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Abstract 

We present an architecture to facilitate automated discovery, selection, and composition of 
Semantic Grid services. Our framework has two main features which distinguish it from other work 
in this area. First, we propose a dynamic and adaptive mechanism for service discovery and 
composition. Second, we distinguish between different levels of abstraction of loosely coupled 
workflows to facilitate reuse and sharing. We illustrate our framework using a real world 
application scenario in the physics domain involving the detection of gravitational waves from 
astrophysical sources. 

1.   Introduction 
It is argued that Grid Services will be composed 
as part of workflows to build complex 
applications to achieve client requirements 
[1,2]. Current manual composition techniques 
[13,14,15] are of limited value in dynamic and 
complex service-rich environments like the Grid 
for several reasons. First, the potential number 
of suitable services in Grid environments can be 
extremely large. It would be unrealistic to 
expect a user to be able to locate a suitable 
service. Second, the user is expected to ensure 
that the interactions between services are 
semantically and syntactically correct.  Finally, 
it is possible there may be no single service 
which can provide the functionality required. To 
resolve these problems and facilitate automated 
composition, mechanisms are needed to specify 
and manipulate rich descriptions of available 
resources. One promising approach is the 
Semantic Grid [3,12,11]. The Semantic Grid 
concept represents the use of Semantic Web 
technologies [22] in Grid computing and 
promises the seamless interoperability of 
autonomous, heterogeneous, distributed 
applications across the Grid by enabling the 
automation of many tasks for example 
discovery, selection, composition, and 
execution of workflows. Current automated 
composition techniques [4,6,30,7,8,9,10,18] 
typically make assumptions that render them of 
limited value in complex dynamic 
environments, for example they do not address 
issues like autonomy, adaptation, reuse, and 
sharing of workflows. 
 
In this paper, we present a novel framework for 
the automated composition of workflows in 
Semantic Grids. The framework presented in 

this paper has a number of important features. 
First, we distinguish between different levels of 
abstraction of loosely coupled workflow 
representations. Second, the framework uses a 
dynamic adaptive composition algorithm which 
adapts to the available resources. Third, the 
framework allows the user to specify and refine 
a high level objective. As a consequence, we 
propose that our framework: 
 
• has a higher probability of successfully 

generating executable workflows compared 
to existing automated composition 
algorithms. 

• allows users to share workflows with 
different levels of granularity. 

• allows users to specify and refine high level 
objectives. 

 
The remainder of this paper is structured as 
follows. First we review related research in the 
area of workflow composition in service-
oriented architectures (Section 2). Second, we 
present an overview of the framework (Section 
3). Third, we examine the main components of 
the framework (Sections 4 - 7). Fourth, we 
evaluate our framework using a real world 
scenario (Section 8). Finally, we conclude by 
discussing future directions.  

2.   Background  
Workflow composition in Grids and more 
generally, in Service-Oriented Architectures has 
been the focus of much research recently, 
although the composition problem has been 
actively investigated in the database and agent 
communities [23-26]. Workflow composition is 
an active field of research and we review the 
major frameworks that are most closely related 
to our research. Workflow composition can be 



broadly classified into three categories: manual, 
semi-automated and automated composition. 
Manual composition frameworks [13, 15, 27] 
expect the user to generate workflow scripts 
either graphically or through a text editor, which 
are then submitted to a workflow execution 
engine. Triana [13] is used in astrophysics 
community and provides a graphical user 
interface, allowing the user to select the service 
required from a toolbox and "drag-and-drop" 
onto a canvas. The services are retrieved from 
UDDI using a simple keyword search. 
Additionally, Triana allows the composition of 
services with locally available tools. The 
composed graph can then be distributed over a 
P2P or Grid network for execution. BPWS4J 
[15] provides an Eclipse plug-in to allow the 
user to compose a graph at the XML level. This 
composed graph, along with a WSDL document 
for the composite service, is submitted to the 
execution engine. Self-Serve [27] allows the 
user to build the workflow by locating the 
services required by using the service builder. 
The service builder interacts with UDDI to 
retrieve service meta-data. The composed 
graph, an annotated state chart, is then executed 
using a P2P based execution model. An 
interesting feature of this system is the use of a 
service container that aggregates services 
offering the same functionality. At run time, the 
service container selects the actual service based 
on membership modes and a scoring service. 
These systems have several drawbacks. First, 
the discovery and selection of services is un-
scalable as the number of services increases. 
Second, they require the user to have low-level 
knowledge, e.g. in the case of BPWS4J, the user 
is expected to set up a workflow at the XML 
level. Although Triana provides a graphical 
drag and drop interface, this is not feasible for a 
large workflow. Third, if the service is no 
longer available, the execution will fail, 
although in the case of Self-Serve, the service 
container would probably substitute another 
functionally-equivalent service. Also, recent 
research [19] has 'extended' BPWS4J to allow 
runtime selection and substitution of services. 
 
