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Abstract

Automated composition of Web Services can be achieved by using AI planning techniques. Hierarchical Task Network (HTN)
planning is especially well-suited for this task. In this paper, we describe how HTN planning system SHOP2 can be used
with OWL-S Web Service descriptions. We provide a sound and complete algorithm to translate OWL-S service descriptions
to a SHOP2 domain. We prove the correctness of the algorithm by showing the correspondence to the situation calculus
semantics of OWL-S. We implemented a system that plans over sets of OWL-S descriptions using SHOP2 and then executes the
resulting plans over the Web. The system is also capable of executing information-providing Web Services during the planning
process. We discuss the challenges and difficulties of using planning in the information-rich and human-oriented context of
Web Services.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

As Web Services—that is, programs and devices ac-
essible via standard Web protocols—proliferate, it be-
omes more difficult to find the specific service that
an perform the task at hand. It becomes even more
ifficult when there is no single service capable of per-

orming that task, but there are combinations of ex-
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isting services that could. Sufficiently rich, machi
readable descriptions of Web Services would allow
creation of novel, compound Web Services with li
or no direct human intervention. Semantic Web
guages, such as the Web Ontology Language (O
[1] or its predecessor DAML + OIL[2], provide the
foundations for such sufficiently rich descriptions.

The OWL-services language[3] (OWL-S),1 is a se
of ontologies for describing the properties and ca
bilities of Web Services. The OWL-S is designed
support effective automation of various Web Serv

1 The previous version of OWL-S was called DAML-S and w
based on DAML + OIL.

570-8268/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.websem.2004.06.005



378 E. Sirin et al. / Web Semantics: Science, Services and Agents on the World Wide Web 1 (2004) 377–396

related activities including service discovery, compo-
sition, execution, and monitoring.

For our work, we are motivated by issues related
to automated Web Service composition. The OWL-S
process ontology provides a vocabulary for describing
the composition of Web Services. This ontology uses
an “action” or “process” metaphor for describing Web
Service behavior—that is, primitive and complex ac-
tions with preconditions and effects.

Given a representation of services as actions, we
can exploit AI planning techniques for automatic ser-
vice composition by treating service composition as
a planning problem. Ideally, given a user’s objective
and a set of Web Services, a planner would find a col-
lection of Web Services requests that achieves the ob-
jective. We believe that HTN planning is especially
promising for this purpose, because the concept of
task decomposition in HTN planning is very simi-
lar to the concept of composite process decomposi-
tion in OWL-S process ontology. In this paper, we
explore how to use the SHOP2 HTN planning sys-
tem[4,5] to do automatic composition of OWL-S Web
Services.

In Section 2, we describe a sample scenario for our
research. InSection 3, we give the background knowl-
edge about OWL-S process ontology and SHOP2. In
Section 5, we present our approach for automatic Web
Services composition. InSection 4, we describe why
we think HTN planning is suitable for Web Service
composition. InSection 6, we describe the implemen-
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lowing sequence of activities:

• a prescription for Relafen, an anti-inflammatory
drug;

• an MRI scan and an electromyography, both of
these are diagnostic tests to try to determine possible
causes for the symptoms;

• a follow-up appointment with the physician to dis-
cuss the results of the diagnostic tests.

Bill and Joan need to do the following things for
their mother:

• fill the prescription at a pharmacy;
• make appointments to take their mother to the two

treatments;
• make an appointment for the doctor’s follow-up

meeting.

For the three appointment times, there are the fol-
lowing preferences and constraints:

• For the two treatments:
◦ Bill and Joan would prefer two appointment times

that are close together scheduled at one or two
nearby places, so that only one person needs to
drive, and that person drives only once.

◦ Otherwise, they would prefer two appointment
times on different days, so that each person needs
to drive once.

• The appointment time for doctor’s follow-up check
must be later that the appointment times for the two

• the
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ation. InSection 7, we discuss the challenges and d
ulties of using planning for composing Web Servi
n Semantic Web. InSection 8, we summarize som
elated work. And finally, inSection 9, we conclude
ur work and present some future research direct
hroughout this paper, we use the example we
cribed inSection 2to illustrate our approach. But o
ork is designed to be domain-independent and is

estricted to this example.

. Motivating example

The example we describe here is based loose
scenario described in the Scientific American ar
bout the Semantic Web[6]. Suppose Bill and Joan
other goes to her physician complaining of pain

ingling in her legs and the physician proposes the
treatments.
An appointment time must fit the schedule of
person that will drive to the appointment.

Assume that there are the requisite Web Service
nding appointment times and making appointmen
he relevant clinics, Bill and Joan could use those
ices to schedule their mother’s appointments. It wo
e difficult for Bill and Joan to finish their task with
ptimal plan by consulting the Web Services manu
ecause:

They may have to try every available pair of close
pointment times at any two nearby treatment cen
in order to find one that fits their schedules.
Furthermore, if they first choose an appointm
time for one treatment and then find they hav
use this same time for the other treatment, then
will have to reschedule the first appointment.



E. Sirin et al. / Web Semantics: Science, Services and Agents on the World Wide Web 1 (2004) 377–396 379

Instead, suppose we use the OWL-S process ontol-
ogy to encode a description of how to use Web Services
to accomplish tasks such as the one faced by Bill and
Joan. If we have an automated system which can find
an execution path based on these predefined task de-
compositions, then we can perform Bill and Joan’s Web
Services composition task automatically.

3. Background

3.1. OWL-S

In the OWL-S process ontology, operations are
modeled as processes. There are three kinds of

processes:atomicprocesses,compositeprocesses and
simpleprocesses. In OWL-S, anatomic process is a
model of a “single step” (from the point of view of
the client) Web Service that is directly executed to ac-
complish some task. Executing anatomicprocess con-
sists of calling the corresponding Web-accessible pro-
gram with its input parameters bound to particular val-
u eb
S
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a trol
c :
q ,
R
A om-
p e). It
i pro-
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c -step
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(conditional)outputsand (conditional)effects. Precon-
ditionsspecify things that must be true of the world in
order for an agent to execute a service.Effectschar-
acterize the physical side-effects that execution of a
Web-Service has on the world.InputsandOutputscor-
respond to knowledge preconditions and effects. That
is, necessary states of our knowledge base before ex-
ecution and modifications to our knowledge base as a
result of the execution. Note that not all services have
significant side-effects, in particular, services that are
strictly information-providing do not. Here is part of the
OWL-S (Version 0.9) definition of an atomic process
called PharmacyLocator used in our treatment schedul-
ing example:

The process model of a compound Web Service in-
cludes the designation of the top-level composite pro-
cess corresponding to that service plus a decomposition
of that composite process into a structured collection
of (perhaps further decomposed) subprocesses.2 Web
Services composition is sometimes thought of as the
p ruc-
t bse-
q sses
a ke
c s
d gle
s Web
S ro-
c some
t

3

sys-
t 14

has a
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es. Acompositeprocess represents a compound W
ervice, i.e., it can be decomposed into otheratomic,
impleor compositeprocesses. The decomposition
compositeprocess is specified through its con

onstructs. The set of control constructs includesSe-
uence, Unordered, Choice, If–Then–Else, Iterate
epeat-Until, Repeat-While, SplitandSplit + Join.
simple process is an abstraction of an atomic or c

osite process (or of a possibly empty set of thes
s not considered to be directly executable, but
ides an abstract view of an action. Like atomic p
esses, simple processes are, themselves, single
ut unlike atomic processes, it’s possible to pee
he internal structure of a simple process (if availa
r to replace the simple process with an expan
f it.

