . We further restrict the casesin which an actionis exe-
cutableby requiringnot only thatanaction � is

{ ������� �Y�"���
but furtherthatit is l�u
��vJw#��xQyzu�� �Y�"��� . This furtherconstrains

that � to be reflexive, symmetric,transitive or Euclideanin the
initial situation.(See[22, pg. 302-308].)

2Not alwaysnecessary, but wewill requireit in 2.1.

the searchspacefor actionswhen realizinga Golog pro-
gram. Thesetof l�u#��v�w#��x�yzu fluents,onefor eachaction,is
referredto as &[| . l�u#��vJw
��x�y.u�� �Y�`�#�~}��]w#�Yu unlessotherwise
noted.

An individual specifiesherpersonalconstraintsin our Se-
mantic Web markup language. The constraintsare ex-
pressedin thesituationcalculusasnecessaryconditionsfor
an action 8 to bedesirable, &�q
��� | of theform:

l�u#�?vJw#��x�yzu�� �Y�"���S�����]� (1)

andpersonalconstraints, 1:��� whicharesituationcalculus
formulae,� .

For example, Marielle would like to buy an airline
ticket from origin

�
to destination � , if the driv-

ing time between these two locations is greater than
3 hours. Thus l�u#��v�w#��x�yzu�� x��4����vJw#��vJ����u���� �����4�]���"���g������ ���Jlmw#vJ��u���vJ��u�� ���������"������� is includedin &�q���� | . Similarly,
Marielle hasspecifieddatesshemustbe at homeandher
constraintis not to be away on thosedates. Thus, &[�9�
includes: ���J�� ����!� ���Q�`�#�S¡£¢¤�!�Q�]xQu�¥¦�
��u�� �����`���`� . Using& q
��� | and & �p� , andexploiting our successorstateaxioms
anddomainclosureaxiomsfor actions,&[§�§ and &©¨ ��ª , we
define l�u#��vJw
��x�y.u�� �Y�`�#� for everyaction 8 asfollows:

l�u#��vJw
��x�y.u��J�«��n¬ ���"�#��}¤¯®¦¡ °�e± |e²4³  �p� � (2)

where ¯®´kµ� tP¶ o�o?o ¶ � q , for each� � of (1). E.g.,
¯·�¸
¹ ® �»º"¼4�»�]½Q�]¾ k � ���Jlmw#vJ��u���vJ��u�� ���������"���g��� , and

¿�9�´}ÁÀÃÂ �,� �����J�Ä��n¬ ���g���`��Å
where À is repeatedregressionrewriting (e.g., [22]) of�,� �����J�Ä��n¬ ���"�#�`� , the constraintsrelativized to ���r�J�«��n¬ ���g��� ,

usingthesuccessorstateaxioms,&[§�§ from & . E.g.,
 �p� }�ÀÃÂ �¯�J�� ����!� ���Q�����r� x��4����vJw���vJ�Q�ru���� ���]�4�]���"���"���`�
¡Ã¢¤�!�Q�]x�u�¥¦�#�¦u�� ���Q������� xQ�4����vJw���v��Q�ru��Q� �����4�`���"���`�#�`�`��Å

Werewrite thisexpressionusingthesuccessorstateaxioms
for fluents�� ����!� ���Q�]�#� and ¢¤�!�Q�]xQu#¥¦�#�¦u�� �����`��� . E.g.,

�� ����!� ���Q�����r� �Y�g���`��}
ÂÆ� �mk�xQ�h�r��vJw#��vJ����u���� ���]�4�`���`�9¡Ç�ÃÈkÁ¥¦�#�¦u#�
¶ �J�� ����p� �����`���p¡
��� �mk�xQ�h�r��vJw#��vJ����u���� ���]�4�`���`�9¡:�,k¤¥¦�#�¦u#�`��Å

¢¤�!�Q�]xQu#¥¦�#�¦u�� ����������� �Y�g���`�~}Á¢¤�!�Q�]xQu#¥¦�#�¦u�� �����`���
Fromthiswe determine:

l�u#��vJw
��x�y.u�� x��4����vJw���vJ�Q�ru���� ���]�4�]���"���"����}� ���Jlmw#vJ��u���vJ��u�� ���]�����`���g���
¡�� �mk¤¥¦�#�¦u ¶ ��¢¤�!�Q�]x�u�¥¦�#�¦u�� ���Q�]���`� (3)

Having computed&[| , we includeit in & 3. In additionto
computing& | , thesetof l�u#��vJw
��xQyzu fluents,we alsomod-
ify the computationalsemanticsof our dialect of Golog.

3Henceforth,all referenceto & includes& | .



In particular, we adopt the computationalsemanticsfor
Golog. (See[6] for details.) Two predicatesareusedto
definethe semantics.��w#��É9��� @#�"���`@#���"�?�.� is intendedto say
that the program

A
in situation � may legally executeone

step, ending in situation � � with the program @ � remain-
ing. Ê©vJÉ!��y�� @
�g��� is intendedto saythat theprogram@ may
legally terminatein situation � . We requireonechangein
thedefinitionto incorporatel�u#��vJw
��xQyzu . In particular, (4) is
replacedby (5).

��w#��É9��� �Y�"���`@ � �"� � �~}{ ���#��� �Y�"���p¡3@ � k�É!v�yr¡�� � kÁ����� �Y�"��� (4)

��w#��ÉP��� �Y�"���`@ � �g� � ��}{ ������� �Y�`�#�p¡Ël�u#��vJw
��xQyzu�� �!�`���
¡�@ � k�É!v�y�¡¦� � k¤����� �Y�g��� (5)

We can encodethis more compactlyby simply definingÌ u � ��y�� �Y�`�#�¿} { ������� �!�`���Í¡´l�u#��vJw
��xQyzu�� �!�`��� , andreplacing{ ���#� with
Ì u � ��y in (4). This approachhasmany advan-

tages.First it is elaborationtolerant[17]. An individual’s
customized& | maysimply beaddedto anexisting situa-
tion calculusaxiomatization.If an individual’s constraints
change,theaffectedl�u#��vJw
��xQyzu fluentsin & | maybeelabo-
ratedby asimplelocal rewrite. Further, l�u#��vJw
��xQyzu is easily
implementedas an augmentationof most existing Golog
interpreters.Finally, it reducesthesearchspacefor termi-
natingsituations,ratherthanpruningsituationsafter they
have beenfound. Thus, it hascomputationaladvantages
over otherapproachesto determiningpreferredsequences
of actions. Our approachis related to the approachto
thequalificationproblemproposedby Lin andReiter[15].
Thereareothertypesof customizingconstraintswhich we
do not addressin this paper(e.g.,soft andcertaintemporal
constraints).We addresstheseconstraintsin futurework.