Semi-automated composition techniques [4, 6, 
17, 30] are a step forward in the sense that they 
make 'semantic suggestions' for service 
selection during the composition process; the 
user still needs to select the service required 
from a shortlist of the appropriate services and 
link them up in the order desired. The myGrid 
project [30] is one of the first Semantic Grid 
projects and aims to provide a problem-solving 
workbench for biologists. Specifically, myGrid 

allows scientists to compose, store and execute 
workflows. The scientist browses a registry and 
selects a workflow template. This template is 
then submitted to an enactment engine which 
then either asks the user to select actual 
instances of the workflow components or 
automatically selects services based on user's 
personal preferences. The myGrid project is 
also investigating other related issues like 
provenance. Sirin et. al. [17] propose a system 
that provides service choices which are 
semantically compatible at each stage. The 
generated workflow is then executed. Cardoso 
and Sheth [4] propose a framework which 
provides assistance to the user by 
recommending a service meeting the user's 
needs. This is done by matching the user-
specified Service Template (ST) with the 
Service Object (SO). Chen et. al. [6] outline a 
knowledge-based framework which provides 
advice as the user constructs a workflow. The 
system allows the user to store workflows, 
hence facilitating reuse. Although these systems 
solve some of the problems of manual 
composition frameworks, they are still un-
scalable as the user is expected to browse a 
registry to select the appropriate template or 
service. The filtering process may provide 
numerous matching services for the user to 
select from. For example in the myGrid project, 
the user is expected to select the actual instance 
of the service desired, although an automated 
workflow harmonization mechanism is 
envisaged. Additionally, there are few, if any, 
adaptive mechanisms built into these systems. 
For example in Cardoso and Sheth, if a ST fails 
to match an SO, composition will fail. Similarly 
in Sirin et. al., Chen et. al., and myGrid project 
the composed workflow is sent to the enactment 
engine for execution. At this stage, if a service 
becomes unavailable, workflow execution will 
fail. Finally, except for Chen et al., there is no 
support for generating workflows of differing 
levels of granularity. 
 
Automated composition techniques [7-10, 18] 
automate the entire composition process by 
using AI planning or similar technology. 
McIlraith and Son [10] address the automated 
composition problem by proposing an agent-
based Web services composition framework 
which uses generic procedures and semantically 
marked up services to guide composition. The 
Agent Broker acts as a gateway to Web services 
and is responsible for selecting and invoking the 
services. The framework assumes the existence 
of a generic procedure. In the absence of one, 
composition cannot proceed. Additionally, if the 



