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Abstract

We consider architectural properties required for sup-
porting automatic service composition. After defining com-
posable service architecture, we proceed to examine the
role of trust and reputation systems in such environment.
Based on the proposed infrastructure we give several op-
tions for achieving automatic service composition, under
the assumption that previously defined requirements are ar-
chitecturally supported. Finally we discuss the impact and
outlook of automatic composition.
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1. Introduction

Service Oriented Architectures (SOA) and Web Services
(WS) are present in the mainstream scientific and industrial
focus for many years. SOA promised advances in enterprise
integration, B2B interactions and novel ways to process
business workflows. However, industry is still using SOA
mainly inside an enterprise as a helper for integration of
different systems. Native WS capabilities are standardized:
communication (SOAP), description (WSDL) and discov-
ery (UDDI) [24]. Apart from that, WS architecture stack is
mainly empty, meaning unstandardized.

There are many additional WS-frameworks and specifi-
cations aspiring to become standards (WS-Addressing, WS-
Transactions, or WS-Coordination). What is not clear, how-
ever, is how they can or will cooperate with one another.
Each solution targets a specific problem not taking into ac-
count other requirements. What is currently missing is a
unification effort towards WS-Architecture [33]. One possi-
ble definition of a software architecture is [11]: A software
architecture is defined by a configuration of architectural el-
ements - components, connectors, and data - constrained in
their relationships in order to achieve a desired set of archi-
tectural properties.

Our goal is identification of key SOA elements and con-
straints required to support service composition, verifica-

tion of composition correctness and automatic composition.
Although remaining part of the paper focuses on Web ser-
vices as the most prominent SOA available today, proposed
methods are not limited to solving WS-specific issues only,
since they offer architectural approach for designing SOA
supporting automatic service composition property.

2. Related Work

Web service composition, as well as component com-
position in general, can be observed at two levels: com-
ponent (service) and architectural level. Our survey of the
composition proposals at the component level can be found
in [21]. At this level, it is discussed how to orchestrate or
choreograph services in different execution patterns using
solutions like BPEL [6, 10] and BPELJ [1], Web compo-
nent [35, 36], semantic Web and OWL-S [7, 16, 26], Petri
nets [15], and finite state machines [4, 5, 12]. General prob-
lem of ”industrial” approaches is lack of formal verifica-
tion mechanisms, while more ”academic” approaches are
not easily applied in real-word production and enterprise
frameworks and some face scalability problems. The issue
that has been rarely addressed at all is modeling of non-
functional properties.

Modeling service composability at the architectural level
is in its embryonic stage and has some roots in architecture
description languages (ADLs) [25], which are used to spec-
ify high-level compositional view of a software application.
ADL focuses on software generation out of deployed com-
ponents and offers state-transition semantics for analysis
and verification of application specification. However, it
has been noted [28] that new mission-critical and service-
oriented applications require additional properties, namely
trust anddependabilityanalysis.

3. Composable Service Architecture

Most of the composition approaches presented are con-
cerned with application level - how to facilitate construction
of complex applications from available Web services. We
form architectural foundation that enables not only creation



of new applications by the means of traditional program-
ming techniques, but also adds methods for verification of
composition correctness and automatic composition. The
basic elements ofcomposable service architectureare:

• Extended functional and non-functional (QoS) service
description

• Enhanced search capabilities compared to UDDI

• Formal methods for composition and verification of
composition correctness

• Distributed transaction management

• Distributed exception handling

• State management

Detailed description of one possible architectural solution
supporting these requirements is described in [22, 23, 20].
Here we present only the basic idea.

Extending service description is based on Design by
Contract paradigm [17]. We introduce an XML-based Con-
tract Definition Language that enables specification of rel-
evant functional and non-functional properties. Contract
does not describe service implementation (how a service op-
erates), but only semantics of its execution (what and under
which conditions it provides). The main contract elements
are pre-conditions, post-conditions and invariants. Pre-
conditions are associated with Web methods and describe
what a service expects from its clients. Post-conditions de-
scribe what a service will deliver in case pre-conditions are
met. Invariants describe static service properties. Contract
addresses other issues than connectivity (solved by Web
Service Description Language - WSDL), such as service
non-functional properties like dependability, security, real-
time, location, price.

