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Abstract

Service matchmaking and composition has recently
drawn increasing attention in the research commu-
nity. Most existing algorithms construct chains of services
based on exact matches of input/output types. How-
ever, this does not work when the available services only
cover a part of the range of the input type. We present an al-
gorithm that also allows partial matches and composes
them using switches that decide on the required ser-
vice at runtime based on the actual data type. We report ex-
periments on randomly generated composition problems
that show that using partial matches can decrease the fail-
ure rate of the integration algorithm using only complete
matches by up to 7 times with no increase in the num-
ber of directory accesses required. This shows that com-
position with partial matches is an essential and useful
element of web service composition.

1. Introduction

Service composition is an exciting area which has re-
ceived a significant amount of interest in the last period. Ini-
tial approaches to web service composition [15] used a sim-
ple forward chaining technique which can result in the dis-
covery of large numbers of services.

There is a good body of work which tries to address the
service composition problem by using planning techniques
based either on theorem proving (e.g., Golog [10, 11] and
SWORD [14]) or on hierarchical task planning (e.g., SHOP-
2 [21]). The advantage of this kind of approaches is that

1 The work presented in this paper was partly carried out in the frame-
work of the EPFL Center for Global Computing and was supported by
the Swiss National Science Foundation as part of the project MAGIC
(FNRS-68155), as well as by the Swiss National Funding Agency
OFES as part of the European projects KnowledgeWeb (FP6-507482)
and DIP (FP6-507483).

complex constructs like loops (Golog) or processes (SHOP-
2) can be handled. All these approaches assume that the rel-
evant service descriptions are initially loaded into the rea-
soning engine and that no discovery is performed during
composition.

Recently, Lassila [7] has addressed the problem of inter-
leaving discovery and integration in more detail, but he has
considered only simple workflows where services have one
input and one output.

In this paper we are concerned by a particular combina-
tion of issues that is specific and unique to the web services
context:

1. discovery in large scale directories - we assume that
a large number of available web services will be stored
in (possibly distributed) directories. How should we
discover exactly the services that are relevant at each
step of the composition process?

2. runtime non-determinism - when discovered ser-
vices match only partially but not completley?,
the reasoning engine has to aggregate several ser-
vices as switches in order to fulfill the required
functionality. The actual flow of messages will be
routed based on runtime values on the appropri-
ate paths. How can we discover and create those
switches and how can we make sure that they cor-
rectly handle all possible combinations of parameter
values?

This paper contributes with solutions to the two afore-
mentioned issues: As a first contribution we present an al-
gorithm that interleaves the discovery and composition pro-
cess by using a partial order planning approach that fo-
cuses the directory searches. Our second contribution is a
technique for discovering and composing services with par-
tial type compatibility. In our approach we discretize the

2 We consider as partial matches the subsume match type identified by
Paolluci [12] and the intersection or overlap match type identified by
Li [8] and Constantinescu [3].
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space of possible parameter values and we incrementally
reduce the space of values that cannot be handled. Then
partially matching components are assembled into switches
that route the flow of messages on the appropriate paths
based on runtime values.

Some other challenging issues are not addressed in this
paper but are considered for future work: behavior-based in-
tegration, dealing with side-effects and changes of the world
that are not under the control of the composition engine, as
well as knowledge engineering issues, to enumerate only a
few.

This paper is structured as following: next in Section 2
we present the formalism and assumptions used in the rest
of the paper as long as a more in-depth view regarding the
problem of type-compatible service composition. In Sec-
tion 3 we describe the machinery and algorithms that we
actually use for computing service compositions. Section 4
analyses some experimental results on randomly generated
problems and finally Section 5 concludes the paper.

2. Service composition with partial type
matches

Our approach to service composition is based on the idea
of chaining services together either in a forward way, start-
ing from the initial conditions, or in a backward way, start-
ing from the problem requirements. Forward or backward
chaining techniques are used by different types of reason-
ing systems, in particular for planning [2] and more recently
for service integration [15]. We describe next the formalism
that we use to model, match, and chain services.