Agent Broker cannot match a service, execution 
will fail. An important component of automated 
composition is the discovery of the services 
required. Research in this area has focused on 
the use of DAML-S to describe service 
capabilities. A matchmaker engine then 
compares the DAML-S description of the 
service requested with those of the services 
advertised [20, 21]. This work is extended by 
Sycara et. al. [16] to propose a preliminary 
discovery and execution framework based on AI 
planning technology, the DAML-S Matchmaker 
and the DAML-S Virtual Machine. The 
framework assumes a composition plan is 
available and hence concentrates on 
identification of suitable services and execution 
of the plan. Additionally, the framework does 
not incorporate the use of a workflow 
repository. Hence, a workflow has to be 
recomputed each time a request is received. 
Also, the framework does not distinguish 
between executable and non-executable 
workflows; all workflows are based on 
implemented services available. As a result, the 
workflows are not reusable or cannot be shared 
as there is no guarantee that any component 
service will be available in the future. 
Sheshagiri et. al. [8] propose a framework with 
two key features: use of DAML-S to describe 
service capabilities and a planner to generate 
simple workflow graphs using a backward 
chaining algorithm. A very similar framework is 
proposed by Wu et al., [7] that uses SHOP2, an 
HTN planning system, to generate workflows. 
The Pegasus project [9] used to generate 
workflows in high energy physics applications 
proposes two workflow generation systems. The 
Concrete Workflow Generator (CWG) maps an 
abstract workflow onto an executable workflow. 
The second system (ACWG) uses AI planning 
technology to generate workflows in Grid 
environments. An interesting feature of this 
work is the distinction between abstract and 
concrete workflows. These frameworks suffer 
from the same drawbacks: there is no fault 
handling mechanism - if a service 
implementation is not available, execution will 
fail. Additionally, the frameworks proposed do 
not include a workflow repository which would 
make it possible to reuse previously constructed 
workflows. Further, there is no distinction 
between abstract and concrete workflows. This 
makes it difficult to share workflows. Although 
the Pegasus system does make this distinction, it 
does not provide mechanisms to expose the 
abstract and the concrete workflows as services. 
Finally, Koehler and Srivastava [29] point out 
several problems with current AI planning 

technology when applied to the service 
composition problem. Laukkanen and Helin 
[28] put forward a model which includes simple 
fault handling mechanisms. The model assumes 
that a workflow already exists in a repository 
and the user selects the workflow required. This 
workflow is then validated to ensure that all the 
participating services are available. If a service 
is not available, a matchmaker is used to 
retrieve similar services. Interestingly, if a 
single alternative cannot be found, the composer 
agent attempts to put together a simple chain of 
service which can provide the functionality. The 
workflow is then rewritten to include these new 
services and their network locations and sent to 
the execution engine. The drawbacks of this 
model are as follows: First, the model assumes a 
workflow is available. There is no mechanism 
for the user to create one. This is a severe 
drawback as it completely side-steps the issue 
of composition. Second, workflows are stored 
with the network locations of the services 
encoded within the workflow. This means that 
when a workflow is reused and all the 
participating services are available, there is no 
option for the user to select alternative 
implementations of the service based on 
changed optimization criteria. The IRS-II [18] 
framework provides an infrastructure which can 
be used to publish, compose and execute 
Semantic Web services. The system 
distinguishes between a task (generic 
description of the task to be solved) and a 
Problem Solving Method (an abstract, 
implementation-independent description of how 
to accomplish a task). A task may correspond to 
several PSMs. The user selects a task to be 
performed. A broker locates an appropriate 
PSM (which can satisfy the task) and then 
invokes the corresponding services. Although 
the system proposes an interesting distinction 
between a task and a PSM, this increase in the 
number of artifacts required merely enhances 
the probability that workflow composition will 
fail. First, a service developer has to manually 
associate a PSM to a service. This becomes un-
scalable as the number of PSMs and services 
increase. Second, composition and/or execution 
will fail if a task, PSM or a service is not 
available. There appear to be no fault-handling 
mechanisms to tackle such a scenario. 
 
In this section, we reviewed briefly several 
service composition frameworks, some of which 
are used to generate workflows on the Grid. We 
identified gaps in existing systems; lack of an 
adaptive composition algorithm, and non-



distinction between different abstractions of 
workflows. 

3.   Framework Overview 
In this section, we outline the general 
requirements for the framework and present the 
proposed architecture. An automated workflow 
composition framework must adhere to certain 
basic requirements. 
 
• High degree of fault-tolerance: The 

framework must be able to handle common 
fault scenarios. There is no guarantee in a 
Grid environment that a particular service 
will be available at some particular time. In 
this case, there should be intelligent 
mechanisms to discover and invoke another 
service, or compose services which provide 
the same functionality.  Similarly, in case a 
rulebase is not available for a particular 
objective, there must be mechanisms to 
chain services to achieve the objective. We 
define fault tolerance to mean the non-
availability of the service and exclude other 
possible faults, for e.g. a service returns an 
invalid response, at this time. 