In the process ontology, each process has se
roperties, including, (optional)input, preconditions,
,

rocess of generating a (potentially) complexly st
ured composite process description which is su
uently executed. On this model, composite proce
re theoutputof composition. In this paper, we ta
omposite processes asinput to a planner, that is, a
escriptions ofhow to compose a sequence of sin
tep actions. Thus, for us, the goal of automated
ervices composition is find a collection of atomic p
esses instances which form an execution path for
op-level composite process.

.2. SHOP2

SHOP2 is a domain-independent HTN planning
em, which won one of the top four awards out of the

2 Here, we assume that a compound Web Service always
omplete decomposition bottoming out in atomic processes. S
omposite process isexecutable.
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planners that competed in the 2002 International Plan-
ning Competition. HTN planning is an AI planning
methodology that creates plans by task decomposition.
HTN planners differ from classical AI planners in what
they plan for, and how they plan for it. The objective
of an HTN planner is to produce a sequence of actions
that perform some activity or task. The description of a
planning domain includes a set of operators similar to
those of classical planning, and also a set of methods,
each of which is a prescription for how to decompose
a task into subtasks. Planning proceeds by using meth-
ods to decompose tasks recursively into smaller and
smaller subtasks, until the planner reaches primitive
tasks that can be performed directly using the planning
operators.

One difference between SHOP2 and most other
HTN planning systems is that SHOP2 plans for tasks in
the same order that they will later be executed. Planning
for tasks in the order that those tasks will be performed
makes it possible to know the current state of the world
at each step in the planning process, which makes it
possible for SHOP2’s precondition-evaluation mecha-
nism to incorporate significant reasoning power and the
ability to call external programs. This makes SHOP2
ideal as a basis for integrating planning with external
information sources, including Web based ones.

In order to do planning in a given planning domain,
SHOP2 needs to be given knowledge about that do-
main. A SHOP2 knowledge base consists of operators
and methods (plus, various non-action related facts and
a eds
t each
m task
i
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p
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•
• in-
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r’s

The expressivity of SHOP2 preconditions and ef-
fects are similar to those found in Planning Domain
Definition Language (PDDL)[7]. Preconditions con-
tain logical atoms with variables that are either defined
in h or existentially quantified. Logical atoms can be
combined using the logical connectives such as con-
junction, disjunction, negation, implication and uni-
versal quantification.Add andDel lists are generally
defined to be a conjunction of logical atoms but con-
ditional expressions and universally quantified expres-
sions can also be used.

Definition2 (Method). A SHOP2 method is an expres-
sion of the form (h(v→) Pre1 T1 Pre2T2 · · ·) where

• h(v→) is a compound task with a list of input param-
eters (v→).

• EachPrei is a precondition expression
• EachTi is a partially ordered set of subtasks.

The meaning of this is analogous to a conditional
expression: it tells SHOP2 that ifPre1 is satisfied then
T1 should be used, otherwise ifPre2 is satisfied then
T2 should be used, and so forth. A task list consists
of task atoms and other task lists. A task list can be
defined asorderedor unordered. The tasks in anor-
deredlist must be achieved sequentially whereas tasks
in anunorderedlist can be achieved in any order. Nest-
ing of orderedandunorderedtask lists can be used to
achieve more complex ordering restrictions. A task it-
s ither
p to
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t using
a atch
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p tely
f

ons
o tain
c bles.
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xioms). Each operator is a description of what ne
o be done to accomplish some primitive task, and
ethod tells how to decompose some compound

nto a set of partially ordered subtasks.

efinition 1 (Operator). A SHOP2 operator is an e
ression of the form (h(v→) Pre Del Add) where

h(v→) is a primitive task with a list of input param
etersv→.
Pre represents the operator’s preconditions.
Del represents the operator’s delete list which
cludes the list of things that will become false a
operator’s execution.
Addrepresents the operator’s add list which inclu
the list of things that will become true after operato
execution.
elf represents an activity to perform and may be e
rimitive or compound. A primitive task is supposed
e accomplished by a planning operator. A compo

ask needs to be decomposed into smaller tasks
method. There may be multiple methods that m
given task so SHOP2 will try each possible dec

osition and backtrack if the decomposition ultima
ails.

In addition to the usual logical atoms, preconditi
f SHOP2 methods and operators may also con
alls to external programs and assignments to varia
hese are useful for integrating planning with que

o information sources on the Web. For example,
ollowing expression

ssignv(call f t1t2 · · · tn)

ill bind the variable symbolv with the result of calling
xternal proceduref with argumentst1t2 · · · tn.
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Definition 3 (Planning problem). A planning problem
for SHOP2 is a triple (S, T, D), whereS is initial state,
T is a task list, andD is a domain description. By tak-
ing (S, T, D) as input, SHOP2 will return aplanP =
(p1p2· · ·pn), that is, a sequence of instantiated opera-
tors that will achieveT from S in D.

4. Why HTN planning is suitable for Web
Service composition?

There is a clear point where the composition as
planning and composition as building up, i.e., “com-
posing,” CompositeProcesses intersect: when the plan
itself is a CompositeProcess. This is always trivially
the case as a standard SHOP2 plan is a sequence of
operators. Furthermore, it is straightforward to extend
SHOP2 to generate conditional plans which begin to
look like moreinterestingCompositeProcesses. How-
ever, the generation of CompositeProcesses by plan-
ning is better viewed as thespecializationof prewrit-
ten CompositeProcesses than the authoring of complex,
entirely novel programs.

There are several ways in which the HTN approach
is promising for service composition:

• HTN encourages modularity. Methods can be writ-
ten without consideration of how its subtasks will
decompose or what compound tasks it decomposes.
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• Some HTN planners (e.g., SHOP2) support com-
plex precondition reasoning, and even the evaluation
of arbitrary code at plan time. These features make
it straightforward to, integrate existing knowledge
bases on the Semantic Web as well as the informa-
tion supplying Web Services.

• HTN planning provides natural places for human
intervention at plan time. The two obvious examples
are first, that in preconditions, a code or service call
can query a person for special input, and second,
if the planner hits a point where it cannot continue
de composition, it can request a decomposition of
that step from another person, or even a software
agent.3

5. From OWL-S to SHOP2

The execution of an atomic process is a call to the
corresponding Web accessible program with its input
parameters instantiated.4 The execution of a compos-
ite process ultimately consists in the execution of a
collection of specific atomic processes. Instead of di-
rectly executing the composite process as a program
on an OWL-S interpreter, we can treat the composite
process as specification for how to compose a sequence
of atomic process executions. In this section, we will
show how to encode a composite process composition
problem as a SHOP2 planning problem, so SHOP2 can
be used with OWL-S Web Services descriptions to au-
t ices
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The method author is encouraged to focus on
particular level of decomposition at hand.
This modularity fits in well with Web Service
Methods correspond torecursively composab
workflows. These workflows can come from dive
independent sources and then integrated by the
ner to produce situation specific, instantiated w
flows.
Since the planner considers the entire execution
it has opportunities to minimize various sorts of f
ures or costs. Most obviously, if the planner find
plan, one knows that the top level task is achiev
with the resources at hand. If the granularity of
services is large enough then it can be consider
easier for a human being to inspect and unders
the plan.
HTN planning scales well to large numbers of me
ods and operators.
omatically generate a composition of Web Serv
alls.