2.1. Formalism and assumptions

We represent services and queries in the standard
way [18] as two sets of parameters (inputs and out-
puts). A parameter is defined through its name and a type
that can be primitive [20] (e.g., a decimal in the range
[10,12] or [14,16]) or a class/ontological type [17]. Both
primitive and class types are represented as sets of nu-
meric intervals. For instance, the generic type Color may
be encoded as the interval [1,3], whereas the specific col-
ors (subtypes) Red, Green, and Blue may be represented
as the single-point subintervals [1,1], [2,2], and [3,3]. For
more details on the encoding of classes/ontologies as nu-
meric intervals see Section 2.5.

Input and output parameters of service descriptions have
the following semantics:

e In order for the service to be invokable, a value must be
known for each of the service input parameters and it
has to be consistent with the respective parameter type.
For primitive data types the invocation value must be
in the range of allowed values or in the case of classes

the invocation value must be subsumed by the param-
eter type.

e Upon successful invocation the service will provide a
value for each of the output parameters and each of
these values will be consistent with the respective pa-
rameter type.

Service composition queries are represented in a similar
manner but have different semantics:

e The query inputs are the parameters available to the
integration (e.g., provided by the user). Each of these
input parameters may be either a concrete value of a
given type, or just the type information. In the second
case the integration solution has to be able to handle all
the possible values for the given input parameter type.

e The query outputs are the parameters that a success-
ful integration must provide and the parameter types
define what ranges of values can be handled. The in-
tegration solution must be able to provide a value for
each of the parameters in the problem output and the
value must be in the range defined by the respective
problem output parameter type.

For manipulating service or query descriptions we will
make use of the following helper functions:

e in(X), out(X) — return the set of input or output pa-
rameter names of a service or query description X .

e type(P, X) - returns the type of a parameter named P
in the frame of a service or query description X as the
set of intervals of all possible values for P. The C op-
erator in conjunction with this function will represent
a range inclusion in the case that P has a primitive
data type or subsumption in case P is defined through
a class or concept description [17]. The operator N in
conjunction with this function will represent a range
intersection in the case that P has a primitive data type
or in the case of a class/concept description it will rep-
resent sub-class (possibly null) common to both the ar-
guments of the operator.

We assume that both service and query descriptions (X))
are well formed in that they cannot have the same parame-
ter both as input and output: in(X) N out(X) = 0. The ra-
tionale behind this assumption is that if a description had
an overlap between input and output parameters this would
only lead to two equally undesirable cases: either the two
parameters would have the same type in which case the
output parameter is redundant or they would have differ-
ent types in which case the service description is inconsis-
tent.

Parameter names (properties in the case of DAML-S [4]
or strings in the case of WSDL [18]) attach also some se-
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mantic information to the parameters3 . Thus, in our com-
position algorithm we not only consider type compatibility
between parameters but also semantic compatibility.

2.2. Composing services

We are considering two kinds of composition ap-
proaches: forward chaining and backward chaining. In-
formally, the idea of forward chaining is to iteratively
apply a possible service S to a set of input parameters pro-
vided by a query @ (i.e., all inputs required by S have
to be available). If applying S does not solve the prob-
lem (i.e., still not all the outputs required by the query
() are available) then a new query )’ can be com-
puted from () and S and the whole process is iterated. This
part of our framework corresponds to the planning tech-
niques currently used for service composition [15]. In the
case of backward chaining we start from the set of parame-
ters required by the query Q) and at each step of the process
we choose a service S that will provide at least one of the
required parameters. Applying S might result in new pa-
rameters being required which can be formalised as a
new query ’. Again the process is iterated until a solu-
tion is found.

Now we consider the conditions needed for a ser-
vice S to be applied to the inputs available from a query
@ using forward chaining: for all of the inputs required
by the service S, there has to be a compatible parame-
ter in the inputs provided by the query @. Compatibility
has to be achieved both for names (that have to be seman-
tically equivalent) and for types, where the range provided
by the query () has to be more specific (C) than the one ac-
cepted by the service S:

(VP € in(S))
type(P, S))

(P € in(Q) A type(P,Q) C

This kind of matching between the inputs of query ) and
of service S corresponds to the plugIn match identified by
Paolluci [12].

