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Abstract

Motivatedby the problemof automaticallycom-
posingnetwork accessiblservicessuchasthose
on the World Wide Web, this paperproposes
an approacho building agenttechnologybased
on the notion of generic proceduresand cus-
tomizing userconstraint. We arguethatan aug-
mentedversion of the logic programminglan-
guageGologprovidesanaturalformalismfor au-
tomaticallycomposingserviceson the Semantic
Weh To this end,we adaptandextendthe Golog
languageto enableprogramsthat are generic,
customizableand usablein the context of the
Weh Further we proposelogical criteria for
thesegenericprocedureghat define when they
areknowledg self-suficientand physicallyself-
suficient To supportinformationgatheringcom-
binedwith searchwe proposea middle-ground
Gologinterpretetthatoperatesinderanassump-
tion of reasonablgersistencef certaininforma-
tion. Thesecontributionsarerealizedin ouraug-
mentationof a ConGologinterpreterthat com-
binesonline executionof information-providing
Web serviceswith offline simulation of world-
altering Web services,to determinea sequence
of Web Servicesfor subsequengxecution. Our
implementedystemis currentlyinteractingwith
servicesontheWeh

1 INTRODUCTION

Two important trends are emeging in the World Wide
Web (WWW). The first is the proliferation of so-called
Web Services- self-contained Web-accessibl@rograms
and devices. Familiar examplesof Web servicesinclude
information-gatheringervicessuchasthe map serviceat
yahoo.comandworld-alteringservicessuchasthe book-
buying serviceatamazon.comThesecondVWW trendis
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the emegenceof the so-calledSemantidAeb. In contrast
to today's Web, which is designedprimarily for humanin-
terpretatioranduse,the SemantidNVebis avision for a fu-
tureWebthatis unambiguouslgomputefinterpretablg?].
Thiswill berealizedby markingup Web content,its prop-
erties,andits relations,in areasonablyexpressve markup
languagewith a well-definedsemantics. DAML+OIL, a
description-logidbasedsemantidVebmarkuplanguageis
onesuchlanguagg10, 11].

Our interestis in the confluenceof Web Servicesandthe
SemanticWeh In early work, we outlined a semantic
markupfor describingthe capabilitiesof Webservicesjni-
tially in first-orderlogic anda predecessao 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]. Severalmetaphordave proveduseful
in developingthis markup,includingviewing Webservices
asfunctionswith inputs and outputs,and alternatively as
primitive andcomplex actionswith (knowledge)precondi-
tions and (knowledge)effects. While DAML-S is not yet
complete two versionsof the ontologyhave beenreleased
for public scrutiry [3]. Wewill returnto DAML-S towards
theendof thepaper

The provision of, effectively, a knowledgerepresentation
of the propertiesand capabilitiesof Web servicesenables
the automationof mary tasks,asoutlinedin [19]. In this
papemwe focusonthetaskof automatedVeb servicecom-
position(WSC): Givenasetof Webservicesanda descrip-
tion of sometaskor goalto be achieved (e.g.,“Make the
travel arrangementfr my KR2002conferencerip.”), find
a compositionof servicesthat achievesthe task. Disre-
gardingnetwork issues,WSC can be conceved as either
a software synthesisproblem, or as a planningand plan
executionproblem,dependingiponhow we represenbur
services.In eithercase this applicationdomainhasmary
distinctive featuresthat requireand supporttailoring. We
identify andaddressnary of thesefeaturesn this paper



In this paperwe conceve WSC asa planningand execu-
tion task,wherethe actions(servicesmaybe complec ac-
tions. In relatedwork, we shav how to compile service
representationito operatorsthat embodyall the possi-
ble evolutionsof a complex action,in orderto treatcom-
plex actionsas primitive action plan operatorg[18]. As
a planningtask, 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 planson the Weh)
Sinceour actions(services)yaresoftwareprogramsthein-
putandoutputparametersf the programactasknowledge
preconditionsandknowledgeeffectsin a planningcontext.
Software programscanalsohave side-efectsin the world
(suchasthepurchasef acommodity)thataremodeledas
non-knavledgeeffects. Servicepreconditionsareregularly
limited to knowledgepreconditionsInformation-gatherig
serviceqakasensorsylon't fail, network issuesaside.Ex-
ogenousventsaffect the thingsbeingsensedPersistence
of knowledgehasatemporalextentassociatevith it (con-
traststockpricesto the price of a shirt at the Gap),which
affectsthe sequencingf services.Servicesoften provide
multiple outputs,a subsebf which mustbe selectedo act
asinputfor asubsequergervice(considempicking flights).

Many servicesperform similar functions, so WSC must
choosebetweerseveral servicesgachsharingsomeof the
sameeffects.Also, plans(composition®f servicespareof-

tenshort,sotheplansearchspaces shortandbroad.WSC
tasksmay or may not bedescribedn termsof a goalstate.
In someinstanceshey aredescribedsa setof looselycou-
pledgoals,or constraintsMany plansmaysatisfytheWSC
task.Userinputanduserconstraintarekey in pruningthe
spaceof plans(e.g.,choosingfrom the multitude of avail-

ableflights) andin distinguishingdesirableplans.

The uniquefeaturesof WSC sene to drive the work pre-
sentedn this paper RatherthanrealizingWSC simply as
planning,we argue that a numberof the actiities a user
may wish to perform on the (semantic)WWW or within
some networked service ervironment, can be viewed as
customization®f reusablehigh-level genericprocedures.
For example,we all use approximatelythe samegeneric
procedureto make our travel plans,andthis procedures
easily described. Neverthelessit is difficult to task an-
otherpersonjessa computerto make yourtravel plansfor
you. The problemlies notin the compleity of the proce-
dure,but ratherin selectingservicesandoptionsthatmeet
your individual constraintsand preferencesOur vision is
to constructreusable high-level genericproceduresand
to archive themin sharablgd DAML-S) generic-procedures
ontologiesso that multiple userscanaccesgshem. A user
could then selecta task-specificgenericprocedurefrom
the ontology and submit it to their agentfor execution.

The agentwould automaticallycustomizethe procedure
with respecto the users personabr group-inheriteccon-
straints,the currentstateof the world, and available ser
vices, to generateand executea sequencef requestso
Webservicego performthetask.

We realizethis vision by adaptingandextendingthe logic
programmindanguagesolog(e.g.,[14, 22, 6]). Theadap-
tationsand extensionsdescribedn the sectionsto follow
are designedto addressthe following desiderataof our
WSCtask.Generic: We wantto build a classof programs
that are sufficiently genericto meetthe needsof a variety
of differentusers.Thusprogramswill oftenhave ahighde-
greeof nondeterminisno embodythe variability desired
by differentusers.Customizable: We wantour programs
to beeasilycustomizabléy individual users.Usable: We
wantour programgo beusabley differentagentawith dif-
ferenta priori knowledge. As a consequenceaye needto
ensurdhattheprogramaccessesll theknowledgeit needs,
or that certainknowledgeis stipulatedasa prerequisiteto
executingthe program.Similarly, the programensureghe
actionsit might useare Poss-ible. The programsmustbe
bothknowledgeandphysicallyself-suficient.