.1. Encoding OWL-S process models as SHOP2
omains

In this section, we introduce an algorithm for tra
ating a collection of OWL-S process modelsK into

SHOP2 domainD. In our translation, we make t
ollowing assumption:

ssumption 1. Given a collection of OWL-S proce
odelsK = {K1, K2, . . ., Kn}, we assume:

3 For example, the HiCAP[8] system employed SHOP as a co
onent of a mixed initiative system.

4 Here, we assume that before the execution of an atomic
ess the preconditions for executing the atomic process have
atisfied.
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• All atomic processes defined inK can either have ef-
fects or outputs, but not both. According to the situa-
tion calculus based semantics of OWL-S[9], outputs
characterize knowledge effects of executing Web
Services andeffectscharacterize physical effects for
executing Web Services. An atomic process with
only outputs models a strictly information-providing
Web Service. And an atomic process with only ef-
fects models a world-altering Web Service. In gen-
eral, we do not want to actually affect the world dur-
ing planning. However, we do want to gather certain
information from information-providing Web Ser-
vices, which entails executing them at plan time. To
enable information gathering from Web Services at
planning time, we require that the atomic processes
to be either exclusively information-providing or ex-
clusively world-altering.

• There is no composite process inK with OWL-S’s
Split andSplit + Join control constructs. SHOP2
currently does not handle concurrency. Therefore in
our translation, we only consider OWL-S process
models that have no composite process usingSplit
andSplit + Join control construct. We also assume
only a non-concurrent interpretation ofUnordered
(as permitted by OWL-S). We intend to address how
to extend SHOP2 to handle concurrency in the future
work.

We encode a collection of OWL-S process defini-
tionsK into a SHOP2 domainD as follows:

• e
ts of

• e
lude

•
eth-
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O ef-
f
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n

5.1.1. Translate-atomic-process-effect (Q)
Input: a OWL-S definitionQ of an atomic process

A with only effects.
Output: a SHOP2 operatorO.
Procedure:

(1) v→ = the list of input parameters defined forA in
Q.

(2) Pre= conjunct of all preconditions ofA, as defined
in Q.

(3) Add = collection of all positive effects ofA, as
defined inQ.

(4) Del = collection of all negative effects ofA, as
defined inQ.

(5) ReturnO = (A(v→) Pre Del Add).

The above algorithm translates each atomic OWL-S
definition into a SHOP2 operator that will simulate the
effects of a world-altering Web Service by changing
its local state via an operator. Such Web Services will
never be executed at planning time, for obvious reasons.

The following algorithm shows how to translate a
OWL-S definition of an atomic process with only out-
puts into a SHOP2 operator.

5.1.2. Translate-atomic-process-output (Q)
Input: a OWL-S definitionQ of an atomic process

A with only outputs.
Output: a SHOP2 operatorO.
Procedure:

(

(
he
r
l to

(
(
(

L-
S he
i n.
I is
e r for
t ing,”
t final
p

For each atomic process with effects inK, we encod
it as a SHOP2 operator that simulates the effec
the world-altering Web Service.
For each atomic process with output inK, we encod
it as a SHOP2 operator whose precondition inc
a call to the information-providing Web Service.
For each simple or composite process inK, we en-
code it as one or more SHOP2 methods. These m
ods will tell how to decompose an HTN task t
represents the simple or composite process.

The following algorithm shows how to translate
WL-S definition of an atomic process with only

ects into a SHOP2 operator.5

5 Conditional effects can be easily encoded into SHOP2 o
ors. Here, for simplicity, we assume that effects (and outputs
ot conditional.
1) v→ = the list of input parameters defined forA as
in Q.

2) Pre = a conjunct of all the preconditions ofA, as
defined inQ, plus one more pre condition of t
form (assigny (call MonitorA if)), where Monito
is a procedure which will handle SHOP2’s cal
Web Services.

3) Add= y.
4) Del = ∅.
5) ReturnO = (A(v→) Pre Del Add).

The above algorithm translates each atomic OW
definition into a SHOP2 operator that will call t

nformation-providing Web Service in its preconditio
n this way, the information-providing Web Service
xecuted during the planning process. The operato
hese atomic processes are entirely “book-keep
hus none of these operators will appear in the
lan.
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The following algorithm shows how to translate a
OWL-S definition of a simple process into SHOP2
method(s).

5.1.3. Translate-simple-process(Q)
Input: a OWL-S definitionQ of a simple processS.
Output: a collection of SHOP2 methodsM.
Procedure:

(1) v→ = the list of input parameters defined forSas
in Q.

(2) Pre= conjunct of all preconditions ofSas defined
in Q.

(3) (b1, . . ., bm) = the list of atomic and composite
processes that realizes or collapse intoSas defined
in Q.

(4) for i = 1, . . ., m.
• Mi = (S(v→) Pre bi).

(5) returnM = {M1, . . ., Mm}.

The following algorithm shows how to translate a
OWL-S definition of a composite process withSe-
quencecontrol construct into a SHOP2 method.

5.1.4. Translate-Sequence-Process(Q)
Input: a OWL-S definitionQof a composite process

C with Sequencecontrol construct.
Output: a SHOP2 methodM.
Procedure:

(1) (v→) = the list of input parameters defined forC

(

(

( ro-

(
(

te
a ith
I od.

5
ss

C

(1) v→ = the list of input parameters defined forC as
in Q.

(2) πif = conditions forIf as defined inQ.
(3) Pre1 = conjunct of all preconditions ofCas defined

in Q and�if .
(4) Pre2 is conjunct of all preconditions ofCas defined

in Q.
(5) b1 = process forThen as defined inQ.
(6) b2 = process forElseas defined inQ.
(7) ReturnM = (C(v→) Pre1 b1 Pre2 b2).

The following algorithm translates a OWL-S defini-
tion of a composite process withRepeat-Whilecontrol
construct into SHOP2 methods.

5.1.6. Translate-Repeat-While-Process(Q)
Input: a OWL-S definitionQof a composite process

C with Repeat-Whilecontrol construct.
Output: a collection of SHOP2 methodsM.
Procedure:

(1) v→ = the list of input parameters defined forC as
in Q.

(2) �while = conditions forWhile as defined inQ.
(3) Pre= conjunct of all preconditions ofC as defined

in Q.
(4) b1 = process forRepeatas defined inQ.
(5) M1=(C(v→) Pre C1(v→)).
(6) M2 = (C1(v→) πWhile (b1C1(v→) ∅ ∅).
(7) ReturnM = {M1, M2}.

o
c nd
t loop
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t the
s
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T plan
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ni-
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5
ss

C

as inQ.
2) πif = conjunct of all preconditions ofC as defined

in Q.
3) Pre1 =Sequencecontrol construct ofC as defined

in Q.
4) (b1, . . ., bm) = the sequence of component p

cesses ofB as defined inQ.
5) T = ordered task list of (b1, . . ., bm).
6) ReturnM = (C(v→) Pre T).

The following algorithm shows how to transla
OWL-S definition of a composite process w

f–Then–Elsecontrol construct into a SHOP2 meth

.1.5. Translate-If–Then–Else–Process(Q)
Input: a OWL-S definitionQof a composite proce

with If–Then–Elsecontrol construct.
Output: a SHOP2 methodM.
Procedure:
Note that M2 method definition has tw
ondition–task list pairs. The first condition a
ask list pair ensures that the process inside the
s iterated as long as the condition is true. W
his condition becomes false, SHOP2 will check
econd condition which is empty (denoted by∅) thus
lways true. The task list for this condition is a
mpty so nothing will be added to the resulting p
his second pair is just needed to make sure that
ill not fail when the loop condition becomes false
The following algorithm translates a OWL-S defi

ion of a composite process withRepeat-Until control
onstruct into SHOP2 methods.

.1.7. Translate-Repeat-Until-process(Q)
Input: a OWL-S definitionQof a composite proce

with Repeat-Until control construct.
Output: a collection of SHOP2 methodsM.
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Procedure:

(1) v→ = the list of input parameters defined forC as
in Q.