• Workflow granularity: The framework 
should support mechanisms to allow users 
to generate workflows of varying levels of 
granularity. For example, abstract and 
concrete workflows. Abstract workflows 
specify the workflow without referring to 
any specific service implementation. Hence 
all services are referred to by their logical 
names. A concrete workflow specifies the 
actual names and network locations of the 
services participating in the workflow. An 
abstract workflow allows users to share 
workflows without reference to any specific 
service implementation. This is particularly 
useful as there is no guarantee of the 
availability of any service in Grids. On the 
other hand, a concrete workflow could be 
useful for provenance purposes. 
Additionally, workflows of differing levels 
of granularity should be loosely coupled, 
i.e. with minimum interdependence. 

• Specify and refine high-level objectives: 
The framework should support mechanisms 
to allow users to specify and dynamically 
refine a high-level objective which is then 
translated into a workflow. It should be 
possible to carry out `what-if" analysis in 
an efficient manner with only the changed 
sub-graphs being recomposed. 

• User-specified optimization criteria: The 
framework should provide a mechanism 

which allows users to specify the workflow 
composition/execution optimization 
criteria. For example, the user may want to 
minimize the total runtime of the workflow 
or minimize the use of expensive resources. 

• Scalable: The framework should be 
scalable to a large number of services. 

• Other important requirements include 
security and ability to record and reason 
over provenance. 

 
Our proposed framework provides the 
following: 
 
• Support for dynamic adaptive workflow 

composition mechanism 
• Support for generating, storing, and reusing 

workflows with differing levels of 
granularity. 

• Support for specification and refinement of 
high-level user objectives. 

 
The framework architecture is shown in Figure 
1. Everything is a service. Services are 
described and invoked based on their 
descriptions. The key bootstrap operation is the 
location of the Workflow Manager Service 
(WFMS). The WFMS puts together the 
framework required based on available services 
and user-specified preferences. The framework 
consists of two core and five supporting 
services: Abstract Workflow Composer 
(AWFC), Concrete Workflow Composer 
(CWFC), Reasoning Service (RS), Matchmaker 
Service (MMS), Abstract Workflow Repository 
(AWFR), Concrete Workflow Repository 
(CWFR) and the Rulebase (RB). The WFMS 
coordinates the entire process and manages the 
flow of messages between the components. The 
AWFC is a service which accepts an incoming 
user-specified high-level goal and transforms 
this into an abstract workflow. At this level, all 
tasks and their inputs and outputs are referred to 
by their logical names. The AWFC will 
typically query the AWFR to ascertain if the 
same request has been processed previously. If 
so, the abstract workflow will be returned to the 
Manager Service. If not, a request will be made 
to the Reasoning Service to retrieve a process 
template from the Rulebase which can satisfy 
the request.  If a process template is not 
available, an attempt will be made to retrieve a 
combination of tasks that provide the same 
functionality based on the inputs, outputs, 
preconditions and effects. The same process 
will apply to all constituent services. An 
abstract workflow is generated and returned to 
the Manager Service. The CWFC Service 



accepts an abstract workflow and attempts to 
match the individual tasks with available 
instances of actually deployed services. If the 
matching process is successful, an executable 
graph is generated and returned to the Manager 
Service. If not, a request will be made to the 
Reasoning Service and the Matchmaker Service 
to retrieve a combination of services that can 
provide the required functionality. The AWFR 
and CWFR Services are domain specific 
services which wrap and provide access to the 
workflow repositories. The repositories store 
abstract and concrete workflows respectively. 
Sections 4 to 7 describe each of these 
components in more detail. 

 

 
Figure 1. The Framework Architecture  
 

4.   Abstract Workflow Composition 
As introduced above, the AWFC Service 
generates an abstract workflow from a high-
level objective. The AWFC uses a dynamic 
adaptable algorithm which tries to build an 
abstract workflow by using at least three 
different sources of information. 
 
• AWF Repository. The AWF Repository 

stores semantically annotated descriptions 
of services and workflows. The AWFC 
queries the AWFR Service to ascertain if 
the same workflow has been processed 
previously. This is done by semantically 

matching the workflow name by referring 
to an ontology. If a match is found, the 
AWF is returned.  