2 ADAPTING GOLOG

Golog (e.g.,[14, 8, 6, 22)) is a high-level logic program-
ming languagedevelopedat the University of Toronto,for
the specificationand executionof complex actionsin dy-
namicaldomains. It is built on top of the situationcalcu-
lus (e.g.,[23), afirst-orderlogical languagefor reasoning
aboutactionandchange.Gologwasoriginally developed
to operatewithout consideringsensing(aka information-
gathering)actions.For Webapplicationswe rely onaver
sion of Golog built on top of the situationcalculuswith
knowledgeand sensingactions(e.g.,[24, 22]), which we
henceforttreferto simply asthe situationcalculus.

In the situationcalculus[6, 22], the stateof the world is

describedy functionsandrelations(fluents)relativizedto

asituations, e.g.,f(#, s). To dealwith sensingactions,a
specialknowledgefluent K, whosefirst agumentis also
a situation,is introduced.Informally, K (s', s) holdsif the
agentis in the situations but believes (s)hemight be in

s'. Thefunctiondo(a, s) mapsa situations andanactiona

into anew situation.A situations is simply a historyof the
primitive actionsperformedfrom aninitial, distinguished
situationS,. A situationcalculustheoryD compriseshe
following setsof axioms(See[22] for details.):

e domain-independeribundationalaxiomsof the situ-
ationcalculus.X;
o accessibilityaxiomsfor K, it

1At this stagewe do notimposeary conditionson K suchas



e successostateaxioms,Dgg, onefor K andonefor
every domainfluent F;

¢ actionpreconditionaxioms,D,,,, onefor every action
a in thedomain,thatsene to definePoss(a, s);

¢ axiomsdescribingtheinitial situation,Dg, (including
axiomsaboutK);

¢ uniquenamesaxiomsfor actions,Dy,,q;

¢ domainclosureaxiomsfor actions.D ..

Golog builds on top of the situationcalculusby providing
asetof extralogicalconstructgor assemblingprimitive ac-
tions,definedn thesituationcalculus,jnto complex actions
thatcollectively compriseaprogramg. Constructsnclude
thefollowing.

a— primitive actions

d1; 6o — sequences

¢? — tests

01|62 — nondeterministichoiceof actions
(rx)d(z) — nondeterministichoiceof arguments
&* — nondeterministigteration

if ¢ then §; else d» endIf —conditionals

while ¢ do § endWhile — while loops

Notethatthe conditionalandwhile-loop constructsareac-
tually definedin termsof otherconstructs.

if ¢ then d,elsedzendlf = [¢7;61] | [-¢7; d2]
while ¢ do  endWhile = [¢7; §]*; —¢?

Theseconstructcanbe usedto write programsn the lan-
guageof adomaintheory e.g.,
buy AirTicket(%);

if far then rentCar(y) elsebookTazi(y) endlf.

Givena domaintheory D andGolog programd, program
execution must find a sequenceof actionsa such that:
D | Do(8, So,do(a, So)). Do(8, So,do(@, So)) denoteghat
the Golog programé, startingexecutionin So will legally
terminaten situationdo(a, So), wheredo(a, So) abbreviates
do(an,do(an—1,...,do(a1,So))).

2.1 CUSTOMIZING GOLOG PROGRAMS

In this sectionwe extend Golog to enableindividuals to
customizea Golog programby specifying personalcon-
straints. To this end, we introducea new distinguished
fluentin the situationcalculuscalled Desirable(a, s), i.e.,
actiona is desirablein situations. We contrastthis with
Poss(a, s), i.e. actiona is physicallypossiblein situation
s. We further restrictthe casesn which anactionis exe-
cutableby requiringnot only thatanactiona is Poss(a, s)
but furtherthatit is Desirable(a, s). Thisfurtherconstrains

that K to be reflexive, symmetric,transitve or Euclideanin the
initial situation.(See[22, pg. 302-308].)
2Not alwaysnecessarpbut we will requireit in 2.1.

the searchspacefor actionswhenrealizinga Golog pro-
gram. The setof Desirable fluents,onefor eachaction,is
referredto asDp. Desirable(a, s) = true unlessotherwise
noted.

An individual specifiesher personakonstraintsn our Se-
mantic Web markup language. The constraintsare ex-
pressedn thesituationcalculusasnecessargonditionsfor
anactiona to bedesimable, D,..p of theform:

Desirable(a, 8) D w;, (1)
andpersonalconstaints, Dpc Whicharesituationcalculus
formulae,C.

For example, Marielle would like to buy an airline
ticket from origin o to destinationd, if the driv-
ing time betweenthese two locations is greater than
3 hours. Thus Desirable(buyAirTicket(o,d,dt),s) D
gt(DriveTime(o,d), 3, s) is includedin Dyecp. Similarly,
Marielle hasspecifieddatesshemustbe at homeand her
constraintis not to be away on thosedates. Thus, Drc
includes: ~(Away(dt,s) A MustbeHome(dt,s)). Using
Drecp aNdDpc, andexploiting our successostateaxioms
anddomainclosureaxiomsfor actions,Dss andDcq, We
defineDesirable(a, s) for every actiona asfollows:

Desirable(A(%),s) = Qan N\ Qro, 2

CeDpc
whereQs = w1 V... Vw,, for eachw; of (1). E.g.,
Qbuy airTicket = gt(DriveTime(o,d), 3, s), and

Qpc = R[C(do(A(%), 5))]

where R is repeatedregressionrewriting (e.g., [22]) of
C(do(A(Z), s)), the constraintsrelativized to do(A(Z), s),
usingthesuccessostateaxioms,Dss from D. E.g.,
Qpc = R[-(Away(dt,do(buy AirTicket(o,d, dt), s))
A Mustbe Home(dt,do(buyAirTicket(o,d, dt), s)))]

We rewrite this expressiorusingthesuccessostateaxioms
for fluentsAway(dt, s) and Mustbe Home(dt, s). E.gQ.,
Away(dt,do(a, s)) =
[(a = buyAirTicket(o,d,dt) N d # Home)
V (Away(dt, s) A
—(a = buyAirTicket(o,d,dt) ANd = Home))]
Mustbe Home(dt,do(a, s)) = Mustbe Home(dt, s)
Fromthiswe determine:
Desirable(buyAirTicket(o,d, dt), s) =
gt(DriveT'ime(o,d), 3, s)
A(d = Home V = Mustbe Home(dt, s)) (3)
Having computedD,, we includeit in D3, In additionto

computingDp, the setof Desirable fluents,we alsomod-
ify the computationalsemanticsof our dialect of Golog.

*Henceforthall referenceo D includesDp.



In particular we adoptthe computationalsemanticsfor
Golog. (See[6] for details.) Two predicatesare usedto
definethe semantics.Trans(4,s,d’,s’) is intendedto say
thatthe programs in situations may legally executeone
step, endingin situations’ with the programé’ remain-
ing. Final(4,s) is intendedto saythatthe programé may
legally terminatein situations. We requireonechangen
thedefinitionto incorporateDesirable. In particular (4) is
replaceduy (5).
Trans(a,s,d8',s') =
Poss(a,s) A8 =nil A s' = do(a, s) 4)

Trans(a,s,d’,s') =
Poss(a,s) A Desirable(a, s)
A& =nil A s’ =do(a, s) (5)

We can encodethis more compactlyby simply defining
Legal(a,s) = Poss(a,s) A Desirable(a,s), andreplacing
Poss with Legal in (4). This approachhasmary adwan-
tages.Firstit is elaboratiortolerant[17]. An individual's
customizeddp may simply be addedto an existing situa-
tion calculusaxiomatization.If anindividual's constraints
changetheaffectedDesirable fluentsin Dp maybeelabo-
ratedby asimplelocal rewrite. Further Desirable is easily
implementedas an augmentatiorof most existing Golog
interpreters.Finally, it reduceghe searchspacefor termi-
nating situations,ratherthan pruning situationsafter they
have beenfound. Thus,it hascomputationalhdwantages
over otherapproacheso determiningpreferredsequences
of actions. Our approachis relatedto the approachto
the qualificationproblemproposeddy Lin andReiter[15].
Thereareothertypesof customizingconstraintsvhich we
do notaddressn this paper(e.g.,softandcertaintemporal
constraints)We addressheseconstraintsn futurework.