(2) πUntil = conditions forUntil as defined inQ.
(3) Pre= conjunct of all preconditions ofC as defined

in Q.
(4) b1 = process forRepeatas defined inQ.
(5) M1 = (C(v→) Pre C1(v→)).
(6) M2 = (C1(v→) (not(�Until)) (b1C1(v→) ∅ ∅).
(7) ReturnM = {M1, M2}.

The following algorithm translates a OWL-S defi-
nition of a composite process withChoicecontrol con-
struct into a collection of SHOP2 methods.

5.1.8. Translate-Choice-process(Q)
Input: a OWL-S definitionQof a composite process

C with Choicecontrol construct.
Output: a collection of SHOP2 methodsM.
Procedure:

(1) v→ = the list of input parameters defined forC as
in Q.

(2) Pre= conjunct of all preconditions ofC as defined
in Q.

(3) B =Choicecontrol construct ofC as defined inQ.
(4) (b1, . . ., bm) = the bag of component processes of

B as defined inQ.
(5) for i = 1, . . ., m.

→
(

fi-
n
c

5
ss

C

(

(

(

(4) (b1, . . ., bm) = the bag of component processes of
B as defined inQ.

(5) T = unordered task list of (b1, . . ., bm).
(6) ReturnM = (C(v→) Pre T).

The following algorithm translates a collection of
OWL-S process models into a SHOP2 domain.

5.1.10. Translate-Process-Model (K)
Input: a collection of OWL-S process modelsK.
Output: a SHOP2 domainD.
Procedure:

(1) D = ∅.
(2) For each atomic process definitionQ in K:

• If this atomic process has only outputs:
◦ O = TRANSLATE-ATOMIC-PROCESS-

OUTPUT (Q).
• If this atomic process has only effects:

◦ O = TRANSLATE-ATOMIC-PROCESS-
EFFECT (Q).

• Add O to D.
(3) For each simple process definitionQ in K:

• M = TRANSLATE-SIMPLE-PROCESS (Q).
• Add M to D.

(4) For each composite process definitionQ in K:
• If the process has aSequencecontrol construct

◦ M = TRANSLATE-Sequence-PROCESS
(Q).

• If the process has aIf–Then–Elsecontrol con-

S

-

S

t
-

(

• Mi = (C(v ) Pre bi).
6) returnM = {M1, . . ., Mm}.

The following algorithm translates a OWL-S de
ition of a composite process withUnordered control
onstruct into a SHOP2 method.

.1.9. Translate-Unordered-process(Q)
Input: a OWL-S definitionQof a composite proce

with Unordered control construct.
Output: a SHOP2 methodM.
Procedure:

1) v→ = the list of input parameters defined forC as
in Q.

2) Pre= conjunct of all preconditions ofC as defined
in Q.

3) B = Unordered control construct ofC as defined
in Q.
struct
◦ M = TRANSLATE-If–Then–Else-PROCES

(Q).
• If the process has aChoicecontrol construct

◦ M = TRANSLATE-Choice-PROCESS (Q)
• If the process has aRepeat-Whilecontrol con-

struct
◦ M = TRANSLATE-Repeat-While

PROCESS (Q).
• If the process has aRepeat-Until control con-

struct
◦ M = TRANSLATE-Repeat-Until-PROCES

(Q).
• If the process has aUnorderedcontrol construc

◦ M = TRANSLATE-Unordered
PROCESS(Q).

• Add M to D.
5) ReturnD.
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To keep the above pseudocode simple, we did not
specify the recursive translations within a composite
process, e.g., what happens if we have aSequenceof
If–Then–Else or further nestings? Our way for han-
dling this problem is to treat each control construct
within a composite process as a composite process.
For above example, in our translation, we will have
a SHOP2 method for the composite process withSe-
quencecontrol construct and a method for each nested
If–Then–Elsecontrol construct.

Also we did not explicitly describe how our algo-
rithm handles processes with dataflow specification. In
OWL-S, a composite process can specify that an out-
put of a composite process is equal to an output of
one of its subprocesses whenever the composite pro-
cess is instantiated. Also, for a composite process with
aSequencecontrol construct, one can specify that the
output of one subprocess is an input to another subpro-
cesses. SHOP2 does not have the concept of an output
and we simply treat outputs as knowledge effects. The
output results of a service are recorded in the current
state using a special predicate and by assigning a unique
number to each instance of a SHOP2 domain’s methods
and operators. The predicate (Output Instance Value)
indicates a method or operator instanceInstancehas
the valueValuefor the particular outputOutput.

The other aspect of the translation we omitted in the
algorithm is the translation of preconditions and ef-
fects. The current OWL-S specification (Version 1.0)
does not have a concrete syntax for precondition spec-
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Fig. 1. A subset of Golog constructs to create complex actions that
are relevant to OWL-S constructs.

functions and relations (fluents) relativized to a situa-
tions, e.g.,f(x,s). The functiondo(a,s) maps a situation
sand an actiona into a new situation. A situation is sim-
ply a history of the primitive actions performed from
an initial, distinguished situationS0.

Golog is a high-level logic programming language
based on the situation calculus, that enables the repre-
sentation of complex actions. It builds on top of the
situation calculus by providing a set of extralogical
constructs (Fig. 1) for assembling primitive actions,
defined in the situation calculus, into complex actions
that collectively comprise a program,δ. Given a do-
main theory,D and a Golog programδ, program exe-
cution must find a sequencea→, such thatD |= Do(δ,
S0, do(a→, S0)). Do(δ, S0, do(a→, S0)) denotes that
Golog programδ starting atS0 will legally terminate
in situationdo(a→, S0)) wheredo(a→, S0)) is used to
abbreviate the expressiondo(an, do(an−1, . . ., do(a1,
S0)). Thus,a1, . . ., an are the actions that realize Golog
programδ, starting in the initial situation,S0.

The semantics given in[9] and[12] maps an OWL-S
process to a Golog program where atomic processes in
OWL-S are mapped to primitive actions in Golog and
composite processes in OWL-S are mapped to corre-
sponding complex Golog actions. Using these seman-
tics, we can define the OWL-S service composition
problem as follows:

Definition 4 (OWL-S Service composition). Let K =
{K1, K2, . . ., Km} be a collection of OWLS process
m
b
i of
a
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p

Σ

fication. OWL-S 1.1 will support the description
he preconditions and effects of services using O
tatements with variables similar to atoms in the
antic Web Rule Language (SWRL). These atoms
e combined with logical connectives that are alre
upported in SHOP2. The translation of such exp
ions would be syntactically straight-forward but i
lso important to preserve the semantics of OWL
uch more challenging task (seeSection 7.1).

.2. Encoding OWL-S Web Services composition
roblem as SHOP2 planning problem

Narayanan and McIlraith[9] give a formal seman
ics for OWL-S in terms of the situation calculus[10]
nd Golog[11]. The situation calculus in a first-ord

anguage for reasoning about action and change. I
ituation calculus, the state of the world is describe
odels satisfying Assumption 1 (fromSection 5.1), C
e a possibly composite process defined inK, S0 be the

nitial state, andP = (p1, p2, . . ., pn) be a sequence
tomic processes defined inK. ThenP is a composition

or C with respect toK in S0 if in action theory, we ca
rove:

| = Do
(
δC, S0, do

(→
a , S0

))



386 E. Sirin et al. / Web Semantics: Science, Services and Agents on the World Wide Web 1 (2004) 377–396

where

• Σ is the axiomatization ofK andS0 as defined in
action theory;

• δC is the complex action defined forC as defined in
action theory;

• ai is the primitive action defined forpi as defined in
action theory;

Note that this definition is for offline planning, i.e.,
there is no execution of information-providing Web
Services during planning. This definition assumes that
the initial state contains the complete information for
the domain. In reality, this is not the case as we inter-
leave the execution of information-providing services
with the simulation of world-altering ones to complete
the information in the initial state. Information gath-
ering is done with respect to the initial state so the
planning process would yield the same results if all
the information-providing Web Services were executed
prior to planning. There are some conditions (similar
to the IRP assumption[12]) that needs to hold in order
to extend this theorem for interleaved execution. We
will discuss these conditions at the end of this section.