Searching is closely coupled with extended service de-
scription. UDDI directories limit searching for services be-
longing to organizations. Organizations can be searched by
name, description (keywords) and classification. Only when
an organization has been found, can its services be further
searched. It is also possible to search using WSDL docu-
ment names. These limiting search possibilities present an
obstacle for industrial exploitation of Web services. Intro-
ducing extended service description enables richer search
options, e.g., a possible query would be to find all services
in the 1 km radius of the user’s current location that ac-
cept postscript documents and print them in color with 1200
dpi resolution, free of charge if a user can supply a security
credential of certain type. Besides being a clear advantage
compared to UDDI when searching for single services, the
ability to perform such complex queries is very important
when searching for adequate composition partners.

Based on the contract description a formal composition
framework is provided. One possibility is to model service
contracts as abstract machines [2]. An abstract machine is
characterized by statics (state variables) and dynamics (state
functions). Web methods are represented as functions that
change the service state. All functions are equipped with
formally defined pre-conditions, post-conditions and invari-
ants. Therefore, service has dual representation: XML con-
tract (transport over a network) and abstract machine (for-
mal reasoning). Service composition is then performed
by merging abstract machines using five basic composition
patterns (operators):

• Sequenceexecutes two or more services in a sequential
order.

• Choiceexecutes two or more services in parallel and
then non-deterministically chooses output of one and
only one of them.

• Parallel with communicationexecutes two or more ser-
vices concurrently, then performs a logical operation
on their outputs, and based on the operation result
chooses one of the outputs.

• Parallel without communicationexecutes two or more
services concurrently without any communication and
synchronization between them.

• Loopexecutes a service iteratively until an exit condi-
tion is met.

New services are constructed by applying different patterns
to existing services. After a new composed service has been
constructed, its correctness must be checked. The process
of correctness verification takes the following steps:

• Type checkingensures that all types are correctly de-
fined and that there is no infinite set inclusion in the
resulting abstract machine.

• Invariant preservationensures that composed invariant
is preserved by all new operations.

• Correct terminationensures that all operations will
terminate correctly (establish their post-conditions or
abort), and that all operations are feasible (will estab-
lish exactly one or none, but not any post-conditions).

The elements introduced allow us to define a compos-
able service architecture. It is defined as tupleA(E, O)
whereE is a set of initial (atomic) services, andO is a set
of composition operators. An operatoro ∈ O is a func-
tion that maps two (or more) services to a new service:o :
E×E×...E → E. Not all composed services are, however,
valid members of the architecture. Therefore we introduce
a functioncorrect : E × E × ...E × O → {true, false}.



Functioncorrect(e1, e2, ..en, o), wheree1...en ∈ E and
o ∈ O, is true if the composition of elementse1...en using
composition operatoro is correct, and returnsfalseother-
wise. The functioncorrect is calculated for the composite
elemente(e1, ..., en, o) in the following way (check(e) is
type checking,proof(e) is invariant preservation,trm(e)
is correct termination andfis(e) is feasibility):

correct(e) ⇐⇒ check(e) ∧ proof(e) ∧ trm(e) ∧ fis(e)

A composable service architecture supports composability
with respect to a correctness property. The traditional ap-
proach to composability works in the domain of elements
being composed. We transpose this into the domain of sys-
tem architecture which must guaranteesafetyproperty. The
safety property must be possessed by all elements of the ar-
chitecture. An architecture is then composable with respect
to a safety property if and only if it allows the composition
of elements having this property. That way we shift the fo-
cus from design of systems to design of architecture. Once
a composable architecture has been defined, systems can be
composed out of valid elements with safety guarantees.

