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Abstract. In this paper we discussthe use of Grid services,an emerging Internet-
basedtechnology, to enable the application of numerical optimisation algorithms in
heterogeneous,distributed systemsfor engineeringdesignoptimisation tasks. By be-
ing presented as Grid services,numerical optimisation algorithms can be consumed
with a number of messageinteractions. The servicesare built using a combination
of standard Web services and newly developed Grid technologies, based on the
concept of Reverse Communication. The proposed approach easesthe burden of
integration by encapsulating optimisation algorithms into generic interfaces, which
can be integrated into di®erent client environments.

The design of the optimisation grid services is explained in detail, and is illus-
trated with concrete implementations. We also demonstrate the use of the opti-
misation serviceswith real engineering design optimisation problems performed in
scripting problem solving environment.

Keyw ords: Grid services,PSE, optimisation, Reverse-Communication

1. In tro duction

Engineering design is an iterativ e, multidisciplinary process that is
often data intensive and computationally expensive due to the appli-
cation of high ¯delit y analysis models for the simulations of physical
phenomena.In the past few decades,engineeringdesign and problem
solving havebecomeincreasinglydependent on computing, which spans
from computer aided design(CAD) to simulation and visualisation. In
particular, the application of numerical optimisation [1] techniques in
engineeringdesign that exploits sophisticated modelling and analysis
capabilities can provide an e®ective measureto produce better designs
in a reduceddesigncycle.

The increasingcomplexity of the simulation tools and data models
involved in the design process,together with the uniquenessof each
designproblem that requires individual solution strategies,have made
it often a daunting task for designengineersto apply specialisedoptimi-
sation strategiesin their daily designactivities. Solving an optimisation
problem usually requires the integration of various elements into an
often heterogeneousand distributed designenvironment. It is alsonec-
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essaryto be able to formulate di®erent solution strategiesfor di®erent
designproblems. In addition, easyto useis one of the most important
requirements for such systems.These requirements prompted the re-
search and development of dedicated systemsfor design optimisation,
such asSPINEware [2], iSIGHT [3], ModelCenter [4] and more recently ,
FIPER [6], which attempt to provide an integrated environment for
engineeringdesignoptimisation.

A common requirement shared among these integrated design op-
timisation packages is that users need to provide the optimisation
modules with programmatic accessto the modelling and analysis tools
that supply the objective functions. Nevertheless,such modelling and
analysis tools are in many casesdeveloped with di®erent technologies
and therefore require di®erent software interfaces.For example, there
exist di®erent CAD packages,¯nite element analysis (FEA) and com-
putational °uid dynamics (CFD) codes.It is therefore necessaryto de-
velopwrappersfor thesepackagesto beusedin integrated environments
mentioned earlier.

A variety of technologieshave beenapplied to support the interac-
tions betweenincompatible software components. The most commonly
used method is to communicate via data ¯les, which relies on shared
data typesand formats, or specially developed parsersto interpret the
input/output ¯les. There are sometimesstandards available to help in
the exchangeof such ¯les. For example,the Standard for the Exchange
of Product Model Data (STEP) [5] wasmadeto facilitate product data
exchanges.Another approach to integration is basedon commonobject
interfacetechnologies,such asCORBA [7], in which function calls to the
components are carried out asstandard remote procedurecalls (RPC).
Thesetechnologieshave so far only achieved limited success.While the
useof exchangedata ¯les can be seenasa genericapproach, the lack of
standard formats in native data description and semantic descriptions
of the ¯le content means that extra layers of processingare required
almost every time a new component is intro duced. And it lacks the
capability to deal with fault tolerance in a consistent manner. As for
the commoninterface technologies,the useof vendor-speci¯c standards
and protocols makes it very di±cult to achieve wider interoperabilit y.
And the use of RPC risks tight coupling that makes the system less
°exible and scalable.Furthermore, sincemost of thesetechnologiesare
not ¯rewall-friendly, it is not easy for them to be applied in a wider
distributed environment such as the Grid.

Recent advancement of Grid computing technologieshas provided
the incentiv e for a new solution to integrate optimisation in engineering
design.The primary target of Grid technologiesis to enablelarge-scale,
dynamic collaboration among participants from highly heterogeneous
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and distributed computing environments. A number of attempts have
beenmade to achieve this before Web servicetechnologieswere intro-
duced. It is now widely recognizedthat a service-oriented approach, by
which all resourceson the Grid are viewed as servicesbuilt on stan-
dard interface de¯nition and invocation mechanisms,is able to provide
the desired interoperabilit y and facilitate collaboration. In adopting
service-orientation in Grid computing, Web servicesare extended to
the more sophisticated Grid services,such as those proposed in the
Open Grid ServiceArchitecture (OGSA) [8] and the associated Open
Grid ServiceInfrastructure (OGSI) [9].