We will now prove that the plans SHOP2 finds for
the OWL-S service composition problem are equiva-
lent to the action sequences found in situation calculus.

of the

We will use the simplified version of SHOP2 algorithm
(Fig. 2) during the proof. Since Golog does not provide
anUnorderedconstruct we will not consider this con-
struct in our proof and in the SHOP2 algorithm we have
omitted the details related to unordered tasks. It is pos-
sible to defineUnorderedconstruct in ConGolog (Con-
current Golog)[13] which is an extension to Golog that
allows concurrent execution. But since SHOP2 does
not allow concurrent processes we cannot use this ex-
tension. Also note that in the original Golog formalism
complex actions are defined as macro definitions[11]
so complex actions do not have preconditions. In our
proof, we will show the correspondence to the original
Golog approach and assume that in the given OWL-S
process model only atomic processes have precondi-
tions.

Theorem 5. Let K = {K1, K2, . . ., Km} be a collec-
tion of OWL-S process models satisfying Assumption
1 (from Section 5.1), C be a possibly composite pro-
cess defined inK, S0 be the initial state, andP = (p1,
p2, . . ., pn) be a sequence of atomic processes defined
in K. Let D = TRANSLATE-PROCESS-MODEL (K).
ThenP is a composition forC with respect toK in S0
if P is a plan for planning problem (S0, MC, D) where
MC is the SHOP translation for processC.
Fig. 2. A simplified version
 SHOP2 planning procedure.
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PROOF. Before giving the proof we should note
that there is a representational difference between how
SHOP2 and situation calculus describes the state of the
world. SHOP2 represents state by a set of ground atoms
whereas in the situation calculus, the state of the world
is described by relations (fluents) relativized to a situ-
ation. For example,f(x→) is true at some point in the
planning process when that atom occurs in SHOP2’s
“state” (e.g., the set of ground atoms). In the situation
calculus, truth value for that relation is relative to a
specific situation argument, e.g.,f(x→, s). The changes
to the state in SHOP2 is done by adding or deleting
atoms from the state whereas situation calculus defines
successor state axioms to define the truth values for the
fluents in different situations. Apart from this repre-
sentational difference, there is an equivalence between
SHOP2 state and situations, e.g.,f(x→) is true in the
initial state of SHOP2 iff(x→, S0) is true in situation
calculus. Applying the effects of an operator will also
preserve this equivalence. It is easy to verify that the
truth value for the predicatef(x→) after applying the
effects of an operator will be equal to the truth value of
f(x→, do(a, s)) whena is the corresponding situation
calculus action and the starting states are equivalent. In
general, when the same sequence of actions/operators
are applied to a situation/state, the state of the world
in the final situation/state will be the same. Through-
out the proof, we will use this equivalence and use the
same name to denote world states in both notations
when the meaning is clear. The proof of the theorem is
b
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will have only one element, namelya→ = [a]. As seen
in line 9 of SHOP2 algorithm, the plan for a primitive
task will return the plan that includes the operator in-
stance when the preconditions of that operator are sat-
isfied (the recursive call will return empty list as there
are no more tasks in the list). Thus, the plan returned
by SHOP2 is[oA] which is equivalent to the situation
calculus result.
Inductive Step: We will do a case by case analysis

for each of the control constructs in the process model
to show that our translation and resulting plans SHOP2
finds are correct.
Choice: SupposeC is a composite OWL-S process

defined as aChoiceof two6 other processesC1 andC2.
The SHOP2 translation forC will yield two methods
M1 = (C ∅ MC1) andM2 = (C ∅ MC2). Note that the
SHOP2 methods have no preconditions (∅ is used for
preconditions) because we have assumed that compos-
ite processes cannot have preconditions. Correspond-
ing Golog program forC is δC = δC1|δC2 and the se-
mantics is defined as

The disjunction means anya→ that is a valid action
sequence for eitherδC1 or δC2 will also be a valid se-
quence forδC. From our hypothesis we know for each
action sequencea→ that satisfiesδC1 (or δC2) we have
a valid SHOP2 planPC1 (or PC2). The nondetermin-
istic choice in SHOP2 algorithm (line 11) shows that
when a plan is being sought forC, the solution for any
m
b OP2
i
w wer
i

-
c
a
m g
p is
d

of
t e

ce
o d
n

y induction. �

ypothesis. For a given OWL-S processC, P is a
lan for the planning problem (S0, MC, D) if Σ| =
o(δC, S0, do(a→, S0))) wherea→ = [a1, a2, . . .] is

he sequence of primitive actions in situation calcu
hat corresponds to the sequence of SHOP2 oper
n P.

Base Case: SupposeA is an atomic OWL-S proce
nda is the corresponding primitive action in situat
alculus andoA is the corresponding SHOP2 opera
hen in Golog it is defined that

It means when the preconditions for the proces
atisfied with respect to situations then the primitive
ction sequence we will get for this simple progr
atching method instance, in this caseM1 andM2, will
e returned as a result. This ensures that when SH

s asked to find all the plans forC, bothPC1 andPC2

ill be returned proving the equivalence to the ans
n situation calculus.
Sequence: SupposeC is a composite OWL-S pro

ess defined as aSequenceof two other processesC1
ndC2. The SHOP2 translation forC will yield one
ethodMC = (C ∅ (MC1 MC2)). Corresponding Golo
rogram forC is δC = δC1; δC2 and the semantics
efined as

Suppose that situations∗ represents a history
he action sequencea1

→. If the action sequenc

6 Golog choice operator| is defined for two operands. A choi
f more operands could be done by nested| operators which woul
ot effect our proof here.
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recorded between situationss∗ and s′ is a2
→ then

the final situations′ represents the concatenated se-
quencea→ = [a1

→, a2
→]. Calling SHOP2(s,MC1, D)

will return PC1 and from our hypothesis we know that
it is equivalent to the action sequencea1

→. We also
know that calling SHOP2(s∗, MC2, D) will return a
planPC2 that is equivalent to the action sequencea1

→.
SHOP2 algorithm shows that (line 14) when a task (in
this caseMC) is removed from the input task network
T, it is replaced with its sub-elements (in this caseMC1

andMC2). The tasks to solve are selected fromT in the
order they were added (line 3) so the resulting plan for
SHOP2(s, MC, D) will actually be the concatenation of
PC1 andPC2 which is equivalent to the sequencea1

→
If–Then–Else: SupposeC is a composite OWL-S

process defined with aIf–Then–Elsecontrol construct
and cond is the condition for the if statement,C1 is
the process in the then part andC2 is the process in
the else part. The SHOP2 translation forC will yield
one methodMC= (C condMC1∅ MC2). Corresponding
Golog program forC is δC = (if condthen δC1 elseδC2

endIf) and the semantics is defined as

The expressioncond[s] evaluates to true whenever
t
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translation to beMC = (C cond(C1 C) ∅ ∅). Corre-
sponding Golog program forC is δC = (while conddo
δC1 endWhile) and the semantics is defined as

This definition includes the nondeterministic iter-
ation operation * which has a second-order seman-
tics [11]. We will use the restricted version of Golog
as defined in[12] where the iterations has a limitk.
This restriction eliminates the problems caused by un-
limited looping and enables us to define a first-order
semantics.