In order to further support deployment and exploita-
tion of composed services, issues related to cooperative
execution of components in different containers must be
solved, namely transaction, exception and state manage-
ment. We implemented a distributed transaction manage-
ment scheme known assplit or open nestedtransaction
model [14, 19, 30]. In this model, one transaction can be
split into a number of subtransactions, that can commit in-
dependently. However, if one subtransaction aborts, others
that have already committed must compensate. Therefore,
for each Web method that can be involved in a transaction,
a service must provide a compensate method. This model
is well-suited for service architectures where it is expensive
to lock resources for the duration of the whole transaction,
and where transactions can take very long time to finish.

BPEL has an excellent solution for exception handling
which is essentially distributedtry...catch imple-
mented withinscopes. We augment it with generic excep-
tion wrappers enabling heterogenous components (throw-
ing platform-specific exceptions) to be included in excep-
tion handling chains.

Although Web services are inherently stateless, many of
them allow for the manipulation of the state, such as persist-
ing data into databases, file systems, or coordinating depen-
dent messages. There is ongoing debate in the community
whether Web services should or should not support state
management. One view is that Web services are not another
Object Request Broker architecture, and therefore should
have no notion of state [34], while the other view is that
state management plays the critical role in distributed com-
puting and as such must be addressed at the architectural
level [8]. The former point may be true at the fundamental

level of Web services (discovery, description, invocation),
but our position is that for the purpose of complex service
interactions the latter view is correct. A solution for state
management that we adopt is WS-Resource initiative [9].

4. Trust and Reputation Systems

Before proceeding to automatic composition, we inves-
tigate the notion oftrust in a composable service architec-
ture. Trust can be modeled at various levels: single services,
composition patterns and composite services and reputation
systems.

Solving trust at the level of a single service is relatively
simple: when a service is deployed to a directory, its con-
tract is verified for correctness. Publication of incorrect ser-
vices is forbidden. After verification is passed, it is assumed
that a service is correct and subsequent verification is per-
formed only when its contract changes. Therefore, all pub-
lished services are treated as correct themselves.

Dealing with composed services is a bit more compli-
cated. One way is to perform verification after each compo-
sition. However, there is another way. Suppose we have two
(or more) abstract machinesM1 andM2 representing Web
services and havingdistinct state variablesx1 andx2 and
invariantsI1 andI2. Let P1|S1 andP2|S2 be two methods
of these services, whereP |S denotes substitution (opera-
tion body)S performed under pre-conditionP (for details
see [20]). Let us suppose that both services are correct. That
means that, apart from other things, the following holds:

∀x1 · (I1 ∧ P1 ⇒ [S1]I1)

∀x2 · (I2 ∧ P2 ⇒ [S2]I2)

[S]I denotes substitutionS that preserves the invariantI.
Since we assumed thatx1 andx2 are independent:

∀(x1, x2) · (I1 ∧ I2 ∧ P1 ∧ P2 ⇒ [S1]I1 ∧ [S2]I2)

It can be shown [2] that following holds, if substitutions
S andT work on distinct (independent) state variables:

[S]P ∧ [T ]Q ⇒ [S||T ](P ∧Q)

where|| is multiple simple substitution, or essentially a par-
allel composition pattern. Since we assumed thatx1 andx2

are independent:

∀(x1, x2) · (I1 ∧ I2 ∧ P1 ∧ P2 ⇒ [S1||S2](I1 ∧ I2))

This gives us an important result: operation specified as
(P1∧P2)|(S1||S2) preserves the invariantI1∧I2. This sug-
gests a mechanism by which we couldcomposecorrect ab-
stract machine outM1 andM2: the new machine invariant
and pre-condition is calculated as conjunction of composed



machines’ invariants and pre-conditions, while substitution
(operation) is achieved by multiple substitution. It can also
be shown that any combination of operations specified with
other substitution (composition) constructs will also pre-
serveI1 ∧ I2. In this case, verification of the composed
machine is not necessary. It is enough that we know if start-
ing machines are correct and operatorssafe, that is, proved
to reestablish the invariant assuming correctness of starting
services. Why is this important? Instead of proving com-
plex invariant of the formI1∧I2...∧In it is enough to prove
that starting services are correct. If the services participat-
ing in the composition do not operate on independent vari-
ables (e.g., sequential composition), the above claim does
not hold and composite invariant must be proved.