2.2 ADDING THE ORDER CONSTRUCT

In theprevioussubsectionwe describedway to customize
Golog programsby incorporatinguserconstraints.In or-
der for Golog programsto be customizableand generic,
they musthave somenondeterminisnto enablea variety
of differentchoicepointsto incorporateusers constraints.
Golog’s nondeterministicchoice of actions construct(|)
and nondeterministicchoice of argumentsconstruct(r)
bothprovide for nondeterminisnin Gologprograms.

In contrast,the sequenceconstruct(;) providesno such
flexibility, and can be overly constraining. Considerthe
program:buy AirTicket(Z); rentCar(y). The";” construct
dictatesthat rentCar () mustbe performedin the situa-
tion resultingfrom performingbuyAirTicket(Z) andthat
Poss(rentCar(¥), do(buy AirTicket(F), s)) must be true,
otherwisethe programwill fail. Imaginethatthe precondi-
tion Poss(rentCar(%), s) dictateghattheusers creditcard
not be over its limit. If Poss is not true, we would like

for the agentexecutingthe programto have the flexibility
to performa sequencef actionsto reducethe creditcard
balance,in orderto achieve this precondition,ratherthan
having the programfail. The sequenceonstruct’;” does
not provide for this flexibility .

To enablethe insertionof actionsin betweena sequence
of actions, for the purposesof achieving preconditions,
we definea new constructcalled order, designatedy the
“» connectve’. Informally, a: : a» will perform the
sequencef action ai;as wWheneer Poss(as,do(a1,s)) IS
true. However, whenit is false,the*:” constructdictates
thatGologsearchHor a sequencef actionsa thatachieres
Poss(az,do(d@,do(a1, s))). This canbe achieved by a plan-
nerthatsearche$or a sequencef actionsa to achieve the
goal Poss(a2,do(a@,do(a1, s))). To simplify this paper we
restricta, to be a primitive action. The definition is eas-
ily extendedto anorderof complec actionss, : §.. Thus,
a1 : a» is definedas:

a1; while (=Poss(az)) do (ra)[Poss(a)?; a] endWhile; a2

It is easyto seethatthewhile loop will eventuallyachiere
the preconditiorfor a. if it canbeachiesed.

We extendthe computationakemanticgo include*:”.
Trans(d: a,s,8',s') =
Trans((d; achieve(Poss(a));a, s,d’,s") (6)

Final(é : a,s) =
Final(8; achieve(Poss(a));a, s) (7

where achieve(G) = while (-G) do (wa)[Poss(a)?;a]
endWhile. Sinceachieve is definedin termsof existing
Golog constructsthe definitionsof Trans and Final fol-
low from previousdefinitions.

Note that “:” introducesundirectedsearchinto the in-

stantiationprocessof Golog programsand though well-

motivatedfor mary programsshouldbe usedwith some
discretionbecausef thepotentialcomputationabverhead.
We can improve upon this simplistic specificationby a
moredirectedrealizationof theactionselectiormechanism
usedby achieve usingvariousplanningalgorithms.

Also notethatthe orderconstructhasbeenpresentedhere
independentlyf thenotionof Desirable, introducedn the
previous subsection. It is easyto incorporatethe contri-
butionsof Section2.2 by replacingachieve(Poss(a)) with
achieve(Legal(a)) in Axioms (6) and (7) above, plus ary
otherdeonticnotionswe maywishto include.Finally note
that a variantof the orderconstructalsohasutility in ex-
pressingnarratve as proposedin [21]. We can modify
“" to expressthatactionse; anda, areordered,but that
it is not necessariljthe casethatas occurredin situation
do(ay, s).

“4Createdrom a combinationof existing constructs.



2.3 SELF-SUFFICIENT PROGRAMS

Now that our Golog programsare customizableand can
be encodedyenerically we wish themto be usable.Sens-
ing actionsareusedwhenthe agenthasincompleteknowl-
edgeof theinitial state(oftentrue for WSC), or whenex-
ogenousactionsexist that changethe world in ways the
agents theoryof the world doesnot predict. Web service
compositionsoften have the characteristiof sequencesf
information-gatheringservices, performedto distinguish
subsequentvorld-alteringservices.In our work, we need
to defineGolog programgthat canbe usedby a variety of
different agentswithout making assumptionsaboutwhat
theagenknows. As such,wewantto ensurehatour Golog
programsare self-suficient with respectto obtainingthe
knowledgethat they requireto executethe program. Fur-
ther, we wish our programgo ensurehatall preconditions
for actionsthe programtriesto executearerealizedwithin
the program,or areestablishedisan explicit precondition
of theprogram.

To make this concretewe definethe notionof aGologpro-
gram§ being self-suficient with respectto an actionthe-
ory D andkernelinitial state Inits. Inits is a formula
relativizedto (suppressedituations, denotingthe neces-
sary preconditionsfor executingd. To characterizeself-
sufficiengy, we introducethe predicatessf (4, s). ssf(d, s)

is definedinductively over the structureof 4.

ssf(nil, s) = true (8)
ssf(¢?,s) = KWhether®(¢, s) 9)
ssf(a,s) = KWhether (Poss(a, s)) A
KWhether (Desirable(a, s)) (10)
$8f(81;02,8) = ssf(d1,8) A
Vs'.[Do(d1,5,8') D ssf(da,s")] (11)
ssf(01]02,8) = ssf(d1,8) A ssf(d2,$) (12)
ssf(8,s) = ssf(8,8) A
Vs'.[Do(4,s,5") A ssf(8*,s")] (13)
ssf((mz)d(z),s) =Vz.ssf(d(x),s) (14)
ssf(if ¢ then d; elsed, endlf,s) =
KWhether (¢, s) A
(¢(s) D ssf(d1,5)) A
(m(s) D ssf(d2,5)) (15)

ssf(while ¢ do § endWhile, s) =
KWhether (¢, s) A
(p(s) D ssf(d,s) A
(Vs'.[Do(6,s,5") D
ssf(while ¢ do § endWhile, s')])

) (16)
Since".” is definedin termsof existing constructsssf(4: :
d2, s) follows from (8)—(14)above.

*KWhether (¢, s) abbreiates a formula indicating that the
truth valueof ¢ is known in situations [24].

Definition 1 (KSSF: Knowledge Self-Sufficient Pro-
gram) KSSF(é,Inits), Golog program § is knowledg
self-suficientrelativeto actiontheoryD andkernelinitial
statelnits iff D | Inits(So) andD k= ssf(8, So) = true.

KSSF(6, Inits) ensureshatgiven I'nits, executionof the
Gologprogramd will notfail for lack of knowledge.How-
ever, theprogrammayfail becausét maybeim-Poss-ible
to performanaction. K SSF ensureghatthe agentknows
whetherPoss is true, but not thatit actuallyis true. To
further ensurethat our genericproceduresare physically
self-suficient, we definePSSF (4, Inits).