Assume the iteration runsk times. Whenk = 0, the
above formula will simplify toDo(¬cond?,s, s′) which
returns an empty action sequence in situation calculus.
This new formula also implies conditioncondis false
in the initial situations. When SHOP2 is trying to solve
MC, sincecondis false the algorithm will choose (line
12) the second condition–task list pair (note that the
second condition inMC is∅ which is always true). The
second task list is∅ so SHOP2 will return an empty
plan as well. Supposea→ is a valid action sequence
for δC1. From our hypothesis we know for each ac-
tion sequencea→ that satisfiesδC1 we have a valid
SHOP2 planPC1. In the general case, whenk > 0,
the Golog formula becomesDo([cond?; (δC1)1; . . .;
cond?; (δC1)k;¬cond?],s, s′) hence the action sequence
will be [a1

→, . . . , ak
→]. Note that action sequence for
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he fluentcond is true in situations. Supposea1
→ is

he action sequence for the situationδC1 anda2
→ is

he action sequence for the situationδC2. If s satisfies
ondthen the result forδC will be a1

→ otherwise re
ult will be a2

→. From our hypothesis we know f
ny possiblea1

→ (or a2
→) we have a valid SHOP

lan PC1 (or PC2). When we call SHOP2(s, MC, D),
he algorithm will check the conditions in the meth
efinition (line 12),condand∅ in this translation. I
ond is satisfied algorithm returnsPC1 and otherwis
eturnsPC2 which is equivalent to the result in situati
alculus.
Repeat-While: SupposeC is a composite OWL-

rocess defined with aRepeat-Whilecontrol construc
ndcondis the condition for the while statement andC1

s the process in the loop body. As we have assu
hat composite processes do not have precondit
ithout losing generality, we can simplify the SHO
ach step of iteration may be different, for exam
henδC1 contains nondeterministic choices. We a
now that cond will be true in situationss, s1, . . ., sk−1
nd false in situationSk. When SHOP2 is searchi
plan forMC, the first condition (cond) will evalu-

te to true and SHOP2 will chose the first task
C1 C). Solving the first taskC1 will add P1 to the
lan and solving second taskC will recursively con-

inue untilcondfails. Since, initial states are equal a
lan prefixes are same,condwill not hold afterkth it-
ration. At this point, algorithm will chose the seco
ondition–task list pair (empty task list) which will co
lude the recursion and the plan returned will beP1,
. ., Pk]. At each step of the iteration we will have t
quivalent world states so the action sequenceai and
lanPi will be equivalent due to our hypothesis. The

ore, the final plan and the final action sequence wi
quivalent.
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Repeat-Until: The proof for this case will be very
similar to the above proof forRepeat-Whileconstruct.

Our proof did not include the effects of executing
information-providing services during planning. Infor-
mation gathering during planning is equivalent to the
Middle Ground execution (MG) for sensing actions in
the Golog approach[12]. In both cases, planning starts
with an incomplete initial state and executing sensing
actions adds new knowledge to the state. As long as
the information retrieved from the services does not
change over the course of planning, we would still have
the equivalence of world states in both representations
and it would be straight-forward to extend the proof for
this case.

The correctness of MG depends on the Invocation
and Reasonable Persistence (IRP) assumption[12]. In-
tuitively, IRP assumption says that (1) information-
providing services should be executable in the initial
state, and (2) information gathered from these services
cannot be changed by external or subsequent actions.
The first condition follows from the fact that informa-
tion gathering is done with respect to the initial state.
The second condition assumes no external source will
change the gathered information during the planning
process but also prohibits the planner from changing
the gathered information as well. This is to prevent
problems such as this one: in our example domain (see
Section 2), a Web Service is executed to get the avail-
able appointment times from a hospital. Then plan-
ner simulates scheduling an appointment at one of the
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• terminable (with finite computation);
• repeatable (with same result for the same call during

the planning process).

We also assume that the information that is returned
from different Web Services are disjoint, i.e., no two
services return the same information. These assump-
tions guarantee that gathered information can only be
changed by the actions planner simulates. Also there is
no way that this simulated change will be undone by
another information gathering step as long as we exe-
cute each information-providing Web Service at most
once. Note that we do not need to run the same service
twice since the information is guaranteed to be same
each time due to repeatability assumption.

One other thing to note is that, different from the
Golog approach, we do not allow the information-
providing services to appear in the final plan since our
translation methodology maps them to “book-keeping”
operators. However, this is just a style difference as
in the Golog approach a post-processing step is sug-
gested to find the world-altering services for the exe-
cution of the resulting plan. In some situations, it could
still be valuable to include the information-providing
services in the plan so a prudent action could ver-
ify if the information-providing services still return
same information. This could be easily achieved in
our system by changing theTRANSLATE-ATOMIC-
PROCESS-OUTPUTprocedure to generate a standard
o ans-
l
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vailable time slots. If the information-providing s
ice is executed again and the available appointm
imes (which have not yet been changed) are a
o the knowledge base then there would be a p
em because planner would be able to schedule an
ppointment in the same time slot. The IRP proh

he second step (changing the information retrie
o overcome this problem. This solution is certa
ery restrictive and obviously our example domain
lates this assumption. For this reason, our soluti

o prohibit the last step where the same informat
roviding service is executed more than once.

To establish the soundness and completeness o
pproach we have the following assumptions abou

nformation-providing Web Services:

executable (in the initial state with all paramet
grounded);
perator rather than a “book-keeping” operator (tr
ation rules for precondition and effect).

. Implementation

To realize our ideas, we started with an implem
ation of a OWL-S to SHOP2 translator. This transla
s a Java program that reads in a collection of OW
rocess definitions and outputs a SHOP2 domain
hown in the translation algorithm inSection 5.1, when
lanning for any problem in this domain, SHOP2 w
ctually call the information-providing Web Servic

o collect information while maintaining the ability
acktrack by merely simulating the effect of wor
ltering Web Services. The output of SHOP2 is a
uence of world-altering Web Services calls that
e subsequently executed.
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We built a monitor which handles SHOP2’s calls
to external information-providing Web Services dur-
ing planning (Fig. 3). We wrote a OWL-S Web Services
executor which communicates with SOAP based Web
Services described by OWL-S groundings to WSDL
descriptions of those Web Services. Upon SHOP2’s re-
quest, the monitor will call this OWL-S Web Services
executor to execute the corresponding Web Service.
Since the information-providing services are always
defined as atomic processes, the service is executed
by invoking the WSDL service in the grounding. The
monitor also caches the responses of the information-
providing Web Services to avoid invoking a Web Ser-
vice with same parameters more than once during plan-
ning. This will save the network communication times
and improve planning efficiency, and establishes the
repeatability condition required for proving SHOP2’s
soundness and completeness. Also information can
only be added into the current state if it has not been
changed by the planner. We assume that the cached in-
formation will not be changed by other agents during
planning and we will generalize this in our future work.

We also built a SHOP2 to OWL-S plan converter,
which will convert the plan produced by SHOP2 to
OWL-S format which can be directly executed by the
OWL-S executor.

stem A

We ran our scenario fromSection 2on this system.
In doing so:

• Our system communicated with real Web Services.
Unfortunately, the current Web Services available on
the Web have only WSDL descriptions without any
semantic mark-up. Therefore, we created OWL-S
mark-up for the WSDL descriptions of these online
ser vices. For some services it was necessary to cre-
ate even the WSDL description, e.g., for CVS Online
Pharmacy Store. It was not possible to use real ser-
vices for some of the ser vices either because none
was available as Web Services, e.g., a doctor’s agent
providing the patient’s prescription, or it was infea-
sible to use a real Web Service for the demo, e.g.,
making an appointment with a doctor each time the
program is executed. For these services, we imple-
mented Web Services to simulate these functionali-
ties.