2.2 ADDING THE ORDER CONSTRUCT

In theprevioussubsectionwedescribedawayto customize
Golog programsby incorporatinguserconstraints.In or-
der for Golog programsto be customizableand generic,
they musthave somenondeterminismto enablea variety
of differentchoicepointsto incorporateuser’s constraints.
Golog’s nondeterministicchoice of actionsconstruct(

H
)

and nondeterministicchoice of argumentsconstruct( I )
bothprovide for nondeterminismin Gologprograms.

In contrast,the sequenceconstruct(
C
) provides no such

flexibility , and can be overly constraining. Considerthe
program: x��4����vJw#��vJ����u�����n¬ ��Î#w�u?ÉY�"�Ï��w��#n��� . The“;” construct
dictatesthat w�u?ÉY�"�Ï��w��#n��� must be performedin the situa-
tion resultingfrom performing xQ�4����v�w���vJ����u?�Q��n¬ � and that{ ���#��� w
u?É!�`�Ï��wr�#n�����]���r� x��4����vJw#��vJ����u�����n¬ ���g���`� must be true,
otherwisetheprogramwill fail. Imaginethattheprecondi-
tion

{ ������� w�u?ÉY�"�Ï��w��#n�����g��� dictatesthattheuser’screditcard
not be over its limit. If

{ ����� is not true, we would like

for the agentexecutingthe programto have theflexibility
to performa sequenceof actionsto reducethe credit card
balance,in order to achieve this precondition,ratherthan
having the programfail. The sequenceconstruct“;” does
not providefor thisflexibility .

To enablethe insertionof actionsin betweena sequence
of actions, for the purposesof achieving preconditions,
we definea new constructcalledorder, designatedby the
“:” connective4. Informally, �YtÑÐ��rÒ will perform the
sequenceof action � t Î`� Ò whenever

{ ������� � Ò �`����� � t �"�#�`� is
true. However, whenit is false,the “:” constructdictates
thatGologsearchfor a sequenceof actions n� thatachieves{ ���#��� � Ò �`�����gn�4�`����� � t �����`�`� . This canbeachievedby a plan-
nerthatsearchesfor a sequenceof actions n� to achieve the
goal

{ ������� � Ò �]���r�gn�4�`����� � t �g���`�`� . To simplify this paper, we
restrict � Ò to be a primitive action. The definition is eas-
ily extendedto anorderof complex actions@ t ÐY@ Ò . Thus,�Yt¿Ð��rÒ is definedas:

�Yt�Î while ��� { ���#��� �rÒ��`� do � Óp�h�QÂ { ������� �r�`Ô�Î���Å endWhile; �rÒ
It is easyto seethat thewhile loop will eventuallyachieve
thepreconditionfor �rÒ if it canbeachieved.

We extendthecomputationalsemanticsto include“:”.

��w#��É9��� @[Ð��Y�`���]@ � �g� � ��}
��w#��ÉP���`� @�Î]����Õrv�u?��u�� { ���#��� �r�`��Î��!�"���]@ � �g� � � (6)

Ê©vJÉ!��y�� @,Ð
�Y�g���~}
Ê©vJÉ!�ry�� @�Î`���QÕhv�u���u�� { ������� �r�`��Î��Y�g��� (7)

where ����Õrv�u?��u���Ö��£kØ×�ÙGÚ.Û.ÜÝ����Ö��µÞPßà� Óp�h�QÂ { ������� �r�`Ô�Î]��Å
endWhile. Since ����Õhv�u?��u is definedin termsof existing
Golog constructs,the definitionsof ��w#��É9� and Ê©v�É!��y fol-
low from previousdefinitions.

Note that “:” introducesundirectedsearchinto the in-
stantiationprocessof Golog programsand thoughwell-
motivatedfor many programs,shouldbe usedwith some
discretionbecauseof thepotentialcomputationaloverhead.
We can improve upon this simplistic specificationby a
moredirectedrealizationof theactionselectionmechanism
usedby ���QÕhv�u?��u usingvariousplanningalgorithms.

Also notethat theorderconstructhasbeenpresentedhere
independentlyof thenotionof l�u
��vJw#��xQyzu , introducedin the
previous subsection. It is easyto incorporatethe contri-
butionsof Section2.2 by replacing����Õhv�u?��u�� { ������� �r�`� with����Õhv�u?��u�� Ì u � ��y�� �r�`� in Axioms (6) and (7) above, plus any
otherdeonticnotionswemaywish to include.Finally note
that a variantof the orderconstructalsohasutility in ex-
pressingnarrative as proposedin [21]. We can modify
“:” to expressthat actions � t and � Ò areordered,but that
it is not necessarilythe casethat � Ò occurredin situation����� � t �g��� .

4Createdfrom a combinationof existingconstructs.



2.3 SELF-SUFFICIENT PROGRAMS

Now that our Golog programsare customizableand can
beencodedgenerically, we wish themto beusable.Sens-
ing actionsareusedwhentheagenthasincompleteknowl-
edgeof the initial state(often true for WSC),or whenex-
ogenousactionsexist that changethe world in ways the
agent’s theoryof the world doesnot predict. Web service
compositionsoftenhave thecharacteristicof sequencesof
information-gatheringservices,performedto distinguish
subsequentworld-alteringservices.In our work, we need
to defineGologprogramsthatcanbeusedby a varietyof
different agentswithout making assumptionsaboutwhat
theagentknows.As such,wewantto ensurethatourGolog
programsare self-sufficient with respectto obtainingthe
knowledgethat they requireto executethe program. Fur-
ther, wewish ourprogramsto ensurethatall preconditions
for actionstheprogramtriesto executearerealizedwithin
theprogram,or areestablishedasanexplicit precondition
of theprogram.