 
• Rulebase. If no match is found, the AWFC 

queries a rule base to retrieve a rule which 
can provide the template to achieve this 
goal. Given this rule, the AWFC again 
queries the AWFR, but this time an attempt 
is made to semantically match the inputs 
and outputs required to those of the abstract 
workflows in the repository. If an AWF is 
matched, this is returned. If the matching 
does not succeed, the AWFC analyzes and 
splits the rule into component rules. This is 
done recursively until an atomic rule is 
reached. The AWFC will then query the 
AWFR to ascertain if any AWFs match the 
rule. 

• Chaining Services. The AWFC uses the 
Reasoning Service (see Section 6) to create 
a chain of services that when put together 
can fulfil the user objective.   

5. Concrete Workflow Composition 
The CWFC uses a dynamic adaptable algorithm 
to match each service in the abstract workflow 
with an instance of an executable service 
available on the network at that time. It does 
this in two different ways: 
 
• Matchmaking: Each abstract service is 

passed to the Matchmaker Service (see 
Section 7) which then attempts to retrieve a 
semantically matching service available on 
the network. Depending on the degree of 
the match, the CWFC Service may accept 
the service. The degree of match may vary 
from exact to plug-in. 

• Chaining Services: The CWFC uses the 
Reasoning Service (see Section 6) to chain 
together services which can provide the 
same functionality. It is possible that a 
service implementation may not be 
available. In this case, the AWFC is 
invoked through the WFMS, and asked to 
provide alternative AWFs for that particular 
sub-graph. This provides a high degree of 
fault tolerance. 

 
Matching is done in two stages. First, a 
semantic match is made. If this is successful, the 
number and the types of the input and output 
messages are compared: if they are the same, 
the match is successful, else an attempt is made 
to chain services starting from the output 
desired. 



6. Reasoning Service 
The Reasoning Service provides support to the 
two core composer services. Specifically, this 
service provides a back-tracking algorithm to 
produce a chain of services which can provide 
the output required using the given input. More 
specifically, the following steps are performed: 
 
• For each service available, find a service 

that matches the output of the service 
requested. Let one such service be Sn. 

• Ascertain the input of Sn. Find a service 
that can generate the input for Sn. Let this 
service be Sn-1. 

• This process is iterated until the input of the 
service Sn-x matches the input of the 
service requested. 

• Formulate the workflow which specifies the 
order of execution of the components S1 to 
Sn. 

 
An interesting feature of our chaining algorithm 
is that it uses the Matchmaking Service to match 
the inputs and outputs of the services. As a 
result, it is not essential that matching be exact; 
plug-in matches are acceptable. This makes our 
chaining algorithm more robust and with a 
higher rate of success than similar other 
algorithms. 

7. Matchmaking Service 
The Matchmaking Service (MMS) provides an 
intelligent matchmaking mechanism. Its core 
functionality is to match two services based on 
the inputs, outputs, pre-conditions and effects 
(IOPEs). The Matchmaking Service is used by 
the Reasoning Service to match inputs and 
outputs of the service that it is chaining. 
Additionally, the MMS is used by the CWFC 
Service to match abstract services to concrete 
services. Our algorithm is based on that 
proposed by Paolucci et. al. [20]. However, only 
exact and plug-in matches, as defined by 
Paolucci et al.,  are calculated as there is no 
guarantee that a subsumes match would be able 
to provide the required functionality. As a 
consequence, we would expect the algorithm to 
be more suitable and efficient for use in 
automated composition frameworks. 

8. Implementation and Evaluation 
In this section, we first describe the 
implementation of our framework. We then 
illustrate our approach by using a scenario from 
the physics domain and provide some 

preliminary results of performance evaluation 
experiments. All the main components are 
implemented as Web services using the Axis 
server to expose them. We use existing 
Semantic Web tools, like RDF, OWLS, and 
reasoning mechanisms to provide the basic 
representation and reasoning technology. 
Services are described using OWL-S. The 
Reasoning and Matchmaking Services use 
DQL/JTP server to carry our subsumption 
reasoning. The repositories are currently 
implemented as flat files containing the OWL-S 
profiles and process models (see figure 2). The 
WFMS forms the core of the framework. It 
locates and coordinates all the other components 
required to form the framework. The AWFC 
Service generates an abstract workflow as a 
DAML-S Process Model. This abstract 
workflow is passed to the CWFC Service, 
which then matches all the services taking part 
in the workflow with available implementations. 
Finally, a BPEL4WS document containing the 
network locations and protocol details of all the 
tasks is generated and this can now be submitted 
to any BPEL4WS engine for execution. To 
illustrate the main features of our framework, 
we present the following scenario. 
 