• We built Web Services that allow the access to user’s
personal information sources. For example, it is nec-
essary to learn the user’s schedule to be able to gen-
erate a plan for the example task in our demo. It
is possible to get this information from the sources
available on the user’s machine such as a Personal
Information Manager like Microsoft’s Outlook. We
Fig. 3. Sy
 rchitecture.
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Fig. 4. Example running result.

have implemented “local” SOAP based services that
will retrieve this kind of information. WSDL and
OWL-S descriptions are also generated for these lo-
cal services so that they can be composed and ex-
ecuted in the same way as other remotely available
services.

Finally, some information gathering services were
implemented as direct Java calls from SHOP2 over a
Java/SHOP2 bridge. For example, we have a service
which asks the user for acceptable distances to the treat-
ment center by popping up a window on the user’s client
to accept input. Changing the data entered at this point
will possibly yield a different plan to be generated al-
lowing the planner produce custom plans depending on
personal preferences.

• We also encoded a description of how to compose
Web Services for tasks such as the one faced by Bill
and Joan in section 2 in OWL-S. The description is
given as a OWL-S composite process that is com-
posed of several other composite processes that are
defined as sequence, choice or unordered processes.
This OWL-S description constitutes the top level
composite process described inSection 5.1and is
translated into a SHOP2 domain for planning. We en-

code most of the constraints mentioned inSection 2
as Web Service preconditions. Right now, there is no
standard process modeling language for specifying
Web Service preconditions. Therefore, we directly
encode the Web Services preconditions in SHOP2
format.

Fig. 4shows the various components of the system7

and the results achieved from a sample run of the exam-
ple domain. The user starts with a simple user interface
where an OWL-S service description for any desired
task can be loaded. When the service description for
the example domain is selected, a form to enter the re-
quired parameters for the task is presented to the user.
This form is generated based on the ontologies used
to describe the input parameters of the service. The UI
will also automatically fill out some of the fields such
as the home address from a user specified knowledge
base.

Once all the input parameters are provided SHOP2
starts the planning process using the domain descrip-
tion obtained from the translation of the OWL-S files.
Note that the service selected in the UI is specified by

7 This system was demonstrated in the Developer’s Day of the
12th WWW conference in Budapest, Hungary.
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an “abstract” task list, that is, a set of tasks which can
be achieved in a variety of ways. In order to “execute”
(it would be better to say, “perform”, or “achieve”) this
service we must decompose these abstract tasks into
actions (services) that we can actually invoke. SHOP2
decomposes the top level task into smaller subtasks,
and of course there may be multiple different decom-
positions for any given task. For example, one decom-
position for the top level task yields a task to schedule
two appointments on the same day for the same per-
son whereas another decomposition will yield a task
to schedule two appointments on two different days
for two different drivers (seeSection 2for more infor-
mation on domain characteristics). Another example
abstract task is to find the availability of the prescribed
medicine in an online pharmacy store. A decomposi-
tion for this task will include all the different Web Ser-
vices for different online stores. These decompositions
are statically given in the OWL-S service descriptions
but one can imagine a more dynamic setting where a
Web Service repository is queried for possible decom-
positions.

The SHOP2 planner will execute the information-
providing Web Services to gather the necessary in-
formation for plan generation, e.g., get the available
appointment times from hospitals. Based on the col-
lected information the planner will, if possible, pro-
duce a plan that is a valid decomposition of the top
level task. This plan is simply a sequence of atomic,
directly executable Web Services such as “order the
m the
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7. Discussion

7.1. Using Semantic Web knowledge bases

SHOP2 represents the state of the world as a set
of ground logical atoms. SHOP2 uses axioms which
are generalized versions of Horn clauses to infer con-
ditions that are not explicitly asserted in the current
state. SHOP2’s theorem prover makes a closed-world
assumption. In contrast, Semantic Web, and particu-
larly OWL, has an open-world assumption. The infer-
ences in OWL are done with respect to the OWL Se-
mantics[14]. OWL DL species of the language can
be directly mapped to SHION (D) Description Logic
(DL) [15] which itself is a decidable subset of first-
order logic.

Unfortunately, it is not possible to directly ex-
press the semantics of OWL DL using SHOP2 ax-
ioms. Therefore using SHOP2’s theorem prover di-
rectly causes us to lose the inferencing capability nor-
mally an OWL reasoner possesses. Furthermore, the
size of the data involved in the planning process over
Semantic Web will be much bigger than the ones en-
countered in classical planning problems. The state of
the world consists of all the information coming from
ontologies either stored locally or found remotely on
the Web. Therefore, the theorem prover should be able
to work in Web scale, with thousands or maybe hun-
dreds of thousands of facts and axioms. SHOP2’s infer-
encing capabilities are not satisfactory for the expres-
s dge
b

em
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edicine from the online pharmacy store,” “make
ppointment in the hospital for the treatment,” and “
ate my personal calendar with the appointment in
ser has the option to view the details of the plan

ect the plan if desired, and re-plan with a new se
onstraints.

To test the effectiveness of our approach, we h
un SHOP2 on several instances of the example p
em. These problem instances varied from cases w
t was easy to schedule satisfactory appointments
ase in which no nearby treatment centers had t
ent time slots that were close together, so that
nd Joan would both have to drive Mom for tre
ents on separate days. In all of these cases, SH
as easily able to find the best possible solut
ig. 4 shows a snapshot of the running system

he interaction between different components of
ystem.
ivity and the scalability needed to deal with knowle
ases found on Semantic Web.

It is possible to completely replace the theor
rover SHOP2 uses with a new one. As long as

heorem proving is decidable and the theorem pr
s sound and complete then the soundness and
leteness of the planner is ensured. So, we can u
WL reasoner to reason about the state of the w
n this model, the state will be simply represente
n OWL knowledge base. The precondition chec

s equivalent to querying the knowledge base and
lying effects is equivalent to adding and deleting f

rom the knowledge base. If we restrict ourselves to
WL DL language then we can use sound and c
lete DL reasoners for this purpose. Also there e
L reasoners specialized to handle very large kn
dge bases[16]. Therefore, we can solve both the
ressivity and scalability problems.
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Using a DL reasoner inside SHOP2 planner brings
out some issues that classical planning theory has not
addressed thoroughly. In general, classical planners do
not let axiomatic inference at all or only allow a re-
stricted form of inference. For example, secondary re-
lations, relations whose values can be deduced from
other relations, are allowed to appear only in precondi-
tions but not in effects to avoid certain complications
[p. 42, 17]. Any property in OWL that is defined to have
an inverse property can be seen as a secondary relation
because the value for that property can be deduced from
its inverse property. Either the planner should not ac-
cept operator descriptions that use these properties in
effects or it should define the semantics associated with
it. The semantics may require that if a relation is in the
delete list and the property used in the relation has an
inverse property then the inverse relation will also be
deleted.

As an initial attempt to investigate the applicability
of the idea, we have incorporated the OWL DL reasoner
Pellet [18] into SHOP2. To avoid the problems men-
tioned above we have considered only a restricted set
of process definitions where preconditions and effects
consist of ABox expressions and effects do not men-
tion secondary relations. It was possible to represent
the process descriptions used in the example defined
in Section 2with these restrictions. Our initial obser-
vations showed that using a DL reasoner increased the
amount of time required for planning but overall plan-
ning time was still dominated by the time spent for re-
m ning
t sed
a the
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w ith
t cts
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ex-
c d-
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c ious
p t to
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tem we do not include any information-providing pro-
cesses in compositions. Furthermore, currently we do
not permit world-altering processes to be information-
providing, at least in the sense that they must have
no outputs. This simplification made the system fairly
easy to implement without substantial modification of
SHOP2.

