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Abstract: Web service composition has quickly become a key area of research in the services oriented architecture com-
munity. One of the challenges in composition is the existence of heterogeneities across independently created
and autonomously managed Web service requesters and Web service providers. Previous work in this area
either involved significant human effort or in cases of the efforts seeking to provide largely automated ap-
proaches, overlooked the problem of data heterogeneities, resulting in partial solutions that would not support
executable workflow for real-world problems. In this paper, we present a planning-based approach to solve
both the process heterogeneity and data heterogeneity problems. Our system successfully outputs a BPEL file
which correctly solves a non-trivial real-world problem in the 2006 SWS Challenge.

1 INTRODUCTION

Web services are software systems designed to sup-
port interoperable machine-to-machine interactions
over a network. They are the preferred standards-
based way to realize Service Oriented Architecture
(SOA) computing. A problem that has seen much in-
terest from the research community is that of auto-
mated composition (i.e., without human involvement)
of Web services. The ultimate goal is to realize Web
service compositions or Web processes by leveraging
the functionality of autonomously created services.
While SOAs loosely coupling approach is appealing,
it inevitably brings the challenge of heterogeneities
across these independently developed services. Two
key types of heterogeneities are those related to data
and process. It is necessary and critical to overcome
both types of these heterogeneities in order to orga-
nize autonomously created Web services into a pro-
cess to aggregate their power.

Previous efforts related to Web service compo-
sition considered various approaches, and have in-
cluded use of HTN (Sirin et al., 2004), Golog
(Narayanan and Mcilraith, 2002), classic AI planning
(Rao et al., 2006), rule-based planning (Ponnekanti
and Fox, 2001) model checking (Traverso and Pis-

tore, 2004), theorem proving (Rao et al., 2004) etc.
Some solutions involve too much human effort; some
overlook the problem of data heterogeneities. Over-
coming both process and data heterogeneities is the
key to automatic generation of executable process.‘

The way to measure the flexibility of a solution is
to see how much human effort is needed if the sce-
nario is changed. Our solution involves minimal hu-
man effort. Only the specification of the task, i.e., ini-
tial state and goal state of the task, has to be changed.
We are assuming that all Web services are already se-
mantically annotated.

In our solution, we extend GraphPlan(Russell and
Norvig, 2003), an AI planning algorithm, to automat-
ically generate the control flow of a Web process. Our
extension is that besides the preconditions and effects
of operations, we also take into consideration in the
planning algorithm the structure and semantics of the
input and output messages. This extension reduces
the search space and eliminates plans containing op-
erations with incompatible messages. Our approach
for the problem of data heterogeneities is a data me-
diator which may be embedded in the middleware or
an externalized Web service. Let us say that message
M1 need to be converted into message M2 since they
have different structure and/or semantics. The data
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Figure 1: SWS Challenge Scenario.

automation. Also this work, unlike ours does not con-
sider the input/output message schema when gener-
ating the plan, though their system does give alert
of missing message to the users. This is important
because an operation’s precondition may be satisfied
even when there is no suitable data for its input mes-
sage. Another limitation of their work is that the
only workflow pattern their system can generate is se-
quence, although the composite process may contain
other patterns. As the reader may observe from the
motivation scenario, other patterns such as loops are
also frequently used.

Duan et al. (Duan et al., 2004) discuss using the
pre and post-conditions of actions to do automatic
synthesis of Web services. This is initiated by find-
ing a backbone path. One weakness of their work
is the assumption that task predicates are associated
with ranks (positive integers). Their algorithm gives
priority to the tasks with higher rank. However, this
is clearly invalid if the Web services are developed by
independent organizations, which is the common case
and the main reason leading to heterogeneities.

Pistore et al. (Pistore et al., 2005) propose
an approach to planning using model checking.
They encode OWL-S process models as state tran-
sition systems and claim their approach can handle
non-determinism, partial observability, and complex
goals. However, their approach relies on the specifica-
tion of OWL-S process models, i.e., the users need to
specify the interaction between the operations. This
may not be a realistic requirement in a real world sce-

nario where multiple processes are implemented by
different vendors.