To makethisconcrete,wedefinethenotionof aGologpro-
gram @ beingself-sufficient with respectto an action the-
ory & and kernel initial state, á�É!v �]â . á�É!v �]â is a formula
relativizedto (suppressed)situation

�
, denotingtheneces-

sary preconditionsfor executing
A
. To characterizeself-

sufficiency, we introducethe predicate�#��ãP� @#�g��� . ���#ãP� @#�"���
is definedinductively over thestructureof @ .

���#ãP� É!v�y������e}��]w#�Yu (8)

���#ãP�JäpÔ��g����} KWhether 5 �JäG�g��� (9)

���#ãP� �Y�`�#��} KWhether � { ������� �Y�"���`�!¡
KWhether �Jl�u#�?vJw#��x�yzu�� �Y�"���`� (10)

���#ãP� @
t�Î`@�Ò
�g����}Á���#ãP� @
t?�g���9¡å � � o0Â lm��� @ t �����"� � �S�æ����ãP� @ Ò �g� � ��Å (11)

���#ãP� @ t i @ Ò �g����}ç����ãP� @ t �g���p¡�����ãP� @ Ò ����� (12)

���#ãP� @�è#������}ç����ãP� @
�`���9¡å � � o0Â lm��� @
�����"� � �9¡Ë�#��ãP� @ è ��� � ��Å (13)

���#ãP�`� Ó ¬ ��@�� ¬ ���]�#��} å ¬ o ����ãP� @�� ¬ ���`��� (14)

���#ãP� if ä then @ t else @ Ò endIf �g���~}
KWhether �JäG�g���9¡

�Jäe���#��æ����ãP� @ t �g���`�!¡
���eä�������æ����ãP� @ Ò �g���`� (15)

���#ãP� while ä do @ endWhile �g���~}
KWhether �JäG�g���9¡
�Jäe���#��æ����ãP� @
�g���p¡

� å � � o»Â lm��� @
�����g� � �¯�
���#ãP� while ä do @ endWhile �g� � ��Å.�

� (16)

Since“:” is definedin termsof existingconstructs,�#��ãP� @�t¿Ð@ Ò �g��� follows from (8)–(14)above.
5KWhether �JäG�g��� abbreviates a formula indicating that the

truth valueof ä is known in situation � [24].

Definition 1 (KSSF: Knowledge Self-Sufficient Pro-
gram) �é$�$�Êm� @#�`á�É!v � â � , Golog program @ is knowledge
self-sufficientrelativeto actiontheory & andkernel initial
state á�É!v � â iff &êi kÁá�É!v � â ��$p%?� and &êi kç�#��ãP� @#�"$!%��~}æ��w
�Yu .
�é$�$eÊm� @
�`á�É!v � â � ensuresthatgiven á�É!v � â , executionof the
Gologprogram

A
will not fail for lackof knowledge.How-

ever, theprogrammayfail becauseit maybeim-
{ ���#� -ible

to performanaction. �é$�$eÊ ensuresthat theagentknows
whether

�������
is true, but not that it actually is true. To

further ensurethat our genericproceduresare physically
self-sufficient,we define

{ $~$eÊm� @#�`á�É!vJ� â � .
Definition 2 (PSSF: Physically Self-Sufficient Pro-
gram)

{ $�$�Êm� @#�]á�É!v � â � , Golog program @ is physically
self-sufficientrelativeto actiontheory & andkernel initial
state á�É!v � â iff �é$�$�Êm� @#�`á�É!v � â � and &êi k�ër�?�Jo lm�r� @#�g$!%��g���z� .
Proposition1 For every Golog program @ and as-
sociate kernel initial state á�É!v � â , { $�$eÊm� @
��á�É!vJ� â �íì�é$�$eÊm� @
�`á�É!v � â � .
This followsdirectly from Definitions1-2.

Next we discusshow to verify KSSFandPSSFfor a com-
monsubsetof Gologprograms.

We call a Gologprogram,
A

loop-freeif it doesnot contain
the nondeterministiciteration and while-loop constructs.
Notethatwe maypreserve theloop-freenatureof our pro-
grams,while usingtheseprogrammingconstructsby defin-
ing amaximumiterationcount,or time-out.It followsthat.

Proposition2 For every loop-free Golog program
( @
�]á�Épv � â ) andassociatedsituationcalculustheory & , there
exist first-order situation calculus formulae ä � and äpî
such that�é$�$eÊm� @
�`á�É!v � â �9}¤ä9î and

{ $�$eÊm� @
��á�É!vJ� â �G}¤ä � ,

and äp� and ä î do not mention
��� � .

Theproof is inductiveover thestructureof
A
.

Fromthesepropositions,it follows that
{ $~$eÊ and �é$�$eÊ

of loop-freeprograms,� @#�]á�É!v � â � canbe verified usingre-
gressionfollowed by theoremproving in the initial situ-
ation. For programswith potentially unlimited looping,ä î ����� and äp������� are not first-orderdefinable,and hence
areproblematic.

Proposition3 Let @ bea loop-freeGolog program,andletäpî and ä � bedefinedasin Proposition2. Let ï �»q��»¾ consist
of any subsetof the accessibilityrelationsReflexive, Sym-
metric,Transitive, Euclidean,then

1. �é$�$eÊm� @
�]á�Épv ��â�� iff l ¸ q
ª�ð3l § ; ð3ïÏ�0q
�0¾¿i k�ÀÃÂ ä î Å
2.

{ $�$eÊm� @
��á�É!vJ��â�� iff l ¸ q#ªÏð3l § ; ðËïÏ�0q
�0¾¯i kÁÀÃÂ äp�PÅ .



Thisfollowsdirectlyfrom Reiter’sregressiontheoremwith
knowledge[22].

We wish to highlight the work of Ernie Davis on Knowl-
edgePreconditionsfor Plans[5], which we becameaware
of whenwe first presented����ã [20]. Therearemany sim-
ilarities to our work. One significant differenceis that
he makesno distinctionbetween(whatwe distinguishas)
knowledge sufficiency and physically sufficiency in his
framework, i.e., for a plan to be executable,he requires
that the agenthasthe knowledgeto executeit andthat it
mustbephysicallypossible.Further, we constructthe ����ã
condition from the situationcalculustheory for primitive
actionsthatcanberegressedoversituationsandverifiedin
the initial situation. He developsa setof rulesthatcanbe
usedto checkfor plan executability. The setof rules, is
sufficientbut not necessary.