This all works assuming that contract is a faithful rep-
resentation of underlying service. It should be noted, how-
ever, that we implicitly assumed that every service behaves
strictly according to its contract and have proved contract
correctness accordingly, but not actual service implementa-
tion correctness. This is, unfortunately, not entirely realistic
assumption. The real question is how far can we trust a ser-
vice contract? There are at least two cases where contract
does not represent underlying service accurately:

• Mistake/inexperience of service deployer causing pub-
lication of correct but misleading (inaccurate) contract.

• Intentional and malicious forging of contract causing
publication of malicious content under false contract.

Although some steps have been taken towards prov-
ing correctness of implementation with respect to for-
mal specification [18], both cases are still virtually un-
traceable and undetectable. Therefore, in order for
above discussion to be complete, a reputation system is
required to maintain robustness and decrease probabil-
ity of false/misleading/erroneous content being advertised
through otherwise correctly formed service contract. The
task of a reputation system is to keep track of submitted
requests and subsequent responses and to rank performed
operations according to several criteria:

• Did operation functionally succeed? Did return para-
meters match contract?

• Were there exceptions thrown in any scope up to the
scope of the caller?

• Did operation terminate (were there deadlocks)?

• Is operation feasible (does it produce uniform results)?

This ranking is maintained for single as well as for com-
posite services. When a single service ranks low, it is an
indication that either its contract is malformed, or that it has
implementation error. When a composite service ranks low,

reasons can be either on the side of service deployer (same
as for single services), or on the side of service composer
and consumer (specifying correct composition, but one that
does not match problem specification).

5. Automatic Composition

The true expected value of service oriented architectures
lies in business to business (B2B) interactions, where many
services belonging to different organizations cooperate in
solving complex tasks. The proposed framework addresses
one important need of such B2B interactions: verification of
composition correctness. However, another important need
is automatic composition of services.

The problem of automatic service composition can be
defined as follows: given the sets of available services
E and composition operatorsO, and target (goal) service
t /∈ E, find the compositione(e1, ..., en, o1, ..., om) where
e1, ..., en ∈ E ando1, ..., om ∈ O, such thatcorrect(e) =
true, ande ≡ t, wheret /∈ E. In other words, the task
of automatic composition for a given target (goal) servicet
is to find adequate composition based on available services
and operators that will produce a correct servicee equiva-
lent to t. We treat machine equivalency as syntax equiva-
lence only. Therefore two machines are equivalent if and
only if after renaming machine clauses (state variables and
operation names) we obtain two identical machines.

Now we have defined a state space (atomic services and
all correct composition of thereof), starting state (atomic
services), goal state (target service) and rules (composition
operators). We examine some properties of this problem,
based on which we decide on search strategies [27]. The
problem of automatic service composition is decomposable,
assuming that target service (machine) is correct. The prob-
lem universe is predictable, if trust is assumed. That means
that we always know what will be the result of applying
a certain rule (operator) to the current state (composition).
The rules application is recoverable, meaning that we can
go back if a certain search path is misleading, but we will
need to backtrack since rule application cannot just be ig-
nored: a part of a solution will have to be ”undone” or ”un-
composed”. Goal solution is absolute, assuming equality
of machines is defined. That means that we do not need to
compare multiple solutions. This is only true, however, if
an absolute solution can be found. Otherwise, suboptimal
solution can be negotiated. Rules are consistent, assuming
that composition operators are well defined and proved. Fi-
nally, we aim for a solution where no interaction with the
end user will be required.

Based on these observations, we formulate the follow-
ing search strategies: heuristic search of state space, prob-
abilistic automatic composition, automatic composition by
learning.



5.1. Heuristic search

It should be obvious that brute force search, where all
possible combinations of services and composition opera-
tors are explored until a composition matching the target is
found, is unrealistic because combinatorial explosion ren-
ders it non-practical. It is not so much a problem of number
of services, as of number of composition operators. The
fact that operators can be n-ary and that same service can
appear in a composition more than once further complicates
any kind of non-heuristic search.