Forward complete matching of types is too restrictive
and might not always work, because the types accepted by
the available services may partially overlap the type spec-
ified in the query. For example, a query for restaurant rec-
ommendation services across all Switzerland could spec-
ify that the integer parameter zip code could be in the range
[1000,9999] while an existing service providing recommen-
dations for the french speaking part of Switzerland could ac-
cept only integers in the range [1000-2999] for the zip code
parameter.

3 For WSDL this is not explicitly specified by the standard, but we as-
sume that two parameters with the same name are semantically equiv-
alent.

a1 { in@1)=(X, v} Y
X:x1x2  type(X,QN)=(x1x2}  x Yoo y2)pv8 4
Y:y2 type(Y,Q1)={y2}

} xt | s3] s3] s3| s3

x2 | S1 |S1584s182 si

s1{ s2{ s3(
X:x2 x3 X: x2 x3 x4 X:x1 x3 | S1 [S1828182 Si
} ) Y:y2y3 }
in(S1)={ X} in(S1)={ X, Y} in(S3)={ X}
type(X,S1)={x2,x3} type(X,51)={x2,x3,x4}  type(X,S3)={x1}
type(Y,S1)={y2,y3}

x4 82 | 82

Figure 1. Composing services with partially
matching types.

A major contribution of this paper is an approach
where the above condition for forward chaining is mod-
ified such that services with partial type matches can
be supported. For doing that we relax the type inclu-
sion to a simple overlap:

VP € in(9))
type(P, S) # 0)

(P € n(Q) A type(P,Q) N

This kind of matching between the inputs of query @)
and of service S corresponds to the overlap or intersec-
tion match identified by Li [8] and Constantinescu [3].

We will also consider the condition needed for a back-
ward chaining approach. The service S has to provide at
least one output which is required by the query (). This cor-
responds to the plugln match for query and service
outputs. Using the formal notation above this can be speci-
fied as:

(3P € out(9))
type(P, Q))

(P € out(Q) A type(P,S) C

The above condition can be also relaxed such that ser-
vices with partial type matches can be backward chained.
In this paper we do not address this but we consider this is-
sue for future work.

2.3. Type-compatible service composition versus
planning

As the majority of service composition approaches to-
day rely on planning we will analyse the correspondence be-
tween our formalism for service descriptions with types and
an hypothetic planning formalism using symbol-free first
order logic formulas for preconditions and effects.

As an example let’s consider the service description S
which has two input parameters A and B and two output
parameters C and D. Their types are represented as sets of
accepted and provided values and are al, a2 for A, respec-
tively b1, b2 for B, c1, c2 for C, and d1, d2 for D. This cor-
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responds to an operator S that has disjunctive preconditions
and disjunctive effects. Negation is not required.

Written in this way our formalism has some correspon-
dence with existing planning languages like ADL [13] or
more recently PDDL [9] (concerning the disjunctive pre-
conditions) and planning with non-deterministic actions [6]
(regarding the disjunctive effects), but the combination as a
whole (positive-only disjunctive preconditions and effects)
stands as a novel formalism.

2.4. The structure of type-compatible service com-
position problems

As described previously in Section 2.1 a service integra-
tion query is specified in terms of a set of available input
parameters and a set of required output parameters. An in-
tegration solution consists of a given ordering of services
that can be invoked such that finally all parameters required
by the query are known.

From the perspective of the match type between services
and queries (Fig. 2) we consider the following three cases:
forward complete matches, backward complete matches,
and forward partial matches.

By using forward-completely matching services the ini-
tial set of available parameters can be incrementally ex-
tended. As there is a single point from which a service
can be applied - once all its required inputs are available
- forward chaining services does not introduce any choice
points.

Applying backward-completely matching services cre-
ates a directed graph of sets of required parameters as the
order in which different parameters can be applied affects
the set of parameters that still need to be provided.