3 EXECUTING GOLOG PROGRAMS

Now that we have definedcustomizable,genericand us-
ablegenericproceduresfor WSC,we mustexecutethem.
In building a Golog interpreterthat incorporatessensing
actions, the interplay betweensensingand execution of
world-alteringactionscanbecomplex andanumberof dif-
ferentapproacheshave beendiscussed(e.g., [7, 13, 22]).
While [7] and[22] advocatetheuseof anonlineinterpreter
to reasonwith sensingactions,[13] suggeststheuseof an
offline interpreterwith conditionalplans. The trade-off is
clear. An onlineinterpreteris incompletebecausenoback-
trackingis allowed,while an offline interpreteris compu-
tationally expensive due to the much larger searchspace,
andthe needto generateconditionalplans,if sensingac-
tions areinvolved. The choicebetweenan online andof-
fline interpreterdependson propertiesof the domain,and
in particular, sinceexogenousactionscanaffect the value
of fluents,on the temporalextentof thepersistenceof the
informationbeingsensed.In a roboticsdomain,anonline
interpreteris oftenmoreappropriate,whereasanoffline in-
terpreteris moreappropriatefor contingency planning.

3.1 MIDDLE-GR OUND EXECUTION

We definea middlegroundbetweenoffline andonlineex-
ecution,which we argueis appropriatefor a largeclassof
SemanticWeb WSC applications.Our middle-groundin-
terpreter(MG) sensesonline to collect the relevant infor-
mationneededin theGologprogram,while only simulat-
ing theeffectsof world-alteringactions.By executingsens-
ing actionsratherthanbranchingandcreatingaconditional
plan,MG reducessearchspacesize,while maintainingthe
ability tobacktrackbymerelysimulatingworld-alteringac-
tions,initially. Theoutcomeis asequenceof world-altering

actionsthataresubsequentlyexecuted6. Humansoftenfol-
low thisapproach,collectinginformationon theWeb(e.g.,
flight schedules)while only simulatingthe world-altering
actions(buying tickets,etc.) in their headuntil they havea
completedplanto execute.

Of course,the veracityof MG is predicatedon an impor-
tantassumption– thattheinformationbeinggathered,and
uponwhich world-alteringactionsarebeingselected,per-
sists.We assumethat thefluentsMG is sensingpersistfor
a reasonableperiodof time, and that noneof the actions
in the programcausethis assumptionto be violated. This
assumptionis generallytrueof muchof theinformationwe
accesson the Web (e.g., flight schedules,storemerchan-
dise), but not all (e.g., stock prices). This assumptionis
muchlesspervasive in mobile robotic applicationswhere
we may assumepersistencefor milliseconds,ratherthan
minutesor hours.Weformalizethisassumptionasfollows.

Definition 3 (Conditioned-onFluent) Fluent � is a
conditioned-onfluentin Golog program @ iff @ containsthe
Golog constructä9Ô and � appears in formula ä .

Recallthatthe
EGF

constructis usedto definetheconditional
(if-then-else)andthewhile-loopconstructs.It is alsocom-
monly usedwithin the

A
of ��I � � A � � �

.

Definition 4 (Invocation and Reasonable Persistence
(IRP) Assumption)Golog programandkernelinitial state� @
�]á�Épv � â � adhere to the invocationand reasonablepersis-
tenceassumptionif

1. Non-knowledge preconditionsfor sensingactionsare
true in & § ; ðËá�É!v �]â���$ % � .
2. Knowledgeof preconditionsfor actionsand
conditioned-onfluents� in @ , onceestablished,persists7.

Condition1 ensuresthatall sensingactionscanbeexecuted
by the MG interpreter. Condition2 ensuresthatdecisions
are predicatedon correct information. Condition 1 may
seemextreme,but, aswe arguedearlier in this paper, by
their nature,Web servicesgenerallyonly have knowledge
preconditions.Thepersistenceof knowledgein Condition
2, trivially holdsfrom theframeassumptionfor knowledge.
This conditionaddresseschangeby subsequentor exoge-
nousactions.

WeclaimthatundertheIRPassumption,MG doestheright
thing for programsthatarephysicallyself-sufficient.

Claim 1 (Veracity of MG) Givenan actiontheory l and
6At this stagethey canalternatelybe shown to a humanfor

approval beforeexecution.Our interpretercanalsogenerateand
presentmultiple alternatecoursesof action.

7I.e., no subsequentactions inside or outside the program
changethevalueof sensedfluents.



Golog program @ such that
{ $~$eÊm� @#�]á�É!v � â � , and � @
��á�É!vJ� â �

adheres to IRP, let nñeò be the sequenceof world-altering
actionsselectedby themiddle-groundinterpreter, MG, for
subsequentexecution.Assumingnoexogenousactionsand
no sensorerrors8, it follows that executing nñ ò yields the
sametruth valuefor all fluentsÊ in & asan online inter-
preter with an oracle that chooses 	óô at the appropriate
branch pointsin its interpretationof @ .

Let ������nñ �g$!%�� be the terminatingsituation,following exe-
cutionof Gologprogram@ with theory & , usingthe inter-
preterMG, startingin $p% . Then &õi kêlm��� @
�"$p%��`������nñ �g$!%��`� ,
and we denotethe sequenceof actions nñ by the relation
MG � &��"@
�`á�É!v � â �hnñ � .
nñ is comprisedof bothsensingactionsandworld-altering
actions(e.g.,[ ��t��]�!t?�]�hÒ��`��ö
�g��Ò
�`��÷�Å ). Let nñeø bethesequence
of sensingactions in nñ (i.e., [ ��t��g��Ò ]), and likewise letnñ ò be the sequenceof world-altering actionsin nñ (i.e.,
[ �Yt��`�rÒ
�`��ö
�`��÷ ]). MG executesthe sensingactions nñeø , in-
terleaved with the simulation of world-altering actions,
searchingto find the appropriateterminatingsituation, nñ .
MG thenoutputs nñ . nñeò , thesubsequenceof world-altering
actions,areextractedfrom nñ andexecutedin theworld.