<profileHierarchy:SignalProcessing rdf:ID="FFT"> 
 <profile:input> 
  <profile:ParameterDescription rdf:ID="FFTInput"> 
   <profile:restrictedTo      
      rdf:resource="Concepts.owl#VectorType"/> 
  </profile:ParameterDescription> 
 </profile:input> 
 <profile:output> 
  <profile:ParameterDescription rdf:ID="FFTOutput"> 
   <profile:restrictedTo r 
    rdf:resource="Concepts.owl#ComplexSpectrum"/> 
  </profile:ParameterDescription> 
 </profile:output> 
</profileHierarchy:SignalProcessing> 

 
Fig. 2. Snippet of OWL-S Profile for FFT 
 
Compact binary stars orbiting each other in a 
close orbit are among the most powerful sources 
of gravitational waves. As the orbital radius 
decreases, a characteristic chirp waveform is 
produced whose amplitude and frequency 
increase with time until eventually the two 
bodies merge together. Laser interferometric 
detectors such as GEO600, LIGO, VIRGO 
should be able to detect the waves from the last 
few minutes before collision. Interferometric 
gravitational wave detectors are inherently 
broadband, sensitive to radiation coming from 
almost all directions in the sky, and output data 
at rates in excess of several megabytes per 
second. Consequently, searching for 



gravitational wave signals buried in the detector 
output and identifying the sources is a 
challenging task. To analyze this data, 
thousands of templates, representing the 
theoretical knowledge of relativistic binary 
systems, are correlated with the signal using fast 
correlation by a technique known as matched 
filtering. This implementation uses 
approximately 50 separate services connected 
together to form a workflow. The AWFC 
generates a DAML-S Process model referring to 
the services by their logical names, for example 
FFT, Conjugate, Scaler, OneSide, and Wave. 
These are then matched to actual 
implementations available on the network. The 
purpose of our experiments is two-fold: to 
assess plan generation times and success 
rates.We ran our experiments on a Windows 
machine with a 1.4GHz Intel processor and 
512Kb RAM. We first evaluate the time for 
generating concrete workflows (see Figure 3). 
There is an exponential relationship between the 
number of services in a plan and the time 
required to match and compose an executable 
graph. We also looked at the workflow 
generation success rates (see Figure 4). We 
compared our framework with a simple 
automated back-tracking composition 
algorithm. We used the same process ontologies 
and composition requests for both of these 
techniques. Based on 50 requests, the results 
show that our framework had a success rate of 
80% while the back-tracking algorithm had a 
success rate of about 60%. This confirms our 
expectation that our adaptive framework has a 
higher probability of successfully generating 
workflows. Further experiments are currently 
being done to ascertain the range over which 
this results apply. 
 

 
Fig. 3. Plan Generation Times. 

 

 
Fig. 4. Plan Generation Success Rates. 

 

9. Conclusion 
In this paper, we propose a framework to 
facilitate automated composition of scientific 
workflows in Semantic Grids made up of a 
Manager Service and other supporting services, 
including an abstract and a concrete workflow 
generator. We have described these components 
in detail and outlined their interactions. We 
have also described our implementation and its 
use within the physics domain. The important 
features of our approach are: an adaptive 
workflow generation algorithm and distinction 
between different levels of abstraction of the 
workflow in order to allow reuse and sharing. 
These features ensure that our framework has a 
higher possibility of successfully generating 
workflows compared to other similar 
algorithms. Future work involves the use our 
model in other application domains. We also 
plan to integrate user-specified optimization 
criteria to guide the generation of workflow. 
Finally, we intend to investigate the use of user 
specified policies to guide decisions which need 
to made when composing services. 
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