Definition 2 (PSSF: Physically Self-Sufficient Pro-
gram) PSSF(4,Inits), Golog program § is physically
self-suficientrelativeto actiontheoryD andkernelinitial

staterlnits iff KSSF (6, Inits) andD = 3s’.Do(d, So, ).

Proposition1l For every Golog program é and as-
sociate kernel initial state Inits, PSSF(4,Inits) D
KSSF(6, Inits).

This follows directly from Definitions1-2.

Next we discusshow to verify KSSFandPSSHor acom-
monsubsebf Gologprograms.

We call a Golog program,d loop-freeif it doesnot contain
the nondeterministidteration and while-loop constructs.
Notethatwe may presenre theloop-freenatureof our pro-
gramswhile usingtheseprogrammingconstructsy defin-
ing amaximumiterationcount,or time-out. It followsthat.

Proposition2 For every loop-free Golog program
(0, Inits) and associatedsituationcalculustheoryD, there
exist first-order situation calculus formulae ¢ and ¢x
sud that

KSSF(8, Inits) = ¢ and PSSF (8, Inits) = ¢p,

and¢pr and¢x donotmentionssf.

Theproofis inductive overthe structureof §.

Fromthesepropositionsijt followsthat PSSF and KSSF
of loop-freeprograms,(§, Inits) canbe verified usingre-
gressionfollowed by theoremproving in the initial situ-
ation. For programswith potentially unlimited looping,
oK (s) and ¢p(s) arenot first-orderdefinable,and hence
areproblematic.

Proposition 3 Lets bealoop-freeGolog program,andlet
¢x ande¢p bedefinedasin Proposition2. Let K;,.; consist
of any subsebf the accessibilityrelationsRefleive, Sym-
metric, Transitive Euclidean then

1. KSSF (4, Inits) iff Dyna U Dsy U Kinit = Rlok]
2. PSSF(6, Imits) iff Dyne U Ds, U Kinit = R[dP].



Thisfollowsdirectly from Reitersregressiortheoremwith
knowledge[22].

We wish to highlight the work of Ernie Davis on Knowl-

edgePreconditiondor Plans[5], which we becameaware
of whenwe first presentedsf [20]. Therearemary sim-
ilarities to our work. One significant differenceis that
he makesno distinctionbetween(what we distinguishas)
knowledge sufficiency and physically sufiiciengy in his
framework, i.e., for a plan to be executable,he requires
that the agenthasthe knowledgeto executeit andthat it

mustbe physicallypossible.Further we constructthe ss f

conditionfrom the situationcalculustheoryfor primitive
actionsthatcanberegressedver situationsandverifiedin

theinitial situation. He developsa setof rulesthatcanbe
usedto checkfor plan executability The setof rules,is

sufficient but not necessary

3 EXECUTING GOLOG PROGRAMS

Now that we have definedcustomizablegenericand us-
ablegenericproceduresor WSC, we mustexecutethem.
In building a Golog interpreterthat incorporatessensing
actions, the interplay betweensensingand execution of
world-alteringactionscanbe comple< andanumberof dif-
ferentapproachesave beendiscussede.g.,[7, 13, 22)).
While [7] and[22] adwocatetheuseof anonlineinterpreter
to reasorwith sensingactions,[13] suggestshe useof an
offline interpreterwith conditionalplans. The trade-of is
clear An onlineinterpreteiis incompletebecausao back-
trackingis allowed, while an offline interpreteris compu-
tationally expensve dueto the muchlarger searchspace,
andthe needto generateconditionalplans,if sensingac-
tionsareinvolved. The choicebetweenan online and of-
fline interpreterdependson propertiesof the domain,and
in particular sinceexogenousactionscanaffect the value
of fluents,on the temporalextent of the persistencef the
informationbeingsensedln aroboticsdomain,anonline
interpretelis oftenmoreappropriatewhereasanoffline in-
terpreteris moreappropriatdor contingeng planning.

3.1 MIDDLE-GR OUND EXECUTION

We definea middle groundbetweeroffline andonline ex-
ecution,which we argueis appropriateor a large classof
SemanticWeb WSC applications.Our middle-groundin-
terpreter(MG) sense®nline to collect the relevantinfor-
mationneededn the Golog program,while only simulat-
ing theeffectsof world-alteringactions.By executingsens-
ing actionsratherthanbranchingandcreatinga conditional
plan,MG reducesearctspacesize,while maintainingthe
ability to backtrackoy merelysimulatingworld-alteringac-
tions,initially. Theoutcomeas asequencef world-altering

actionsthataresubsequentlgxecuted. Humansoftenfol-
low this approachgollectinginformationonthe Web (e.g.,
flight schedulesyvhile only simulatingthe world-altering
actions(buying tickets,etc.) in their headuntil they have a
completedplanto execute.

Of course the veracity of MG is predicatecbn animpor-
tantassumption- thatthe informationbeinggatheredand
uponwhich world-alteringactionsarebeingselectedper
sists.We assumehatthe fluentsMG is sensingpersistfor
a reasonableperiod of time, andthat noneof the actions
in the programcausethis assumptiorto be violated. This
assumptions generallytrue of muchof theinformationwe
acceson the Web (e.qg., flight schedulesstoremerchan-
dise), but not all (e.g., stock prices). This assumptioris
muchlesspenasive in mobile robotic applicationswhere
we may assumepersistencdor milliseconds,ratherthan
minutesor hours.We formalizethis assumptiorasfollows.

Definition 3 (Conditioned-on Fluent) Fluent C is a
conditioned-orfluentin Golog programg iff § containsthe
Golog constructy? andC appeasin formulaé.

Recallthatthe ¢? construcis usedto definetheconditional
(if-then-else)andthewhile-loop constructslt is alsocom-
monly usedwithin thed of (rz)d(z).

Definition 4 (Invocation and Reasonable Persistence
(IRP) Assumption) Golog programandkernelinitial state
(8, Inits) adhee to the invocationand reasonablepersis-
tenceassumptionf

1. Non-knowledg preconditionsfor sensingactionsare
truein Dg, U Inits(So).

2. Knowledg of preconditiondor actionsand
conditioned-orfluentsC in §, onceestablishedpersists.

Conditionl ensureshatall sensingactionscanbeexecuted
by the MG interpreter Condition2 ensureghatdecisions
are predicatedon correctinformation. Condition 1 may
seemextreme,but, aswe arguedearlierin this paper by

their nature,Web servicesgenerallyonly have knowledge
preconditions.The persistenc®f knowledgein Condition
2, trivially holdsfrom theframeassumptiotior knowledge.
This conditionaddresseshangeby subsequentr exoge-
nousactions.

We claimthatunderthelRP assumptionMG doestheright
thing for programghatarephysicallyself-suficient.

Claim 1 (Veracity of MG) Givenan actiontheoryD and

6At this stagethey canalternatelybe shavn to a humanfor
approval beforeexecution. Our interpretercanalsogenerateand
presenmultiple alternatecoursef action.

’l.e., no subsequentctionsinside or outsidethe program
changehevalueof sensedluents.



Golog program§ sudh that PSSF (4, Inits), and (6, Inits)
adheesto IRP, let @, be the sequencef world-altering
actionsselectediy the middle-goundinterpreter MG, for
subsequergxecution. Assumingio exogenousactionsand
no sensorerrors®, it follows that executinga,, yieldsthe
sametruth valuefor all fluents in D asan onlineinter-
preter with an oracle that choosesx,, at the appropriate
brand pointsin its interpretationof 4.