Several forward-partially matching services can be ag-
gregated together into a composite service as a software
switch that maps each possible combination of parameter
values from the space of available inputs to one or more

in(S) = [A, B] :action S
type(A,S) = [al, a2] :precondition
type (B,S) = [bl, b2] (and
(or al a2)
(or bl b2))
out (S) = [C, D] :effect
type (C,S) = [cl, c2] (and
type (D,S) = [d1l, d2] (or c2 c2)
(or d2 d2)

Table 1. Service with types and correspond-
ing planning operator.

query forward forward backward query
complete partial complete

matches mz% matches

required parameters

d

| AX
(00000 oooo

branch available
parameters

parameter
set

available parameters switches sub-problems from:
branch available
x

backward required

suich <>

SEIVICE e sub-problem D

Figure 2. The structure of type-compatible
service composition problems.

partially matching services as in Fig. 1. In order to be able
to fulfill the same functionality as the completely matching
service we have to have for each possible range combina-
tion of input parameters one or more services that can ac-
cept those values.

Our software switch corresponds to a non-deterministic
planning operator in that the choice point that it introduces
will allow for a number of possible service invocation paths
to be followed without commitment at integration time to
a particular one. The choice will be made only at runtime
based on the values of the switch input parameters.

Each of the branches in a switch will provide a (possi-
bly different) set of available parameters. It has to be noted
that in order for the switch to be part of a service integra-
tion solution all of the distinct sets of available outputs of
the switch will have to be part of an integration solution.
Still for determining which branches can lead to a solution
we might have to construct for each pair of branch avail-
able outputs and backward complete required inputs a sub-
problem that we then solve recursively.

2.5. Representing types

Service descriptions are a key element for service dis-
covery and service composition and should enable auto-
mated interactions between applications. Currently, differ-
ent overlapping formalisms are proposed (e.g., [18], [16],
[4], [5]) and any single choice could be quite controversial
due to the trade-off between expressiveness and tractabil-
ity specific to any of the aforementioned formalisms.

In this paper, we will partially build on existing devel-
opments, such as [18], [1], and [4], by considering a sim-
ple table-based formalism where each service is described
through a set of tuples mapping service parameters (unique
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names of inputs or outputs) to parameter types (the spaces
of possible values for a given parameter). Parameter types
can be expressed either as sets of intervals of basic data
types (e.g., date/time, integers, floating-points) or as classes
of individuals. Class parameter types can be defined through
a descriptive language like XML Schema [19] or the Ontol-
ogy Web Language [17]. From the descriptions we can then
derive either directly or by using a description logic classi-
fier a directed graph (DG) of simple is-a relations.

For efficiency reasons, we represent the DG numerically.
We assume that each class will be represented as a set of in-
tervals. Then we encode each parent-child relation by sub-
dividing each of the intervals of the parent; in the case of
multiple parents the child class will then be represented by
the union of the sub-intervals resulting from the encoding
of each of the parent-child relations. Since for a given do-
main we can have several parameters represented by inter-
vals, the space of all possible parameter values can be rep-
resented as a rectangular hyperspace, with a dimension for
each parameter. Details concerning the numerical encoding
of services can be found in [3].

3. Computing type-compatible service com-
positions

In this section we will present algorithms for comput-
ing type-compatible service compositions. Their design is
motivated by two aspects specific to large scale service di-
rectories operating in open environments:

1. large result sets - for each query the directory could
return a large number of service descriptions.

2. costly directory accesses - being a shared resource ac-
cessing the directory (possibly remotely) will be ex-
pensive.

Our algorithms address these issues by interleaving dis-
covery and composition and by computing the “right” query
at each step.

3.1. Composition with complete type matches

As described previously in Section 2.4 depending on the
initial query and on how the services retrieved up to a given
point can be chained (forward or backward) a set of avail-
able input parameters and several sets of possible required
output parameters can be obtained.