Theorem1 Givenanactiontheory l andGolog program@ such that
{ $~$eÊm� @#�`á�É!vJ� â � , and � @
�`á�É!v � â � adheresto IRP,

supposeMG � &��"@#�`á�É!vJ� â �rnñ � holdsfor some nñ . Assumethat
there are no sensorerrors, and that no exogenousactions
affectfluentsin & , thenfor all fluentsÊ in &

&ùi kÁÊm��n¬ �`������nñeò �`������nñ ø ���"$p%?�`��}¤Êm��n¬ �"������nñ �g$!%?�`��o
In caseswherethe IRP Assumptionis at risk of beingvi-
olated,the full sequenceof sensingandworld-alteringac-
tions generatedby MG, nñ , could be re-executedwith an
onlineexecutionmonitoringsystem.Thesystemwould re-
perform sensingactionsto verify that critical persistence
assumptionswerenot violated. In thecasewherethe IRP
Assumptiondoesnot hold for someor all conditioned-on
fluentsin aGologprogram,MG couldbeintegratedwith an
interpreterthat builds conditionalplansfor branchpoints
thatdonotadhereto IRP, following theapproachproposed
in [13]. The explicit encodingof searchareasin a pro-
gram,asproposedby [7] throughthe additionof their (
searchconstruct,canachievesomeof thesamefunctional-
ity asour middle-groundinterpreter. Indeed,theprinciple
definedabove, togetherwith an annotationof the tempo-
ral extent of conditioned-onfluentswithin the actionthe-
ory providesameansof automaticallygeneratingprograms
with embeddedsearchoperators( , asproposedin [7]. We
leavea formalaccountof this to a futurepaper.

8Trivially true of virtually all current-day information-
gatheringWebservices.

3.2 MIDDLE-GR OUND PROLOG INTERPRETER

In Section2, we proposedextensionsto Golog to enable
programsto be generic,customizableand self-sufficient.
In Section3, weproposedastrategy for middle-groundex-
ecutionthatenablesanefficient andthoroughcombination
of sensingandsearch.WehavemodifiedtheConGologof-
fline interpreterin [7, 6] to realizetheseenhancements.We
describethe necessarycodemodificationsin the subsec-
tionsto follow, andprovethecorrectnessof our implemen-
tation. We adoptnotationalconventionsfor Prologcode,
thatdiffer from thoseusedfor theoriesof action.To avoid
confusion,all Prologcodeis listed in courierfont. Prolog
variablesareuppercase,andconstantsarelowercase,con-
tradictingthesituationcalculusnotationalconvention.

3.2.1 User customizingconstraints

Personalconstraintswere addedto the ConGologinter-
preterby the following straightforward andelegantmod-
ification to the code,that accountsfor the additionof thel�u#��v�w#��x�yzu predicate.We replacedthefollowing code:

trans(A,S,R,S1) :- primAct(A),
(poss(A,S), R=nil, S1=do(A,S)); fail.

of theConGologinterpreterwith

trans(A,S,R,S1) :- primAct(A),
(poss(A,S), desirable(A,S),

R=nil, S1=do(A,S)); fail.

This ensuresthateveryactionselectedby theinterpreteris
alsoadesirableone.

In Section 3.3, we will show how to encode thel�u#��v�w#��x�yzu�� �Y�"��� predicatein our Prologactiontheory. The
domain-independentPrologrulesfor theMG interpreterin-
cludethefollowing rule to ensurethatactionsaredesirable
unlessprovedotherwise.

desirable(A,S):- \+ not_desirable(A,S).

3.2.2 Order Construct

To includetheorderconstruct“:”, we addedthefollowing
rulesto our interpreter:

final(P:A, S):-
action(A),
final([P,achieve(poss(A),0),A],S).

trans(P:A,S,R,S1):-
action(A),
trans([P,achieve(poss(A),0),A],S,R,S1).

whereachieve(Goal,0) is anA
K
-planner, adaptedfrom the

so-calledWorld SimplestBreathFirst Planner(wsbfp)de-
velopedby Reiter[22, pg. 234]. Weappealto its simplicity
andthe soundnessandcompletenessof the A

K
algorithm.

Obviouslyany plannercanbeusedto accomplishthis task.
We areinvestigatingtheeffectivenessof otherplanners.



3.2.3 SensingActions

We incorporatesensingactionsand their effects into our
interpreter, usinganapproachthateliminatesthe needfor
the situation calculus � fluent. Recently, Soutchanski
[25] proposeda somewhat similar transformation,articu-
lating conditionsunderwhich his representationwascor-
rect.This is alsosimilar in spirit to theapproachin [8].

To accommodateboth backtrackingand sensing,we as-
sumethat the truth value of a certainfluent, say Êm��n¬ ����� ,
canbe determinedby executingan external functioncall,� . Thecall is denotedby u ¬ u?���J�Ä�?n¬ ���g��� . Whenever theex-
ecutionsucceeds,Ê is true;otherwise,it is false.Notethat
becauseProloganswersquerieswith free variablesby re-
turning possiblevaluesfor thesevariables,this technique
is equallysuitablefor sensedfunctionalfluents.This is il-
lustratedin Example2. Theuseof externalfunctioncalls,
togetherwith theIRPAssumption,allowsusto write equa-
tions of the following form, which areembodiedinto the
successorstateaxiomof a fluent Êm�?n¬ � :

Êm��n¬ �`�����J�Ä��n¬ ���g���`�~}¤u ¬ u?���J�«��n¬ ���"�#� (17)

Equation(17) is translatedinto Prologasfollows

holds(f(X), do(a(X), S)):- exec(a(X), S).

In addition,we needto providethesetof rulesthatcall the
action 8 externally.

exec(a(X), S):- <external function call>

Theserulesaredomaindependentandmaybeuniqueto the
specificPrologencodedsituationcalculusdomaintheory.
In the following section,we discusshow to translateour
situationcalculustheoriesinto Prolog,and illustratehow
we makeexternalfunctioncallsfor WSC.

3.3 TRANSLATING SITCALC TO PROLOG

To translatea specificsituationcalculustheory, & into a
setof Prologrules, & � , we follow thedescriptionprovided
in [22], with thefollowing additions,predominantlyto ac-
commodatesensingactionsandthe l�u
��vJw#��xQyzu predicate.