Let do(&@, So) be the terminatingsituation, following exe-
cution of Golog programs with theory D, usingtheinter
preterMG, startingin So. ThenD = Do(4, So, do(&, So)),
and we denotethe sequencef actionsa by the relation
MG(D, 8, Inits, &).

a is comprisedof both sensingactionsandworld-altering
actions(e.g.,[s1,a1, a2, as, s2,a4]). Let &, bethesequence
of sensingactionsin & (i.e., [s1,s2]), and likewise let
a, be the sequenceof world-altering actionsin & (i.e.,
[a1,a2,a3,a4]). MG executesthe sensingactionsas,, in-
terleaved with the simulation of world-altering actions,
searchingo find the appropriateterminatingsituation, a.
MG thenoutputsa. &, the subsequencef world-altering
actionsareextractedfrom @ andexecutedn theworld.

Theorem1 GivenanactiontheoryD andGolog program
d sudh that PSSF (4, Inits), and (8, Inits) adheesto IRP,
SUpPPoOsSeMG(D, §, Inits,a) holdsfor somea. Assumehat
there are no sensorerrors, and that no exogenousactions
affectfluentsin D, thenfor all fluentsF in D

D |= F(Z,do(@, do(ds), So)) = F(&,do(&, So)).

In caseswvherethe IRP Assumptionis at risk of beingvi-
olated,the full sequencef sensingandworld-alteringac-
tions generatecby MG, &, could be re-executedwith an
onlineexecutionmonitoringsystem.The systemwould re-
perform sensingactionsto verify that critical persistence
assumptionsvere not violated. In the casewherethe IRP
Assumptiondoesnot hold for someor all conditioned-on
fluentsin aGologprogram MG couldbeintegratedwith an
interpreterthat builds conditional plansfor branchpoints
thatdo notadhereo IRP, following theapproachproposed
in [13]. The explicit encodingof searchareasin a pro-
gram, as proposedby [7] throughthe addition of their X
searctconstructcanachieze someof the samefunctional-
ity asour middle-groundnterpreter Indeed,the principle
definedabove, togetherwith an annotationof the tempo-
ral extent of conditioned-orfluentswithin the actionthe-
ory providesameansf automaticallygeneratingprograms
with embeddedearctoperators:, asproposedn [7]. We
leave aformal accountof thisto a future paper

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

3.2 MIDDLE-GR OUND PROLOG INTERPRETER

In Section2, we proposedextensionsto Gologto enable
programsto be generic,customizableand self-suficient.
In Section3, we proposed stratey for middle-grouncdex-
ecutionthatenablesan efficient andthoroughcombination
of sensingandsearch We have modifiedthe ConGologof-
fline interpreteiin [7, 6] to realizetheseenhancementdVe
describethe necessaryode modificationsin the subsec-
tionsto follow, andprove the correctnessf ourimplemen-
tation. We adoptnotationalcornventionsfor Prologcode,
thatdiffer from thoseusedfor theoriesof action. To avoid
confusion,all Prologcodeis listedin courierfont. Prolog
variablesareuppercaseandconstantsarelowercasecon-
tradictingthe situationcalculusnotationalcorvention.

3.2.1 Usercustomizingconstraints

Personalconstraintswere addedto the ConGologinter
preterby the following straightforward and elegant mod-
ification to the code,that accountdor the addition of the
Desirable predicate We replacedhefollowing code:

trans(A S, R S1) :-
(poss(A'S), R=nil,

pri mAct (A),

Sl=do(A, S)); fail.

of the ConGologinterpretewith

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

This ensureghatevery actionselectedy theinterpreteris
alsoadesirableone.

In Section 3.3, we will shov how to encode the
Desirable(a, s) predicaten our Prologactiontheory The
domain-independemrologrulesfor theMG interpreteiin-

cludethefollowing rule to ensurethatactionsaredesirable
unlessprovedotherwise.

desirabl e(A S):- \+ not_desirabl e(A ' S).

3.2.2 Order Construct

To includethe orderconstruct”:”, we addedthefollowing
rulesto our interpreter:

final (P:A 9S):-

action(A),

final ([P, achi eve(poss(A),0),A],S).
trans(P: A/ S, R S1): -

action(A),

trans([ P, achi eve(poss(A),0),A],S R S1).

whereachieve(Goal,0) is an A*-planner adaptedrom the
so-calledworld SimplesBreathFirst Planner (wsbfp)de-
velopedby Reiter[22, pg. 234]. We appealo its simplicity
andthe soundnesandcompletenessf the A* algorithm.
Obviously arny plannercanbe usedto accomplistthistask.
We areinvestigatinghe effectivenes®of otherplanners.



3.2.3 SensingActions

We incorporatesensingactionsand their effectsinto our

interpretey usingan approactthat eliminatesthe needfor

the situation calculus K fluent. Recently Soutchanski
[25] proposeda somavhat similar transformationarticu-

lating conditionsunderwhich his representationvas cor-

rect. Thisis alsosimilarin spirit to the approachn [8].

To accommodatédoth backtrackingand sensing,we as-
sumethat the truth value of a certainfluent, say F(z, s),
canbe determineddy executingan external functioncall,
A. Thecallis denotedoy exec(A(Z), s). Wheneverthe ex-
ecutionsucceedsF' is true; otherwiseijt is false.Notethat
becausdProloganswersquerieswith free variablesby re-
turning possiblevaluesfor thesevariables,this technique
is equallysuitablefor sensedunctionalfluents. This is il-
lustratedin Example2. The useof externalfunctioncalls,
togethemwith theIRP Assumptionallows usto write equa-
tions of the following form, which are embodiedinto the
successostateaxiomof afluent F(z):

F(Z,do(A(Z), s)) = exec(A(Z), s) a7)

Equation(17) is translatednto Prologasfollows
hol ds(f (X), do(a(X), S)):-

In addition,we needto provide the setof rulesthatcall the
actiona externally.

exec(a(X), S).

exec(a(X), S):- <external function call>
Theserulesaredomaindependenandmaybeuniqueto the
specificProlog encodedsituationcalculusdomaintheory
In the following section,we discusshow to translateour
situationcalculustheoriesinto Prolog, andillustrate how
we make externalfunction callsfor WSC.

3.3 TRANSLATING SITCALC TO PROLOG

To translatea specific situationcalculustheory D into a
setof Prologrules,D”, we follow the descriptionprovided
in [22], with the following additions,predominantlyto ac-
commodatesensingactionsandthe Desirable predicate.

e For eachpropositionalfluent F(z, s), createa corre-
spondingpropositionafluentf ( X, S) in DF.

e For eachfunctionalfluent F(z, s) = ¥, createacorre-
spondingpropositionafluentf (X, Y, S) in D”.

e Successorstate axioms for non-sensedluents are
translatedinto Prolog following the descriptionin
[22]. For fluentswhosetruth valuecanchangeasthe
resultof a sensingaction,the normalsuccessostate
axiom encodingis augmentedo includethe suitable
externalfunction calls. Further we addthe necessary
codeto realizethosecalls.

e For eachaction A(Z) for which Desirable(A(Z), s) =
Q(A(2),s) is defined following Equation (2), cre-
ate a Prolog rule not _desirabl e(a(X),S):- \+
omega( a( X), S) . We use Prolog’s negation as fail-
ureto infer thatby default an actionis desirablein a
situation,asperthe MG codein Section3.2.1.

We illustratethe pointsabove with thefollowing examples.