In order to manage the current state of the search we use
a data-structure that maintains the set of forward available
parameters and a graph of sets of backward required pa-
rameters. For a given set of services the structure identifies
which are the services that can be applied in a forward way
and which services can be used for fulfilling required pa-
rameters in a backward way. The sets of backward required
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Figure 3. Flow of algorithm for composition
with partial type matches.
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parameters are also computed based on the current forward
available parameters.

3.2. Composition with forward partial
matches

type

Conceptually the algorithm that we use for composing
services with forward partial type matches has three steps:

e Discovery of complete matching services.

e Discovery of services for full coverage of available in-
puts.

e Discovery of services for correct switch handling.

3.2.1. Discovering full input coverage The discovery of
complete matching services is done using one of the previ-
ous algorithms for complete matches. If a solution is found
then the algorithm returns success. This step ends when no
more complete matches can be found. this step ends.w

3.2.2. Discovering full input coverage The second step
of the algorithm assumes that a solution using only com-
plete matches was not found and that services with partial
type matches have to be assambled in order to solve the
problem. By definition any of the partially matching ser-
vices is able to handle only a limited sub-space of the val-
ues available as inputs. In order to ensure that any combina-
tion of input values can be handled, the space of available
inputs is first discretized in parameter value cells. One cell
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is a rectangular hyperspace containing all dimensions of the
space of available inputs but only a single interval for each
dimension. A cell corresponds to the guard condition of the
switch. Cells are built in such a way that any of the any of
the required inputs for the retrieved partially matching ser-
vices could be expressed as a collection of cells. Each of
the retrieved partially matching services is assigned to the
cells that it can accept as input. The coverage is considered
complete when all cells have assigned one or more services.
When all cells are covered the algorithm passes at the next
step. If no more partially matching services can be found
and a complete coverage was not achieved the algorithm re-
turns failure.

3.2.3. Discovering solution switch The last step of the
algorithm assumes that a coverage was found and a first
switch can be created. The goal of this step is to ensure that
the switch will function correctly for each of it’s branches.
For that the algorithm will compute for each cell and its set
of assigned services the set of output parameters that those
services will provide. Then a new query is computed, hav-
ing as available inputs the output parameters of the cell and
as required outputs the set of required outputs of the com-
plete matching phase. The whole composition procedure is
then invoked recoursively. In the case that all cells return a
successful result the switch is considered to be correct and
the algorithm returns success. Otherwise a new service is re-
trieved and the process continues. When no more services
can be retrieved the algorithm returns failure.

4. Evaluation and Assessment

This section first presents two domains used by our ser-
vice integration testbed: one more concrete and another that
provides more symmetry. A discussion of the results con-
cludes this section.

4.1. The Media domain

For experimental purposes we have considered the fol-
lowing scenario (see Fig. 4): a personal agent (PA) is dele-
gated the task to find music provider for an album of good
pop music. Since its user doesn’t like to listen only to spare
melodies we assume all-or-nothing semantics: only if all the
melodies of a given album can be found then this is a solu-
tion. Otherwise another album has to be selected.

First PA has to determine what is currently considered
as good pop and uses a recommendation site (e.g., bill-
board.com) to find Album X as a first option. Then the
PA has to use a library site (e.g., cdcovers.cc) to determine
which are the melodies in Album X - let’s presume that they
are Melody- 1, Melody-2 and Melody-3. Then finally the PA
searches different p2p networks for providers that have dif-
ferent melodies from the album.
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Figure 4. Putting together a good pop music
album.

Melodv-1? Yes

In this context partial type matches are used for selecting
a peers that can provide (cover) a sub-set of the melodies of
an album. Then by computing the software switch we select
those peers that together can provide all the melodies from
the album.

Since for solving the integration we need at least a rec-
ommendation, an album description and a provider for the
melodies the minimum number of required directory ac-
cesses for any integration in this domain is 3.

4.2. The layered domain

Layer 1 Layer 2 Layer 3
[}
A E
D cl c2 c3
B al a2 a1 el e2
1 Services Services
b Layers 1-2 d2! Layers 2-3
b2 > @ —»

______________________________ >
Query Layers 1-3

Figure 5. The layered domain - simplified ex-
ample.