3 MOTIVATING SCENARIO

The 2006 SWS Challenge mediation scenario version
1 is a typical real-world problem where distributed or-
ganizations are trying to communicate with each oth-
ers . A customer (depicted on the left side of the fig-
ure) desires to purchase goods from a provider (de-
picted on the right side of the figure). The antic-
ipated process, i.e., the answer of this problem, is
depicted on the middle of the figure which should
be generated by a mediation system automatically.
Both process and data heterogeneities exist in this sce-
nario. For instance, from the point of view of the ser-
vice requester called Blue, placing an order is a one-
step job (send PO), while the service provider called
Moon, involves four operations (searchCustomer, cre-
ateNewOrder, addLineItem, and closeOrder). The
message schemas they use are not exactly the same.
For example, Blue uses fromRole to specify the part-
ner who wants to place an order, while Moon uses
billTo to mean the same thing. The structures of the
message schemas are also different. To make mat-
ters worse, an input message may involves informa-
tion from two or more output message, for example,
the operation addLineItem requires information from
the order request message by Blue and the newly cre-
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Figure 2: Business Process Levels.

Definition 1 satisfy: (si,sopk)→{T,F}
This function maps to T (in such case, si satisfies sopk
and is written as: si× sopk) if and only if:

• ε(Pre(sopk),SSF(si)) = True, where ε( f ,v) is an
evaluation of formula f based on the truth values
in v.

• (Onto∪ SDT (si)) � in(sopk) , where Onto is the
ontology schema for semantic data types.

That is, the precondition of sopk holds based on the
truth values of the status flags in state si, and the
semantic data types of si together with the ontology
schema entails the input of sopk. For example, the
following state satisfy the operation sop3 in table 1:

<{orderComplete = True,orderClosed =
False},{ontology1#OrderID(Msgx}>

Here the semantic data type OrderID comes from an
output message of any previous operation, or the ini-
tial message of the Semantic Template, so we put
Msgx in the above example.

Apply operator is a function mapping an ex-
tended state si and a semantic operation sopk to a new
extended state s j. Formally this is defined as

Definition 2 apply: (si,sopk)→ s j
Alternatively, we write si + sopk → s j This operator
does the transition both on status flags and semantic
data types.
• For status flags:

∀s f ∈ positive(e f f (sopk)),value(s f ,s j) = True
∀s f ∈ negative(e f f (sopk)),value(s f ,s j) = False

∀s f ∈ (e f f (sopk)),s f (s j) = s f (si)

That is, a status flag in the positive effects is true
in s j, a status flag in the negative effects is false in
s j, while any status flag in si but not in the effect
is assumed to be unchanged in s j.
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sop sop1 sop2 sop3
op CreateNewOrder AddLineItem CloseOrder
in CustomerID LineItemEntry,Order OrderID)

out OrderID AddItemResult ConfirmedOrder
pre orderComplete ∧ orderClosed orderComplete ∧ orderClosed
eff negative:{orderComplete, orderClosed} positive:{orderComplete} positive: { orderClosed }

fault sop1fault sop2fault sop3fault

Table 2: Representation of Order Management System Web service.

Notation Explanation
SSF(s) The set of status flags of extended state s

Value(s) The truth value of a status flag sf in extended state s
SDT(s) The set of semantic data types of extended state s
in(sop) The input messages of semantic operation sop
pre(sop The output messages of semantic operation sop
eff(sop) The effect of semantic operation sop

positive(eff) The positive effects of eff
negative(eff) The negative effects of eff

• For semantic data types: SDT (s j) = SDT (si)∪
out(sopk) That is, the semantic data types (mem-
bership statements) in s j are the union of the se-
mantic data types in si and the output of sopk.

As an example, if we apply the operation sop3 in
1 to the state

<{orderComplete = True,orderClosed =
False},{ontology1#OrderID(Msgx)}>

we will get a new state:

<{orderComplete = True,orderClosed = True},{
ontology1#OrderID(Msgx),

ontology1#Con f irmedOrder(sop3OutMsg)}>

5.2 Composition of Semantic Web
Services

We consider a SWS composition problem as an AI
planning problem such that the semantic operation
template defines the initial state and the goal state
of the problem specification: Initial state is the
extended state at the beginning of the process. It is
defined by the precondition and initial message of the
semantic operation template ψ.

s0 = <ss f0(sopt), in(sopt)>

Goal state is a requirement of the extended state at
the end of the process. It is defined by the goal and
output of sopt.

goalstate = <gl(sopt),out(sopt)>

Composition of semantic Web services is a func-
tion

swsc : (sopt,SWSs)→ plan

Where,

• sopt is a semantic operation template.