Since the state space is already well defined, the main
problem is how to define a heuristic function, that is, how to
measure how ”close” one abstract machine is to another. It
is naturally assumed that from this point further only correct
compositions are taken into account (as defined by function
correct), therefore abandoning all search paths that are in-
correct with that respect.

We first implement two well-known ”weak” methods
that require no additional heuristics: depth-first search and
breadth-first search in which we systematically generate
correct compositions starting from available services and
operators. Both algorithms deteriorate rapidly with the ex-
pansion of state space, former with increasing number of
services and latter with increasing number of composition
operators. Therefore, some additional knowledge of the
problem domain is necessary. Introducing a simple heuris-
tic for abandoning a certain branch:

• If more states are generated that the target machine has,
abandon the branch since further application of com-
position operators can only increase or leave the num-
ber of states unchanged

• If composition operator is commutative and equivalent
branch has been explored, abandon the branch.

• If composition operator is associative, and one associ-
ation has been explored, ignore the branch with other
association.

• If composition operator is distributive, and either dis-
tributed or condensed formula has already been ap-
plied, ignore the branch with the other one.

This heuristics improves the performance, but has problems
if many composition operators are introduced, especially if
they arenotcommutative, associative or distributive. There-
fore, we introduce functionδ(s1, s2) that defines a distance
between two servicess1 ands2, and apply it as a heuristic
for AO* search.δ evaluates between 0 and 1, where 0 de-
notes machine equality, while 1 denotes that we are compar-
ing an empty machine. Metrics used can be simple number
of dimensions (variables) that machines differ in, but more
sophisticated schemes can be used where certain differen-
cies would be weighted more than the others. In each step

of AO* algorithm, functionf ′ is calculated for all generated
nodes:

f ′ = g(start, current) + δ(current, goal)

Functiong estimates cost of getting from initial state to
the current state. It can be a simple count of composition
operators applied (if we want to minimize operator usage),
but can also be more sophisticated by preferring certain
operators to another or using contract-specific information
(e.g., service price). By minimizing value off ′ in each step
of AO* algorithm, we are exploring branches that are more
probable and lead faster to the solution.

AO* provides good results, especially wheng has good
approximation. Otherwise (e.g., ifg is badly approximated
or equal to zero) its usefulness degrades.

5.2. Probabilistic search

Another possibility is to use probabilistic search in order
to reduce the number of branches explored. State space is
represented as weighted directed graph with vertices repre-
senting services, and edges representing composition oper-
ators (Figure 1). Each edge is assigned a probability that
a service from which an edge is originating will cooperate
with a service in which the edge is ending. The sum of all
outgoing weights for any node must be less or equal to one.
If it is equal to one all possible interactions for a given ser-
vice are known. Otherwise, we leave a possibility that other
service(s) may cooperate with a given one, with probability
of 1−∑k

i=1 wi, wherewi is weight of an outgoing edge.

A

B C D

0.2 || 0.1 ||

0.1 ||

0.3

0.05

0.7

Figure 1. Cooperation Graph

The probability of a branch with lengthk is calculated
by multiplying probabilities of edges building it:

P (Bk) =
k∏

i=1

wi

For example, if we are looking for sequential composi-
tions ending with serviceC from Figure 1, there are four



possible branches:A B C, A||B B C, A||B||D B C and
A||D B C, where || and B denote parallel and sequen-
tial composition respectively. Probabilities of identified
branches are 0.05, 0.06, 0.014 and 0.07, therefore a path
A||D B C is chosen.

This assumes, however, that events of choosing next co-
operating service are independent. In our example there
is no difference whether we arrived at nodeD from A or
B: nodeC will be subsequently picked with 0.7 probabil-
ity. Therefore we introduce causality by adding conditional
probabilities. AssumeA andB are two events, then:

P (AB) = P (A|B)P (B)
where P (A|B) denotes probability of eventA under

the assumption that eventB took place, whileP (AB) is
the probability that both events occurred. Furthermore, if
A1, ..., An are events, the following holds:

P (A1A2...An) =
P (A1)P (A2|A1)P (A3|A1A2)...P (An|A1A2...An−1)
Using these results we create additional conditional

probabilities in cooperation graph that describe causality
effect of choosing previous nodes. Let us assume that
P (D B C|A) = 0.1 and P (D B C|B) = 0.6, that is,
we now distinguish between casesD B C when we ar-
rive to D from A and fromB. Now P (A||D B C) =
P (A||D)P (D B C|A) = 0.01 and P (A||B||D B C) =
P (A||B)P (B||D)P (D B C|B) = 0.012. The most favor-
able path now changes toA||B B C. Using formula for
n-conditional events we could go deeper into the coopera-
tion graph. However adding even this one level of causality
provides a significant improvement compared to the graph
with independent probabilities.

By creating cooperation (probability) graphs, we exploit
implicit human knowledge of a state space properties, by as-
signing higher probabilities to combinations that are more
likely to work out together. For example, a stock ticker
service is more likely to cooperate with a stock trading
or a printing service than with a book searching service,
although all combinations are functionally possible. The
usability of this approach depends almost entirely on the
way initial probabilities are assigned. Therefore we try to
make it more flexible by allowing probabilities to change
over time. In an adaptive process, probabilities of branches
(compositions) that are used more frequently are increased
and vice versa. This change is made for all edges in a
branch, while assuring that sum of all edges originating
from any node in a branch does not exceed 1.

5.3. Automatic Composition by Learning

The method of adaptive conditional probabilities works
good when either starting probabilities have favorable ap-

proximation or the weighted graph quickly converges to-
wards optimal. When neither of these conditions are met,
e.g., when nature of the requests changes frequently over
time, AO* approach achieves better results. Another possi-
ble approach for relatively stable environments (one where
requests can be at least classified or typed) is learning-based
composition.

In a learning-based automatic composition a system is
presented a target abstract machinet and then demonstrated
a solutions (possible composition), which is afterwards
persisted in a directory. A system is then presented with
a set of all possible target machines{t1, ..., tn} such that
∀m ∈ {t1, ..., tn}|δ(t, m) = 1 and demonstrated a set of
solutions{s1, ..., sn}. This completes a 1-distance training.
If a system is then presented with a 2-distance target ma-
chined (δ(t, d) = 2), the solution is obtained as follows:

1. Create all combinations of 1-distance solutions
{s1, ..., sn} × {s1, ..., sn} and see if they matchd.

2. If any matchesd exit, else start substitution.

(a) For each element of newly generated solution set,
consult service hierarchy and substitute one ser-
vice at a time in each composition.

(b) Revalidate solution.

(c) If new solution matchesd exit, else continue
with substitution until all elements in all solu-
tions have been substituted.

3. No solution has been found, proceed to AO* search,
not considering branches already visited.

This approach can be extended to n-distance targets,
by iteratively including(k + 1)-distance solutions, where
k = 1, 2, ..., p, andp is the depth to which we want to per-
form training. The key idea is that by combining 1-distance
solutions, 2-distance targets can be reached quickly. Ob-
viously this cannot be proved, therefore a process of ad-
ditional substitution is introduced. It is based on service
hierarchy that is developed from classification information
provided in a service contract. Classification is hierarchical,
and determines what services are taken into consideration
for substitution. If 1-distance solutions themselves cannot
provide solution, substitution will try to locate services of
similar capabilities and replace some of them. Service of
similar capabilities is at the same hierarchy (classification)
level as a service being substituted, or below it.

A simple scenario of this idea would work like this. Sup-
pose we have a printer that can print only postscript. A sys-
tem is taught to solve all printing requests by sending them
to the printer. This works only if the document being printed
is in the appropriate format. Therefore, a system is taught
how to convert other formats: there is a class of converter



services that supply different types of conversions. Sup-
pose further that a system is taught how to convert jpg file
to ps by invoking appropriate converter service. If a system
now receives a request to print a pdf file, it will look into
all 1-distance compositions offering printing and find how
to print jpg files. Then it will try to substitute a converter
service with another service from the same class, or to sub-
stitute a printer service. Either way it will end up with a)
printer that can print pdf, or b) converter service that can
turn pdf into ps.