' For eachpropositionalfluent Êm��n¬ �"�#� , createa corre-
spondingpropositionalfluentf(X,S) in l � .' For eachfunctionalfluent Êm��n¬ �����SkÝn� , createa corre-
spondingpropositionalfluentf(X, Y, S) in l � .' Successorstate axioms for non-sensedfluents are
translatedinto Prolog following the description in
[22]. For fluentswhosetruth valuecanchangeasthe
resultof a sensingaction,the normalsuccessorstate
axiom encodingis augmentedto includethe suitable
externalfunctioncalls. Further, we addthenecessary
codeto realizethosecalls.

' For eachaction
X �
	� �

for which l�u
��vJw#��xQyzu��J�Ä��n¬ ���g���S}©�J�Ä��n¬ ���g��� is defined following Equation (2), cre-
ate a Prolog rule not desirable(a(X),S):- ú +
omega(a(X),S). We useProlog’s negation as fail-
ure to infer thatby default an actionis desirablein a
situation,aspertheMG codein Section3.2.1.

Weillustratethepointsabovewith thefollowing examples.

Example 1: We returnto our simpletravel theme. Many
of the major airlines offer WWW programsthat allow
a user to buy an air ticket online. We conceive these
servicesas world-altering actionsin the situation calcu-
lus, e.g., xQ�4����v�w���vJ����u?�Q� �����4�`���"� . To simplify the exam-
ple,we disregardall parametersexceptorigin, destination,
and date( ���`�4�`��� , respectively). This servicehasa num-
ber of effects including assertingthat the userwill own a
ticket after its execution. The successorstateaxiom for�# �Ép��vJw���v��Q�ru��Q� ���`�4�]���Q�g��� is asfollows.

�# �É9��vJw#��vJ����u���� ���`�4�]�����`���r� �Y�g���`��}
� �Äk¤xQ�4����vJw���v��Q�ru��Q� �����4�]���"�p¡:��vJ����u?�]������v�y�� ���`�4�`���"�`� ¶
� �ÃÈk¤xQ�4����vJw���v��Q�ru��Q� �����4�]���"�

¡Ç�
 �Ép��vJw���vJ�Q�ru���� ���`�4�`�����g���`�
which is encodedin Prologasfollow.

holds(ownAirTicket(O, D, DT, do(E,S)):-
E = buyAirTicket(O, D, DT),
holds(ticketAvail(O, D, DT), S);
\+ E = buyAirTicket(O, D, DT),
holds(ownAirTicket(O, D, DT), S).

Recall that MG does not execute world-altering ac-
tions. Hence there is no external function to execute
buyAirTicket. To createan interpreterthat executed
(some)world-alteringactionsimmediately, thePrologcode
would bemodifiedanalogouslyto thesensing-actioncode
below.

Example 2: Now considerthe map service offered at
www.yahoo.com. Simplified, this service takes as in-
put the origin of a trip � , and the destination� , and re-
turns, among other things, the driving time between �
and � . In the context of WSC, we view this service
as the sensingaction, � u��`lmw#vJ��v�É � ��vJ�¦u�� ���]��� which, after
its execution, tells us the value of the functional fluentlmw#v���u���vJ�¦u�� ���]�4�g��� . In Prolog, we createa correspond-
ing propositionalfluent,driveTime(O,D,T,S). For sim-
plicity, we assumelmw#v���u���vJ�¦u�� ���`�4�g��� is only sensedby� u��`lmw#vJ��v�É � ��vJ�¦u�� ������� , but the extensionto multiple ac-
tionsis trivial.

The successorstate axiom for driveTime(O,D,T)
is as follows. Note the call to execute
ex get driving time(O, D, T).

holds(driveTime(O, D, T), do(E,S)):-
E = getDrivingTime(O, D),



exec(ex_get_driving_time(O, D, T)) ;
\+ E = getDrivingTime(O, D),
holds(driveTime(O, D, T), S).

To specifyhow theactionex get driving time(O, D,

T) is executed,weneedadditionalcode.In our implemen-
tation,oursensingactionsareall callsto Webservices.We
do this via a call to the OpenAgent Architecture(OAA)
agentbrokeringsystem[16]. OAA in turn requestsa ser-
vicenamedget directions.

We first write ageneralrule for thegenericexec call.

exec(A):- A.

We alsowrite a rule for theactualcall.

ex_get_driving_time(O, D, T):-
oaa_Solve(
get_directions(O, ’ ’, D, ’ ’, 0, X),[]),

drvTime(X, T).

oaa Solve(get directions(...),[]) requests the
yahooservicethatprovidesthedriving timefromO toD. As
the informationprovidedby theservice(X) containsaddi-
tional informationincludingimagesanddriving directions,
we have written someadditionalcodeto extract what we
needfrom whattheservicereturns.Thecodeextractionis
performedby drvTime(X, T). We omit thedetailsin the
interestof space.As we will discussin thefollowing sec-
tion, whenourvision of semanticWebservicesis realized,
suchextracodewill beunnecessary.

Example 3: In Section2.1, we discussedMarielle’s per-
sonal preferencesand showed how they translatedinto
Equation(3). Herewe show how we representthis axiom
in our Prologencodingof thedomaintheory.

not_desirable(buyAirTicket(O, D, DT), S):-
holds(driveTime(O, D, T), S),
T <= 3 ;
\+ D = ‘‘home’’, holds(mustBeHome(DT, S)).

3.4 CORRECTNESSOF THE INTERPRETER

We completeSection3 with a theoremthatprovesthecor-
rectnessof our interpreter.

Theorem2 Givenan actiontheory & andGolog program@ such that
{ $~$eÊm� @#�`á�É!vJ� â � , and � @
�`á�É!v � â � adheresto IRP,

if l � ð©¢çÖ ��û lm�r� @#�g$ % �"$~� thenthereexistsa modelü of& such that üýikçlm��� @
�"$ % �g$�� , where l � is thesetof Pro-
log rules representing1 , ¢çÖ � is the setof Prolog rules
representingour MG Golog interpreter, and û is proof by
our Prolog interpreter.

Following [22], theactiontheoriesin this paperaredefini-
tional theorieswhen & § ; is complete,i.e., when & § ; con-
tainsa definition for eachfluent in thetheory. This canbe

achievedby makingthe closed-world assumption(CWA).
Sinceourprogramsareself-sufficient,thisseemslessegre-
gious. Proposition4 follows immediatelyfrom the Imple-
mentationTheoremof [22].