Example 1: We returnto our simpletravel theme. Many

of the major airlines offer WWW programsthat allow

a userto buy an air ticket online. We conceve these
servicesas world-altering actionsin the situation calcu-
lus, e.g., buyAirTicket(o,d,dt). To simplify the exam-

ple, we disregardall parametergxceptorigin, destination,
and date (o, d, dt, respectiely). This servicehasa num-
ber of effectsincluding assertinghat the userwill own a
ticket after its execution. The successostateaxiom for

ownAirTicket(o,d,dt, s) is asfollows.

ownAirTicket(o,d, dt,do(a, s)) =
(a = buyAirTicket(o,d, dt) A ticket Avail(o,d, dt)) V
(a # buyAirTicket(o,d, dt)
A ownAirTicket(o,d,dt, s))

whichis encodedn Prologasfollow.

hol ds(ownAi r Ti cket (O, D, DT, do(E, 9)):-
E = buyAirTicket (O D, DT),

hol ds(ticketAvail (O, D, DT), S);
\+ E = buyAirTicket (O D, DT),
hol ds(ownAi r Ticket (O, D, DT), S).

Recall that MG does not execute world-altering ac-
tions. Hencethereis no external function to execute
buyAi r Ti cket . To createan interpreterthat executed
(some)world-alteringactiondmmediatelythe Prologcode
would be modifiedanalogouslyto the sensing-actiorode
below.

Example 2: Now considerthe map service offered at

www.yahoo.com. Simplified, this service takes as in-

put the origin of a trip o, and the destinationd, andre-

turns, among other things, the driving time betweeno

and d. In the context of WSC, we view this service
asthe sensingaction, get DrivingTime(o,d) which, after
its execution, tells us the value of the functional fluent
DriveTime(o,d, s). In Prolog, we createa correspond-
ing propositionaffluent,dri veTi mre( O, D, T, S) . For sim-

plicity, we assumeDriveTime(o,d, s) iS only sensedby

getDrivingTime(o,d), but the extensionto multiple ac-
tionsis trivial.

The successorstate axiom for driveTi ne(O D, T)

is as follows. Note the call to execute
exget drivingtine(Q D, T).
hol ds(driveTime(O D, T), do(ES)):-

E = getDrivingTine(O, D),



exec(ex_get _driving_time(Q D, T)) ;
\+ E = getDrivingTime(O D),
hol ds(driveTime(O D, T), S).

To specifyhow theactionex_get dri ving_ti me(Q D,
T) is executedwe needadditionalcode.In ourimplemen-
tation,our sensingactionsareall callsto WebservicesWe
do this via a call to the OpenAgent Architecture(OAA)
agentbrokering system[16]. OAA in turn requests ser
vice namedget _di recti ons.

We first write agenerarule for thegenericexec call.
exec(A):- A
We alsowrite arule for theactualcall.

ex_get _driving_time(O D, T):-
oaa_Sol ve(
get _directions(O, ' ', D, ' ',
drvTime(X, T).

0, X).[1).

oaa_Sol ve(get directions(...),[]) requeststhe
yahooservicethatprovidesthedriving timefrom Oto D. As
theinformationprovided by the service(X) containsaddi-
tionalinformationincludingimagesanddriving directions,
we have written someadditionalcodeto extract what we
needfrom whatthe servicereturns.The codeextractionis
performedby dr vTi me( X, T).We omitthedetailsin the
interestof space.As we will discussn thefollowing sec-
tion, whenour vision of semantidMebserviceds realized,
suchextracodewill beunnecessary

Example 3: In Section2.1, we discussedMarielle’s per
sonal preferencesand shoved how they translatedinto
Equation(3). Herewe shav how we representhis axiom
in our Prologencodingof thedomaintheory

not _desi rabl e(buyAi rTicket (O D, DT), S):-
hol ds(driveTime(O D, T), S),
T <=3 ;

\+ D= **“hone’’, holds(nustBeHone(DT, S)).

3.4 CORRECTNESSOF THE INTERPRETER

We completeSection3 with atheoremthat provesthe cor-
rectnes®f ourinterpreter

Theorem 2 GivenanactiontheoryD and Golog program
d sudh that PSSF (4, Inits), and (8, Inits) adheesto IRP,
if DP UMG?T + Do(é, So, S) thenthere existsa modelM of
D suc that M = Do(4, So, S), where D is the setof Pro-
log rules representingD, MGT is the setof Prolog rules
representingour MG Golog interpreter and - is proof by
our Prolog interpreter

Following [22], the actiontheoriesin this paperaredefini-
tional theorieswhenDs, is completej.e.,whenDs, con-
tainsa definition for eachfluentin thetheory This canbe

achieved by makingthe closed-vorld assumptioCWA).
Sinceour programsareself-suficient, this seemdessegre-
gious. Propositiond follows immediatelyfrom the Imple-
mentationTheoremof [22].

Proposition4 Givenan action theory D and Golog pro-
gramé sud that PSSF (4, Inits), and (8, Inits) adheesto
IRP. Then,for all situationss,

DEw 4 UMG? + Do($, S, 85) iff
DUCWA(So) = Do(6, So, S),

whele CW A(Sy) is theclosed-worldassumptioron Sy, de-

finedas {F(So) = false | there existsno definitionof F

in Ds, }, MGT is thesetof Prolog rulesfor our MG Golog

interpreter D&y 4 is the setof Prolog rules representing
D UCWS(Sy), andt is proof by our Prolog interpreter

4 COMPOSING WEB SERVICES

A significantaspecbf our contritutionis thattheresearch
describedo this pointis implementecandhasbeentested
onarunningsystenthatinteractswith servicesontheWeh
In this section,we stepbackandsituatethe agenttechnol-
ogy we've beendescribingin the context of our systemar-
chitecturefor SemantidAeb ServiceComposition We also
discussfurther detailsof our implementation.Finally, we
concludethis sectionwith an examplegenericprocedure
thatillustratesthe useof our work.

4.1 ARCHITECTURE

Figure 1 illustratesthe key componentsof our semantic
WSCarchitecturg19]. Of coursethe SemantidNebdoes
not exist yet — www.yahoo.comdoes not use semantic
markupsuchas DAML+OIL to describeits servicesnor

to disseminaténformation. We describeboththe architec-
turefor oursystemandin thesectionto follow discussow

we've accommodatetbr the piecesof thearchitecturehat
arenotyetrealizablein anelegantway.

Thekey featuresof this architecturdollow.

SemanticMarkup of Web Sewvices: Individual Web ser
vices are describedn a semanticWeb markuplanguage.
The programs,their control structureand dataflow, are
describedusing a declaratve processnodelinglanguage.
Processesre either atomic or composite. Eachprocess
hasinputs, outputs,preconditionsand effects. It alsohas
a groundingthat describeghe communication-leel prop-
ertiesof the service. A serviceprofile is createdfor de-
scribingandlocatingthe service.Collectively, this seman-
tic markupprovidesadeclaratve API for theservicesothat
programs/agentsanreadthis markupandunderstandhow
to interactwith a service.
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Ontologies of Web Sewices: To encourageaeuseof vo-
cahulary, parsimoly, and sharedsemanticunderstanding,
individualWebservicedescriptiongreorganizednto Web
serviceontologies.For example,anontologymightcontain
a serviceclasscalledbuy, with subclassebuyTi cket ,
buyBook, etc. buyTi cket mightin turn be subclassed
into buyAi r Ti cket , etc. Thus,a Web serviceprovider
wishing to describea new servicecansimply subclassan
existing service,inheriting vocalulary, andensuringsome
degreeof integrationwith existing systems.