We have defined also a more abstract domain (see Fig. 5)
where we consider a number of layers that define sets of pa-
rameter names. Services are defined as transformations be-
tween parameters in adjacent layers and problems are de-
fined between parameters of the first and last layer. For ex-
ample, a possible service between layers1-2 with the pa-
rameters A, B could have as input the types A=al, B=b1,b2
and for the output parameters C and D could have as types
C=c2, c3 and D=d1, d2. A query could for the input param-
eters A, B the types A=al,a2, B=b2 and for the output pa-
rameters E,F the type E=el, F=f2.
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For the purpose of our experiments, we have created en-
vironments with 3 layers for which the minimum number
of required directory accesses for any integration is 2. Each
of the layers defines two parameters with 11 possible sub-
types for layers 1 and 3 and 63 possible overlapping sub-
types for layer 2; between each two layers (1-2 or 2-3) there
are 480249 possible services.

It has to be noted that in contrast with the media domain
there is a symmetry regarding inputs and outputs in the con-
figuration used for the layered domain.

4.3. Evaluation of experimental results

For both domains, we have randomly generated services
and problems. For each specific type of services (e.g., al-
bum recommendation, album description, melody provider
or service layerl-2, service layer2-3) or for queries (e.g.,
find good pop album in mp3 format or find a service that
transforms an input in layerl to an output in layer3) we had
a pre-determined set of parameters. For actually generat-
ing the descriptions (service or query) we randomly picked
for any of the pre-determined parameters a random sub-type
from a set of possible types.

We then solved the queries using first an algorithm that
handles only complete type matches and then an algorithm
that handles partial type matches (and obviously includes
complete matches). We have measured the number of direc-
tory accesses and the failure ratio of the integration algo-
rithms.

Fig. 6 (a) and Fig. 7 (a) show the average number of
directory accesses for the algorithm using complete type
matching versus the average number of directory accesses
for the algorithm also using partial type matching.

Regarding performance, the first conclusion is that both
algorithms scale well, as there is at most a slow increase in
the number of directory accesses as the number of services
in the directory grows. For the media domain the number of
accesses actually decreases.

As expected, the algorithm using partial matches per-
forms comparable with the one using complete matches. As
it results from the experimental data for both domains the
overhead induced by the usage of partial matches is not very
significant and decreases as the directory gets saturated with
services. This is probably due to the fact that having more
choices makes the coverage problem intrinsic to the par-
tial algorithm easier. More than that in the layered domain
from some point the partial algorithm even performs bet-
ter that the complete one (Fig. 7 (a) after 3000 services).

The most important result concerns the number of extra
problems that can be solved by using partial matches and
can be seen in Fig. 6 (b) and Fig. 7 (b). The graph show that
the failure rate in the case of using only complete matches is
much bigger than the failure rate when partial matches are

used: 4 times in the case of the Media domain and up to 7
times in the case of the Layered domain. This shows that us-
ing partial matches opens the door for solving many prob-
lems that were unsolvable by the complete type matching
algorithm.

5. Conclusions

With the increasing move towards web services, tools
for service indexing, matchmaking, and composition are be-
coming increasingly important. Our contribution is twofold:
first we have shown how service directories and composi-
tion methods can be easily extended to deal with partial
matches of data types and ranges by incorporating soft-
ware switches. Second, our composition algorithms incre-
mentally access remote directories.

Experiments with randomly generated problems in real-
istic scenarios show that such partial matches bring signif-
icant gains in the range of problems that can be solved by
automated composition with a given set of services. Fur-
thermore, it appears that this comes at no increase in the
complexity as measured by the number of accesses to ser-
vice directories. Thus, we consider partial matches to be an
essential element of any future service composition algo-
rithm.

Note that we have carried out our experiments with
a straightforward chaining approach. Other approaches to
planning, such as planning as model checking, are being
considered for web service composition and would allow
more complex constructions such as loops. We think that
partial matches may become even more important in such a
context as complex plans will create more uncertainty about
data ranges that would make complete type matches less
and less likely.
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