This approach will work only in relatively closed envi-
ronments, e.g., inside an enterprise, since precise classifica-
tion and ability to determine whether two services can be
substituted is required.

6. Comparison and Industrial Perspective

In this section a discussion of the existing related ap-
proaches to automatic service composition is presented. In
[3, 32] a method is proposed that reduces service compo-
sition to a constraint satisfaction problem. The main entity
is an abstract process which contains abstract services. An
abstract service is a placeholder for a set of physical (real)
services that match the abstract service template, effectively
competing for its place. Message exchange logic is speci-
fied in BPEL4WS. Competition is based on the idea of auto-
mated service discovery. After discovery candidate services
are selected on the basis of process and business constraints.

In [13] a system called Proteus is presented that uses
planning techniques for dynamic composition and execu-
tion of Web services. The main feature of Proteus is dy-
namic composition of integration plans. The annotated plan
is submitted to a search engine that tries to find adequate
services at run-time and substitute them in the plan.

Finally, in [29] an approach to automatic composition
based on semantic web is presented. It is based on OWL-
S ontologies. More specifically, OWL-S process model is
used to develop a desired composition by creating a com-
posite process comprising choreographed atomic processes.
After composite OWL-S process is created, a search is per-
formed in order to find the best matching services that can
replace atomic processes (abstract service placeholders).

From the solution we proposed and from the related so-
lutions presented in this section, it can be seen that there
are two fundamentally different ways to handle automatic
service composition:

• To start with the pre-defined generic composition and
to perform 1-1 search to replace every generic element
of a composition with a real service.

• To describe a set of goals and try to achieve them by
building the whole process from scratch.

Clearly, constraint satisfaction, planning and seman-
tic web-based automatic composition belong to the first
approach. They provide methodology to describe pre-
designed service choreography (empty composition skele-
ton) with placeholders that are to be filled with real services.
They thus reduce the problem of automatic composition to
the problem of finding adequate replacement for every ab-
stract element of the pre-defined composition. We feel that
service-oriented application developer should not think in
terms of pre-defined compositions, but in terms of the prob-
lem that is to be solved. Our approach therefore does not
require that composition should be pre-defined. Target ab-
stract machine specifies properties of the problem (goal) it-
self, and not the way to achieve it.

Introduction of composable service architecture can im-
pact both business and infrastructure (application develop-
ment) layers. Business advantages and impact of mov-
ing towards an economy where services are associated on-
demand in short running transactions have been discussed
to some extent [31]. At the application development layer,
profiling of three roles can be expected: architecture de-
ployer, application developed and user. Architecture de-
ployer defines composability rules, sets up service direc-
tory and deploys atomic services. Application developer
acts upon deployed infrastructure in an attempt to build
value added functionalities on demand using composition
patterns. Finally, users invoke atomic or composite ser-
vices from a directory. This profiling can make a dramatic
change in the ways applications are developed and con-
sumed. Potential impact lies in increased code dependabil-
ity (through verification of pre-deployed services), easier
application management and automated end-user support.

7. Conclusion

Development of a unified WS-Architecture is an enor-
mous task, and as such can not be carried out by a single
person or institution. Our intended contribution is to point
to one architectural approach that can be used for achiev-
ing a certain degree of automatization of service composi-
tion. We presented foundations of such an architecture and
then considered several mechanisms for automatic compo-
sition: from heuristic AO* search that guarantees solution
but can take a long time to find one, to probabilistic compo-
sition and learning, which in some cases converge to a solu-
tion very quickly, but in non-favorable conditions degrade
to AO* and slower methods, claiming additional overhead.
Probabilistic composition and learning are more suited to
limited use in a controlled environments where nature and
frequency of service requests is known or can be predicted,
while heuristic approaches are universally applicable, how-
ever face serious performance issues. We expect that by
combining proposed approaches a viable architectural so-



lution for automatic service composition will be devised.
We are developing additional hybrid mechanisms, such as
backwards search, where state space is traversed from the
goal (target service) to the starting state (available services)
by means of algebraic decomposition of abstract machines,
or a bidirectional search which performs forward and back-
ward search simultaneously.
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