The idea of presenting numerical optimisation technologiesas Grid
services arose from our e®orts to adopt service-oriented Grid tech-
nologies for engineering design optimisation [10]. It o®ersa generic
and extensible framework to address the integration issuesby com-
pletely decoupling the optimisation modules from the other software
components. The optimisation codes, regardlessof what programming
language they are written in or what the platform they run on, are
encapsulatedinto standard Grid servicesthat are universally accessi-
ble. The tightly-coupled programmatic links betweenthe optimisation
modules and the modelling codesthat usedto be required for integra-
tion are replaced with loosely-coupled,standard based messagelevel
interactions. It therefore becomeseasier to adopt in one engineering
design system a number of di®erent optimisation technologies, or to
apply oneoptimisation method to a variety of designproblems.Further-
more, the use of standard communication protocols for Grid services
makes it ¯rewall friendly and therefore appropriate for a distributed,
cross-institutional designenvironment.

The focus of the work presented in this paper is to expose op-
timisation services in a °exible, generic interface that can be easily
integrated into various environments and used to compose di®erent
optimisation work°ows.The rest of this paper is organisedasfollows: In
section2, we review the related work by examining the advantagesand
disadvantages of these technologiesand tools. Section 3 discussesthe
motivation and conceptof ReverseCommunication interface. In section
4, details are provided on the designof the optimisation grid services,
which is illustrated in section 5 with two sample implementation of
the servicesbased on di®erent optimisation algorithms. In section 6
we demonstrate the optimisation services with their applications in
solving di®erent engineeringdesignoptimisation problems,and discuss
the serviceperformanceissuesbasedon the experiences.We draw our
conclusionsin section 7.
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2. Related W orks

A number of attempts have beenmade to enablenumerical optimisa-
tion in distributed environments. One of the most notable onesis the
NEOS project [11]. However, it requires that the design problems be
formulated in the AMPL languages[12] and submitted to the server for
execution. Therefore it is not applicable to caseswhere the objective
functions and constraints need to be computed using commercial or
proprietary codes.

Problem
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GridRPC


Optimisation

System


(GA, BFGS, etc)


Scheduler


Figure 1. Architecture of a Typical Optimisation System using Forward Communi-
cation

Other related work such as iSight, FIPER, ModelCenter and Nim-
rod/G [13] [14] mentioned earlier adopt a di®erent approach: optimi-
sation is often an inherent part of an integrated environment, in which
modelling and analysis packagesare often integrated using CORBA,
RMI or other RPC technologies. In such systems the optimisation
logic is usually closelycoupled with the job submissionand scheduling
functions. Apart from the numerical optimisation search, the optimiser
is alsoresponsiblefor passingforward information on wherethe next set
of designpoints should be, and controlling the evaluation of objective
functions through job submissionsystemssuch asNetsolve [15], Globus
[16] or GridRPC [17]. This type of system is often called "Forward
Communication". The major disadvantage of such approach lies in the
following aspects: ¯rstly , it is di±cult to make useof the optimisation
algorithms from outside the integrated system,and to incorporate new
optimisation algorithms into the system by end users; secondly, it is
alsodi±cult to replacethe job submissionand scheduling components;
and ¯nally , usersare restricted to formulate their problems within the
restrictions of the system.Figure 1 shows a typical architecture of such
systems.
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Figure 2. Architecture of Service-Oriented Optimisation System

In systemsasillustrated in Figure 1, usersare required to wrap their
objective functions in a prescribed format and languagefor the optimi-
sation systemto submit to computing resources.It lacks the °exibilit y
that is desired for accessingthe optimisation algorithms from outside
the integrated environments, which makesit infeasibleto shareoptimi-
sation methods among heterogeneousdesignenvironments distributed
acrossmultiple administrativ e domains. Moreover, the proprietary in-
terfaces used by these systems also decide that users will have to
develop individual interfacesfor di®erent packages.

Our vision in solving these problems is to embrace recent develop-
ments in Web servicesand Grid technologies so as to deliver highly
scalableand °exible optimisation servicesto the design environments
using a generic,loosely-coupledinterface.This approach makesnumeri-
cal optimisation a stand alonemodule that canbeaccessedfrom various
programming languages,PSEs and middleware without knowledge of
the implementation details. Figure 2 illustrates the architecture of our
proposed system based on the use of "Reverse Communication" in
interface design, which will be discussedin the next section. Users
can communicate with the optimisation servicesvia standard SOAP
messagesusing client tools in a designenvironment of their own choice,
for example,Matlab [18] or Jython [19].