Proposition4 Givenan action theory & and Golog pro-
gram @ such that

{ $�$eÊm� @
�`á�É!v �]â?� , and � @#�]á�É!v �]â�� adheresto
IRP. Then,for all situations$ ,

l ��pþ ® ð�¢ÿÖ � û lm�r� @#�g$p%��"$~� iff&¤ð¦� � �Ä��$!%��¯i kÁlm�r� @#�g$!%
�g$�� ,
where � � �Ä��$!%?� is theclosed-worldassumptionon $!% , de-
finedas �#Êm��$!%��,}Ýãh��y �?u�i there existsno definitionof Ê
in &[§ ;�� , ¢çÖ � is thesetof Prolog rulesfor our MG Golog
interpreter, l ��pþ ® is the setof Prolog rules representing&ÁðË� � $���$p%?� , and û is proof byour Prolog interpreter.

4 COMPOSING WEB SERVICES

A significantaspectof our contribution is thattheresearch
describedto this point is implementedandhasbeentested
onarunningsystemthatinteractswith servicesontheWeb.
In this section,we stepbackandsituatetheagenttechnol-
ogy we’vebeendescribingin thecontext of our systemar-
chitecturefor SemanticWebServiceComposition. We also
discussfurther detailsof our implementation.Finally, we
concludethis sectionwith an examplegenericprocedure
thatillustratestheuseof our work.

4.1 ARCHITECTURE

Figure 1 illustratesthe key componentsof our semantic
WSCarchitecture[19]. Of course,theSemanticWebdoes
not exist yet – www.yahoo.comdoes not use semantic
markupsuchas DAML+OIL to describeits servicesnor
to disseminateinformation.We describeboththearchitec-
turefor oursystem,andin thesectionto follow discusshow
we’veaccommodatedfor thepiecesof thearchitecturethat
arenot yet realizablein anelegantway.

Thekey featuresof this architecturefollow.

SemanticMarkup of Web Services: Individual Webser-
vicesare describedin a semanticWeb markuplanguage.
The programs,their control structureand dataflow, are
describedusinga declarative processmodelinglanguage.
Processesare either atomic or composite. Eachprocess
hasinputs,outputs,preconditionsandeffects. It alsohas
a groundingthatdescribesthe communication-level prop-
ertiesof the service. A serviceprofile is createdfor de-
scribingandlocatingtheservice.Collectively, this seman-
tic markupprovidesadeclarativeAPI for theservicesothat
programs/agentscanreadthismarkupandunderstandhow
to interactwith a service.
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Figure1: SemanticWSCArchitecture

Ontologiesof Web Services: To encouragereuseof vo-
cabulary, parsimony, and sharedsemanticunderstanding,
individualWebservicedescriptionsareorganizedinto Web
serviceontologies.Forexample,anontologymightcontain
a serviceclasscalledbuy, with subclassesbuyTicket,
buyBook, etc. buyTicket might in turn besubclassed
into buyAirTicket, etc. Thus,a Web serviceprovider
wishing to describea new servicecansimply subclassan
existing service,inheritingvocabulary, andensuringsome
degreeof integrationwith existing systems.

Semantic Markup and Ontologies of Generic Proce-
dures:Genericprocedurescanbedescribedusingthesame
semanticmarkupconstructsusedto describeWebservices.
After all, they are just programs. Similarly, genericpro-
ceduresare storedin ontologiesto facilitate sharingand
reuse.Theability to sharegenericproceduresis whatmo-
tivatedourdesireto makeproceduresknowledgeandphys-
ically self-sufficient.

Semantic Markup of Personal/CompanyConstraints:
In addition to semanticmarkup of services,peoplecan
archive their personalpreferencesand constraintsas se-
manticmarkup. Theseprofiles can likewise be storedin
ontologies,so thatuserscaninherit constraintsfrom fam-
ily, their placeof work, or otheraffiliations.

Semantic-Markup-Enabled Agent Technology: The ar-
chitecturealsoincludesavarietyof agenttechnologiesthat
communicatewith WebservicesthroughanAgentBroker.
Our Gologinterpreteris onesuchagenttechnology.

Agent Broker: Theagentbroker acceptsrequestsfor ser-
vicesfrom the agenttechnologyor otherservices,selects
an appropriateserviceanddirectsthe requestto that ser-
vice. Likewiseit relaysresponsesbackto therequester.

4.2 IMPLEMENT ATION

To realizeour agenttechnology, we startedwith a simple
implementationof anofflineConGologinterpreterin Quin-
tusProlog3.2. We have modifiedandextendedthis inter-
preterasdescribedin Section3. Agent brokering is per-
formed using the OpenAgent Architecture(OAA) agent
brokering system[16]. We have modified our Golog in-
terpreterto communicatewith Webservicesvia OAA. Un-
fortunately, commercialWebservicescurrentlydo not uti-
lize semanticmarkup. In order to provide a computer-
interpretableAPI, and computer-interpretableoutput, we
usean informationextractionprogram,World Wide Web
WrapperFactory9 (W4). This programextractsthe infor-
mationwe needfrom the HTML outputof Web services.
All information-gatheringactionsareperformedthis way.
For obviouspractical(andfinancial!) reasons,we arenot
actuallyexecutingworld-alteringservices.

All the core infrastructureis working and our Golog in-
terpreteris communicatingwith serviceson the Web via
OAA. We first demoedour Golog-OAA-WWW systemin
August, 2000 [19]. Sincethen, we have beenrefining it
andworking onSemanticWebconnections.Whereour ar-
chitecturehasnot beenfully realizedis with respectto full
automationof semanticmarkup.Weoriginally constructed
rudimentaryserviceandprocedureontologiesin first-order
logic. We are migrating theseto DAML-S, as we com-
pleteourDAML-S specification.Eventuallyour Gologin-
terpreter, will populateits KB from the DAML-S ontolo-
giesandfrom DAML+OIL ontologiesof user’s customiz-
ing constraints.Thesedeclarative representationswill be
compiledinto a situationcalculusrepresentation.We have
constructedpartialcompilersfor DAML-S to PDDL10, and
for PDDL to thesituationcalculus,but wearestill predom-
inantlyhand-codingsituationcalculustheoriesat this time.