Semantic Markup and Ontologies of Generic Proce-
dures: Generigroceduresanbedescribedisingthesame
semantianarkupconstructsisedto describeNebservices.
After all, they arejust programs. Similarly, genericpro-
ceduresare storedin ontologiesto facilitate sharingand
reuse.Theability to sharegenericproceduress whatmo-
tivatedour desireto make procedure&nowledgeandphys-
ically self-suficient.

Semantic Markup of Personal/Company Constraints:
In addition to semanticmarkup of services,peoplecan
archive their personalpreferencesand constraintsas se-
mantic markup. Theseprofiles canlikewise be storedin
ontologies so that userscaninherit constraintsfrom fam-
ily, their placeof work, or otheraffiliations.

Semantic-Markup-Enabled Agent Technology: The ar
chitecturealsoincludesa variety of agenttechnologieshat
communicatevith Web serviceghroughan AgentBroker.
Our Gologinterpreteris onesuchagenttechnology

Agent Broker: The agentbroker acceptyequestdor ser
vicesfrom the agenttechnologyor otherservices selects
an appropriateserviceand directsthe requestto that ser
vice. Likewiseit relaysresponsebackto therequester

4.2 IMPLEMENT ATION

To realizeour agenttechnology we startedwith a simple
implementatiorof anoffline ConGologinterpreteiin Quin-

tus Prolog3.2. We have modifiedandextendedthis inter-

preterasdescribedn Section3. Agentbrokeringis per

formed using the Open Agent Architecture(OAA) agent
brokering system[16]. We have modified our Golog in-

terpreterto communicatavith Web servicessia OAA. Un-

fortunately commerciaM/eb servicescurrentlydo not uti-

lize semanticmarkup. In orderto provide a computer

interpretableAPI, and computerinterpretableoutput, we

usean information extraction program,World Wide Web
WrapperFactory (W4). This programextractsthe infor-

mationwe needfrom the HTML outputof Web services.
All information-gatheringactionsare performedthis way.

For obvious practical(andfinancial!) reasonsye arenot

actuallyexecutingworld-alteringservices.

All the coreinfrastructureis working and our Golog in-
terpreteris communicatingwith serviceson the Web via
OAA. We first demoedour Golog-QAA-WWW systemin
August, 2000[19]. Sincethen,we have beenrefining it
andworking on Semantid/Meb connectionsWhereour ar-
chitecturehasnot beenfully realizedis with respecto full
automatiorof semantianarkup.We originally constructed
rudimentaryserviceandprocedureontologiesn first-order
logic. We are migrating theseto DAML-S, aswe com-
pleteour DAML-S specification Eventuallyour Gologin-
terpreter will populateits KB from the DAML-S ontolo-
giesandfrom DAML+OIL ontologiesof users customiz-
ing constraints. Thesedeclaratve representationwill be
compiledinto a situationcalculusrepresentationWe have
constructegartialcompilersfor DAML-S to PDDL'?, and
for PDDL to thesituationcalculus but we arestill predom-
inantly hand-codingsituationcalculustheoriesat this time.

4.3 EXAMPLE

We completethis sectionwith an example genericpro-
cedure. Considerthe example compositiontask given at
thebeginningof this paper “Make thetravel arrangements
for my KR2002 conferencdrip.” If you wereto perform
this taskyourselfusingservicesavailableon the Web, you
might first find the KR2002 conferencéVeb pageandde-
terminethelocationanddatesof the conferenceBasedon
the location,you would decideuponthe mostappropriate
modeof transportationlf traveling by air, you mightthen
checkflight schedulesvith oneor moreWebserviceshook
flights,andarrangdransportatiorio theairportthroughan-
otherWebservice.Otherwise you mightbookarentalcar
Youwould thenneedto arrangeransportatiorandaccom-

°dh.cis.upenn.edu/W4/
10planDomainDescriptionLanguage.



modationsatthe conferencdocation,andsoon.

We have createda genericprocedurefor arrangingtravel
that capturesmary aspectof this example. Our generic
procedureselectsand books transportation(car/air), ho-
tel, local transportationemailsthe customeran itinerary;
andupdatesanonline expenseclaim. As notedpreviously,
thesegenericproceduresare not that complex — they are
indeedgeneric.lt is theinterplaywith userconstraintghat
malkesour approactpowerful.

In whatfollows we provide Prologcodefor a subsebf our
generictravel procedure We have simplified the program
slightly (particularly the numberof parametersjor illus-
tration purposes.We have also usedinformative constant
andterm namesto avoid explanation. D1 andD2 arethe
departureandreturndatesof our trip. pi is the nondeter
ministic choiceof actionargumentsconstruct,r. Sensing
actionssuchassear chFor RFl i ght () haveassociated
executioncode,not includedhere. Recallthatto interpret
this genericprocedureGologwill look for actionsthatare
desi r abl e aswell aspossible.

Thefollowing is a genericprocedurefor bookinga return
airline ticket.

proc(bookRAi r Ti cket (O, D, D1,
[
poss(searchForRFlight (O D, Di,D2)) 2,
searchForRFlight (O D, D1, D2),
[ pi(price,
[ rflight(ID, price) 2,
(price < usermaxprice) ?,
buyRAi r Ti cket (I D, price) ])

D2),

]
1.

Notethechoiceof flight basedn priceusing~. Procedures
for bookinga caror hotelcanbe written in a similar fash-
ion. We composesuchprocedureso make a Golog travel
program.

proc(travel (D1,
[

D2, O D),

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

I
bookCar (O, O, D1,
bookHot el (D, D1,
sendEmai |,
updat eExpensed ai m

1.

b2),

D2)
b2),

Notetheuseof nondeterministichoiceof actions.If book-
ing a return air ticket or booking a car at the destination
proveundesirableGologtriesto bookacarattheorigin so
theusercandrive to the destinatiorandback.

We have testedour generictravel procedurewith different
tasksandadifferentuserconstraintsThesetestshave con-
firmedthe easeandversatility of our approacho WSC.

5 SUMMARY & RELATED WORK

In this paperwe addressethe problemof automatedVeb
servicecompositionand executionfor the SemanticWeh
We developedandextendedtheoreticakresearchn reason-
ing aboutactionandcognitiverobotics,implementedt and
experimentedwith it. We addressedhe WSC problem
throughthe provision of high-level genericproceduresand
customizingconstraints.We proposedGolog as a natural
formalismfor this task. As an alternatve to planning,our
approactdoesnotchangehe computationatompleity of
the task of generatinga composition. Neverthelessmost
Web servicecompositionsare short, andthe searchspace
is broad. Consequentlyour approachhasthe potentialto
drasticallyreducethesearctspacemakingit computation-
ally advantageousAdditionally, it is compelling,andeasy
for theaverageWebuserto useandcustomize.