• SWSs is the set of the semantic operations in the
semantic Web services.

• plan is a DAG (Directed Acyclic Graph) of opera-
tions. Every topological sort of the DAG (say one
of them is sop1,sop2, ,sopn) must conform to the
following restrictions:

– s0×<pre(sop1), in(sop1)>
– s0 + sop1 → s1

– si−1×<pre(sopi), in(si)>
– si−1 + sop1 → si

– sn×goalstate

That is, every topological sort of the plan must trans-
form the initial state into the goal state by conforming
to the satisfy and apply operators. Loops are gener-
ated in a post-process step that is explained at the of
subsection 5.3.

5.3 Planning for Process Mediation

AI planning is a way to generate a process automat-
ically based on the specification of a problem. Plan-
ners typically use techniques such as progression (or
forward state-space search), regression (or backward
state-space search), and partial-ordering. These tech-
niques attempt to use exploration methods such as
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Figure 3: System Architecture.

proposed a pattern-based approach for loop genera-
tion. It is based on the observation of frequently used
patterns of iterations. For example, in the motiva-
tion scenario, the order request includes multiple line
items (an array of line items) while the addLineItem
operation takes as input only one line item. It is obvi-
ous that the process needs to iterate all the line items
in the order request. We may extract the pattern as
follows. If an operation has an input message includ-
ing an element with semantic annotation SDTi and at-
tribute maxOccurs in XML Schema whose value is
1, while the matched (see satisfy operator) semantic
data type in the current state is from an output mes-
sage where the corresponding element in that message
has maxOccurs with value unbounded or greater than
1, then a loop is needed for this operation to iterate the
array. Our approach avoids the computationally hard
problem by restricting possible patterns of loops. The
limitation is that the patterns need to be identified and
put in the code beforehand.

6 IMPLEMENTATION AND
SYSTEM ARCHITECTURE

Figure 3 is the overview of our implemented system.
We implement the system in Java, and use Jena to
handle the ontology . We develop our SAWSDL API
(39, 2007) to parse Semantic Templates and annotated
Web service descriptions. We use IBM BPWS4J API
to generate BPEL, and run it on Oracle BPM engine.

7 CONCLUSIONS AND FUTURE
WORK

This paper presents an automatic approach for Web
service composition, while addressing the problem of
process heterogeneities and data heterogeneities by
using a planner and a data mediator. Specifically, an

extended GraphPlan algorithm is employed to gener-
ate a BPEL process (the currently supported workflow
patterns are sequence, AND-split and loop) based on
the task specification (Semantic Template) and candi-
date Web services described in SAWSDL. Data me-
diation can be handled by assignment activities in
the BPEL, or by a data mediator which may be em-
bedded in a middleware or an externalized Web ser-
vice. While the BPEL process is running, it calls
the data mediator to convert (and combine if neces-
sary) the available messages into the format of the
input message of an operation which is going to be
invoked. A context-based ranking algorithm is em-
ployed in the data mediator to select the best element
from the source messages if more than one element
has acceptable semantics for the target element. Our
experiment shows that our systems solved the prob-
lem in SWS challenge 2006 mediation scenario suc-
cessfully, which is a non-trivial challenging problem
that involves process and data heterogeneities. We
consider our approach to be highly flexible, since the
only thing a user need to change for a new scenario
is the task specification (Semantic Template). Our
future work includes supporting more workflow pat-
terns especially OR-Split, the propogation/scopes of
semantic data types in messages, and non-functional
semantics.
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Bäckström, C. and Sandewell, E., editors, Current
Trends in AI Planning: Proceedings of the 2nd Euro-
pean Workshop on Planning (EWSP-93), pages 1–5,
Vadstena, Sweeden. IOS Press (Amsterdam).

Duan, Z., Bernstein, A. J., Lewis, P. M., and Lu, S. (2004).
A model for abstract process specification, verifica-
tion and composition. In ICSOC, pages 232–241.

ICEIS 2007 - International Conference on Enterprise Information Systems

460



AUTOMATIC COMPOSITION OF SEMANTIC WEB SERVICES USING PROCESS MEDIATION

461