4.3 EXAMPLE

We completethis sectionwith an example genericpro-
cedure. Considerthe examplecompositiontask given at
thebeginningof this paper, “Makethetravel arrangements
for my KR2002conferencetrip.” If you wereto perform
this taskyourselfusingservicesavailableon theWeb,you
might first find theKR2002conferenceWebpageandde-
terminethelocationanddatesof theconference.Basedon
the location,you would decideuponthe mostappropriate
modeof transportation.If traveling by air, you might then
checkflight scheduleswith oneor moreWebservices,book
flights,andarrangetransportationto theairportthroughan-
otherWebservice.Otherwise,youmightbookarentalcar.
You would thenneedto arrangetransportationandaccom-

9db.cis.upenn.edu/W4/
10PlanDomainDescriptionLanguage.



modationsat theconferencelocation,andsoon.

We have createda genericprocedurefor arrangingtravel
that capturesmany aspectsof this example. Our generic
procedureselectsand books transportation(car/air), ho-
tel, local transportation,emailsthe customeran itinerary,
andupdatesanonlineexpenseclaim. As notedpreviously,
thesegenericproceduresarenot that complex – they are
indeedgeneric.It is theinterplaywith userconstraintsthat
makesourapproachpowerful.

In whatfollowsweprovidePrologcodefor asubsetof our
generictravel procedure.We have simplified the program
slightly (particularly the numberof parameters)for illus-
tration purposes.We have alsousedinformative constant
andterm namesto avoid explanation. D1 andD2 arethe
departureandreturndatesof our trip. pi is the nondeter-
ministic choiceof actionargumentsconstruct,Ó . Sensing
actions,suchassearchForRFlight() haveassociated
executioncode,not includedhere. Recallthat to interpret
this genericprocedure,Gologwill look for actionsthatare
desirable aswell aspossible.

The following is a genericprocedurefor bookinga return
airline ticket.

proc(bookRAirTicket(O, D, D1, D2),
[

poss(searchForRFlight(O, D, D1,D2)) ?,
searchForRFlight(O, D, D1, D2),
[ pi(price,

[ rflight(ID, price) ?,
(price < usermaxprice) ?,
buyRAirTicket(ID, price) ])

]
]).

Notethechoiceof flight basedonpriceusingÓ . Procedures
for bookinga caror hotelcanbewritten in a similar fash-
ion. We composesuchproceduresto make a Golog travel
program.

proc(travel(D1, D2, O, D),
[

[ bookRAirticket(O, D, D1, D2),
bookCar(D, D, D1, D2)

] |
bookCar(O, O, D1, D2),
bookHotel(D, D1, D2),
sendEmail,
updateExpenseClaim

]).

Notetheuseof nondeterministicchoiceof actions.If book-
ing a return air ticket or bookinga car at the destination
proveundesirable,Gologtriesto bookacarat theorigin so
theusercandrive to thedestinationandback.

We have testedour generictravel procedurewith different
tasksandadifferentuserconstraints.Thesetestshavecon-
firmedtheeaseandversatilityof ourapproachto WSC.

5 SUMMARY & RELATED WORK

In this paperwe addressedtheproblemof automatedWeb
servicecompositionandexecutionfor the SemanticWeb.
We developedandextendedtheoreticalresearchin reason-
ing aboutactionandcognitiverobotics,implementedit and
experimentedwith it. We addressedthe WSC problem
throughtheprovisionof high-level genericproceduresand
customizingconstraints.We proposedGolog asa natural
formalismfor this task. As analternative to planning,our
approachdoesnotchangethecomputationalcomplexity of
the taskof generatinga composition. Nevertheless,most
Web servicecompositionsareshort,andthe searchspace
is broad. Consequently, our approachhasthe potentialto
drasticallyreducethesearchspace,makingit computation-
ally advantageous.Additionally, it is compelling,andeasy
for theaverageWebuserto useandcustomize.

Our goal was to develop Golog genericproceduresthat
wereeasyto use,generic,customizable,andthatwereus-
able by a variety of usersundervarying conditions. We
augmentedGolog with the ability to includecustomizing
userconstraints.We alsoaddeda new programmingcon-
structcalledorder that relaxesthenotionof sequence, en-
abling the insertion of actions to achieve the precondi-
tion for the next action to be performedby the program.
Thisconstructfacilitatescustomizationaswell asenabling
more genericprocedures.Finally, we definedthe notion
of knowledgeandphysicallyself-sufficient programsthat
areexecutablewith minimalassumptionsabouttheagent’s
initial stateof knowledge,or the stateof the world. We
showed that thesecriteria could be verified using regres-
sion and theoremproving. Adherenceto thesecriteria
makes our genericproceduresamenableto wide-spread
use.To executeourprograms,wedefinedamiddle-ground
approachto executionthat performedonline executionof
necessaryinformation-gatheringWebserviceswith offline
simulationof world-alteringservices.Thus,our MG inter-
preterdetermineda sequenceof world-alteringWeb Ser-
vices for subsequentexecution. We proved that our ap-
proachto executionhadthe intendedconsequences,under
theIRP assumption.

Thesecontributionswereimplementedasmodificationsto
an existing ConGologinterpreterandwe proved the cor-
rectnessof our implementation.Furtherthey havebeenin-
tergratedinto a SemanticWeb Architecture,that includes
anagentbrokerfor communicationwith WebServices,and
a varietyof service-relatedontologies.We have testedour
resultswith a genericprocedurefor travel anda varietyof
differentcustomizingconstraintsthat showcasethe effec-
tivenessof ourapproach.Thoughourwork wasfocusedon
Webservicecomposition,thework presentedin this paper
hasbroadrelevanceto a varietyof cognitiverobotictasks.



Much relatedwork was identified in the body of this pa-
per, with the work in [7, 22], andmorerecently, [23], be-
ing mostcloselyrelated.Severalotheragenttechnologies
deserve mention. The topic of agentson the internethas
beenpopularover the years. Someof the first and most
relatedwork is the softbotwork doneat the Universityof
Washington[9]. They alsouseactionschemasto describe
information-providing and world-altering actionsthat an
agentcanusetoplanto achieveagoalontheinternet.More
recently, [26, 1, 12] have all developedsomesortof agent
technologythatinteractswith theWeb.
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