Our goal was to develop Golog genericprocedureghat

wereeasyto use,generic,customizableandthatwereus-

able by a variety of usersundervarying conditions. We

augmentedsolog with the ability to include customizing
userconstraints.We alsoaddeda new programmingcon-

structcalledorder thatrelaxesthe notion of sequenceen-

abling the insertion of actionsto achiese the precondi-
tion for the next actionto be performedby the program.
This construcfacilitatescustomizatioraswell asenabling
more genericprocedures.Finally, we definedthe notion

of knowledgeand physically self-suficient programsthat

areexecutablavith minimalassumptiongboutthe agents

initial stateof knowledge,or the stateof the world. We

shaved that thesecriteria could be verified using regres-
sion and theoremproving. Adherenceto thesecriteria
malkes our generic proceduresamenableto wide-spread
use.To executeour programswe defineda middle-ground
approachto executionthat performedonline executionof

necessannformation-gatheringVeb serviceswith offline

simulationof world-alteringservices.Thus,our MG inter-

preterdetermineda sequencef world-alteringWeb Ser

vices for subsequenexecution. We proved that our ap-

proachto executionhadthe intendedconsequencesinder
thelRP assumption.

Thesecontritutionswereimplementedasmodificationsto
an existing ConGologinterpreterand we proved the cor-
rectnes®f ourimplementation Furtherthey have beenin-
tergratedinto a SemanticWeb Architecture,thatincludes
anagentbrokerfor communicatiorwith Web Servicesand
avariety of service-relatedntologies.We have testedour
resultswith a genericproceduréor travel anda variety of
different customizingconstraintghat shavcasethe effec-
tivenes®f ourapproachThoughourwork wasfocusedon
Web servicecompositionthe work presentedn this paper
hasbroadrelevanceto a variety of cognitive robotictasks.



Much relatedwork wasidentifiedin the body of this pa-
per, with thework in [7, 22], andmorerecently [23], be-
ing mostcloselyrelated. Seseral otheragenttechnologies
desere mention. The topic of agentson the internethas
beenpopularover the years. Someof the first and most
relatedwork is the softbotwork doneat the University of
Washington9]. They alsouseactionschemadgo describe
information-praviding and world-altering actionsthat an
agenftcanuseto planto achiereagoalontheinternet.More
recently [26, 1, 12] have all developedsomesortof agent
technologythatinteractswith the Weh

ACKNOWLEDGEMENTS

We thanktheCognitive RoboticsGroupattheUniversityof

Torontofor providing aninitial ConGologinterpreterthat
we have extendedand augmentedand SRI for the useof

the OpenAgentArchitecturesoftware. We would alsolike
to thankHonglei Zengfor his work onthe OAA interface
to our Golog code[19]. Finally, we gratefully acknawvl-

edgethe financial supportof the US DefenseAdvanced
ResearchProjectsAgengy DAML Programgrantnumber
F30602-00-2-0579°0001. The secondauthorwould also
like to acknavledgethe supportof NSF grant NSF-EIA-
981072andNASA grantNCC2-1232.

References

[1] V.Benjaminsetal. IBROWS3: An IntelligentBrokering Ser
vice for Knowledge-ComponernReuseon the World Wide
Web. In KAW'98, Banf, Canada

[2] T. Berners-LeeJ. Hendler and O. Lassila. The semantic
weh In ScientificAmerican May 2001.

[3] DAML-S. http:/imwww.daml.og/services2001.

[4] DAML-S Coalition: A. Ankolekar M. Burstein,J. Hobbs,
0. Lassila, D. Martin, S. Mcllraith, S. Narayanan,
M. Paolucci,T. Payne,K. SycaraandH. Zeng. DAML-S:
Semantiomarkupfor Web services.In Proc. Int. Semantic
WebWorking SymposiuniSWWS)411-4302001.

[5] E.Davis. KnowledgePreconditiondor Plans. Journal of
Logic and Computation4(5):721-7661994.

[6] G. De Giacomo,Y. Lesperance,and H. Levesque. Con-
Golog, a concurrentprogramminglanguagebasedon the
situationcalculus.AlJ, 121(1-2):109-169000.

[7] G. De GiacomoandH. Levesque. An incrementalinter-
preter for high-level programswith sensing. In Logical
Foundationsfor Cognitive Agents, Contributionsin Honor
of RayReiter, pages86-102,1999.

[8] G.De GiacomoandH. Levesque.Projectionusingregres-
sionandsensorsin IJCAI'99, 160-165,1999.

[9] O. EtzioniandD. Weld. A softbot-basednterfaceto the
internet.JACM, pages’2—-76,July 1994.

[10] J.HendlerandD. McGuinness.The DARPA agentmarkup
language.In IEEE Intelligent System§rendsand Contro-
versies November/Decembez000.

[11] I. Horrocks, F. van Harmelen, P. Patel-Schneider
T. Berners-Lee, D. Brickley, D. Connolly M. Dean,
S.Decler, D. FenselP. Hayes J.Heflin, J.Hendler O. Las-
sila, D. McGuinness,andL. Stein. DAML+OIL, March
2001. http://www.daml.og/2001/03/daml+oil-inde

[12] C. Knoblock, et. al. Mixed-initiatve, multi-sourceinfor-
mationassistantsln Proceeding®of the 10th International
ConfeenceontheWorld Wide Weh, pages597—-7072001.

[13] G. Lakemger. On sensingand off-line interpretingin
Golog. In Logical Foundationdor Cognitive Agents,Contr
in Honor of RayReiter, pagesl73-187,1999.

[14] H.LevesqueR.Reitet Y. Lesperancek. Lin, andR. Scherl.
GOLOG: A logic programminglanguagefor dynamicdo-
mains. Journal of Logic Programming 31(1-3):59-84,
April-June1997.

[15] F Lin andR. Reiter Stateconstraintgevisited. Journal of
Logic and Computation4(5):655—6781994. Speciallssue
onAction andProcesses.

[16] D. L. Martin, A. J. Cheyer, and D. B. Moran. The open
agentarchitecture: A frameavork for building distributed
software systems. Applied Artificial Intelligence 13:91-
128,January-Marcti999.

[17] J. McCarthy Mathematicallogic in artificial intelligence.
Daedalus pages297-311 Winter, 1988.

[18] S.Mcllraith andR. Fadel. Planningwith comples actions.
Submittedfor publication,2002.

[19] S. Mcllraith, T. Son, and H. Zeng. SemanticWeb ser
vices. |IEEE Intelligent SystemgSpeciallssueon the Se-
manticWeb) 16(2):46—53March/April 2001.

[20] S. Mcliraith andT. C. Son. Adapting ConGologfor Pro-
grammingthe SemanticsWeb. In Working Notesof The
Fifth International Symposiunon Logical Formalizationof
CommonsensReasoningpagesl 95-2022001.

[21] R. Reiter Narratvesasprograms.In Proc. of the Seventh
InternationalConfeenceon Knowled@ Repesentatiorand
ReasoningdKR2000) pages99-108,2000.

[22] R.Reitet KNOWLEDGEIN ACTION: Logical Foundations
for Specifyingand ImplementingDynamical Systems The
MIT Press2001.

[23] S.Sardna. Local conditionalhigh-level robotprograms.In
Proceeding®f the4thWorkshopon Nonmonotonidkeason-
ing and Action, IJCAI, August2001, pagesl95-2022001.

[24] R.ScherlandH. Levesque.Theframeproblemandknowl-
edgeproducingactions.In Proceeding®fthe 12thNational
Confeenceon Atrtificial Intelligence page$89—695,1993.

[25] M. SoutchanskiA CorrespondencBetweenTwo Different
Solutionsto the ProjectionTaskwith Sensing.In Working
Notesof CommorSense€00], pages235-2422001.

[26] R. Waldinger Deductive compositionof Web software
agents. In Proc. NASAWkshpon Formal Approacdesto
Agent-BasedSystemd,NCS SpringefVerlag,2000.