However, mapping information-gathering processes
to so-called “book-keeping” operators is somewhat un-
aesthetic. In the translation algorithm we described, for
each atomic process that does not have any effects a
book-keeping operator is created with a precondition
that contains the external call to execute the service
and an effect to assert the output results as knowl-
edge effects. The book-keeping operator appears as a
subtask in the method definition that uses the result
of that service. But, these operators are treated spe-
cially by SHOP2 and they never appear in the resulting
plans.

It is also possible to directly encode the information-
providing operators in the preconditions of the calling
methods. The external call to service execution would
be put into the method’s precondition instead of the
intermediate book-keeping operator. The output of the
information-providing service would be stored in a lo-
cal variable using SHOP2’sassignfeature. We don’t
need to store results globally since by definition only
the enclosing process should be able to access the re-
sults of a subprocess. Using local variables proves to be
a more efficient way to handle outputs since the over-
a not
e

nse-
q de-
fi es.
W rep-
r does
n ess
o ob-
l ing
s sat-
i ing
p ute
t ng
s trying
t pting
a rm-
f g.
ote Web Service execution. Of course, the reaso
ime is related to the structures of the ontologies u
nd having very complex definitions could effect
easoner performance significantly. As a future w
e are continuing to investigate this in detail along w

he effects of allowing more expressive DL constru
n operator definitions.

.2. Information gathering during planning

There is a fundamental difference between
lusively information-providing and possibly worl
ltering atomic processes. We typically want to e
ute information-providing atomic processes at var
oints in the planning process, while we never wan
xecute world-altering ones. Contrariwise, at com
ition execution time, the primary interest is in the e
ution of world-altering processes. Indeed, in our
ll number of facts stored in the current state are
ffected by the information gathering services.

This different encoding technique has some co
uences. For example, normally it is possible to
ne preconditions for information-providing servic
hile the book-keeping operators can be used to

esent these conditions, the new encoding method
ot keep this information. As far as the correctn
f the plan is concerned, this is not really a pr

em. We can directly execute information-provid
ervices and if the precondition of that service is not
sfied the service will simply fail to execute. Check
reconditions is more efficient than trying to exec

he service. For typical public information-providi
ervices, there are no adverse consequences to
o execute the services. In a situation where attem
information Web Service call was expensive or ha

ul, we would have to fall back on our prior encodin
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Another issue related to the performance arises
when information gathering and world altering services
are used together inside sequences. For example, an in-
formation gathering service may be defined in between
two world altering actions. When this information pro-
viding service is encoded in the precondition of the
method it will be evaluated before both of the world
altering services. This will not effect the resulting plan
in any way but may have some impact on the perfor-
mance. If during planning process it turns out that the
first world altering action is not applicable in the cur-
rent state then the time spent to execute the information
gathering service is wasted.

So far we have only considered the cases where we
explicitly know which services will provide the infor-
mation needed for the given task. But actually infor-
mation gathering itself can be seen as another planning
problem[19]. As discussed in the previous section, pre-
condition checking is reduced to query answering on
Semantic Web. If the information required to answer
the query is not present then we can search for the
services who can supply the necessary data. This pro-
cess can be done as a goal oriented planning process
[19] and SHOP2 could call another planner for this
purpose. It is also possible that information provid-
ing services have a hierarchical structure similar to the
world altering ones. Then we can use SHOP2 recur-
sively to first generate a plan for information gather-
ing step, execute this plan to get the information and
then use this information to solve the initial planning
p
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Matskin and Rao[20] applies software synthesis
and composition methods to Web Services composi-
tion. Their work is based on similarities between Web
Service composition and component-based system de-
velopment in software engineering. They use OWL-S
for service descriptions and adopt Structural Synthesis
Program (SSP) method for automated service composi-
tion. Service composition is based on the input–output
information of services components and requires lit-
tle domain knowledge. This approach treats each ser-
vice as an atomic entity without inspecting the internal
process model and therefore lacks the ability to reason
about different decompositions in a composite process.

RETSINA [21] is an open multi-agent system that
provides infrastructure for different types of delib-
erative, goal directed agents. RETSINA system in-
cludes a planner based on the HTN planning paradigm.
The RETSINA planner also extends HTN planning by
adding interleaving of planning and execution which
basically allows the actions execute before a plan is
completely formed, similar to our approach. Paolucci
et al. [22] describes using RETSINA planner in the
context of creating autonomous Web Services that can
automatically interact with each other. However, au-
thors do not give details about how HTN planning is
employed in the system. It is not clear whether OWL-S
Process Model was used or planning domain was given
a priori to the planner agent. For this reason, we cannot
make a comparison with our approach.
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. Related work

McIlarith and coworkers[9,12] proposed an ap
roach to building agent technology based on the

ion of generic procedures and customizing user
traints. They adapt and extend the Golog lang
o enable programs that are generic, customizable
sable in the context of the Web. They augment a C
olog interpreter that combines online execution

nformation-providing services with offline simulati
f world altering services. Our approach is very sim

o this. A general logic-based system has the abili
o arbitrary reasoning about the theory but in gen
e suspect that a logic based approach will not b
fficient as an HTN planner.
. Conclusion

In this paper, we have defined a translation f
WL-S process models to the SHOP2 domains,

rom OWL-S composition tasks to SHOP2 plann
roblems. We have described our implemented

em which performs this translation, uses an exten
HOP2 implementation to plan with and over the tra

ated domain, and then executes the resulting plan
he process of defining the translation and building
ystem, we observed that:

In our current approach, the planner always exec
output producing actions as it plans. While thi
fine for many situations, it may not always be
propriate. For example, the execution of some W
Services may take a very long time. It would be be
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if the planner could continue to plan while waiting
for this information.

• In our paper, we assume that all effects are physical.
In complex situations, there may be other changes,
such as in the mental states of the agents involved,
that are not modeled. We will explore this problem
in our future work.

• Information providing (whether exclusively so, or
not) is likely to be a significant fraction of the avail-
able and salient Web Services. Many Web contexts
seem to beinformation rich but action poor. In
such environments, we would want to reconsider
the strict partition of services into exclusively in-
formation providing and output free. For example,
world-altering services with outputs might supply
information needed to decide subsequent courses of
action. Clearly, such a service should not be exe-
cuted at planning time, which suggests that we will
need to investigate generating conditional plans by
SHOP2 style HTN planning.

Conditional plans will also help mitigate the con-
straint on information change during planning. Cur-
rently, both for theoretical and practical reasons, we
only execute an information providing process once
during planning for any given input, and subsequently
retrieve a cached result. Given SHOP’s speed, this is
not that unreasonable a restriction for many cases, but
conditional plans would permit planning for various
contingencies.

rding
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gested, in conversation, that simple processes were
intended to sup port HTN planning, we found them
neither necessary, nor convenient, nor useful. In part,
their lack of a clear semantics, particularly with
regard to the relationship of their inputs, outputs,
preconditions, and effects to those of their corre-
sponding atomic or composite processes. Further-
more, while the language of the technical overview
[3] suggests that a given simple process can be a view
of one atomic process or one composite process,
but not both, neither the language nor the ontology
actually require this restriction. We speculated that
this would make simple processes useful for speci-
fying a range of alternative composition paths, but it
was not clear that this was really more convenient
(for our purposes) than using theChoice control
construct.
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