3. Service-Orien ted Numerical Optimisation with Rev erse
Comm unication

In this section, we explain the rationale behind the useof the Reverse
Communication interface [20] [21] which makes it possible to apply
service-orientation to present numerical optimisation algorithms.
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First it helps to have a brief review of the typical structure of
common numerical optimisation packagesand their limitations. Nu-
merical optimisation is an iterativ e processwhereby modelling and
analysis codes are exploited to produce improved designs.The mod-
elling and analysis codes are used to calculate the values of functions
that, in somesense,characterise the performanceof the design.These
"measures-of-merit" or "ob jective" functions and constraints are often
calculated using high-¯delit y analysis codes in ¯elds such as compu-
tational structural mechanics and computational °uid dynamics, and
normally require high performancecomputing facilities. A requirement
shared among most existing optimisation packagesis that usersneed
to provide the optimisers with a "hook" to users'analysiscodes.While
this can be implemented in various ways such asshareddata ¯les, mes-
sagepassingand direct codelinkage,a commonfeature canbeobserved:
the processis driven by the optimiser in a Forward Communication
style. As a result, usersare required to conform to the strict interface
requirements when integrating their modelling and analysis codesinto
the optimisation framework. Figure 3 showsa typical structure in which
usershave to passa function pointer to the optimiser.

In addition, in a forward communication optimisation system, the
optimiser not only processthe application logics,but alsohave to man-
age job scheduling, computing resourcesallocation and visualisation.
Such systemstructure is only applicable to a singlepackage,or when a
global standard exists. As it is usually unlikely to have such standards,
a more °exible model is neededto carry out the task of integrating
heterogeneouspackagesinto the optimisation process.

We apply a service-oriented structure to the design optimisation
system, by which the optimisation codesare presented as independent
components with standard interfaces.Being Grid services,the optimis-
ers are driven by the optimisation processusing standard XML based
messages,and are no longer responsible for the running of the other
parts of the process.It is therefore possible to integrate optimisation
codeswith di®erent designsystems.

Service-oriented numerical optimisation is only feasiblewhen using
the ReverseCommunication mechanism,which establishesa server/client
relationship between the optimiser and its users.The idea of Reverse
Communication is not new. It has seenlimited use in some numeri-
cal libraries [20] and optimisation implementations [21]. It provides a
°exible measureto couple the optimisers and analysis code. Reverse
Communication works by iterativ ely calling the optimiser with the aid
of a °ag, which indicates the actions the user requires, such as process
initialisation. Each time the optimiser returns a result, it will indicate
to the user what operations must is expected next and what informa-
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Optimiser(* fn, args)
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Figure 3. A typical structure for numerical optimisation with the analysis code
speci¯ed as a function pointer( ¤f n (ar gs))

tion is required to be passedback. It is essentially a client-server style
of interactions between the optimiser and the user supplied analysis
code, which provides maximum °exibilit y for the implementation of
the iterativ e process.The user has complete control over when and
where to request the service(i.e., the optimiser). And it is possibleto
provide multiple client tools for di®erent target designenvironments.

This type of interfaceavoids the needfor tight coupling betweenthe
optimisers and the user's analysis codes. Therefore it provides a gen-
eral infrastructure for implementing various optimisation algorithms as
server-sideservices.The conceptof implementing optimisers asservices
is well-matched to the typical scenariosin a Grid computing environ-
ment (GCE), in which, the abilit y to perform compositional modelling
is the key for building complexmodelling capabilities. The implementa-
tion of optimisation asa Grid servicealsomakesit easyto plug in new
functionalities such as parallelisation and scheduling of computational
jobs and archiving of computational results, which usually rely on the
implementation within the optimisers themselves. Other bene¯ts in-
clude: it becomesunnecessaryto keepalive the communication channel
betweenthe optimiser and analysiscodeson the computational servers;
it is much easierto implement parallel algorithms in user's codes; it is
easierto add or replacescheduling algorithms for multiple computing
jobs or exploit best-of-breedthird party systems;and optimisation can
be implemented to deal with multiple tasks simultaneously.
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A problem of applying ReverseCommunication, nevertheless,is that
it may require the re-engineeringof the optimisation code in a way that
might only be possiblewith the availabilit y of sourcecode.

A genericReverseCommunication interface for an optimiser can be
represented as follows.

r et = opt(task; x ; f ; g; p) (1)

where, on entry , task is the character string indicating the task
required to the optimiser, x represents the current valuesof the design
vector, f denotes the current function value, g denotes the gradient
vector at the current point, and p denotes the control parameters
provided by the user. The return value r et indicate the status of the
call to the optimiser.

Table I. List of Service Tasks on Invocation

Task Description

\start" Initialise optimisation processfrom the value provided in x .

\new" Objectiv e function value provided at point x .

\grad" Gradient vector provided at point x .

On return, task contains the next task required by the optimiser, it
can be the following.

Table I I. List of Service Status on Return

Task Description

\new" Function value required at the point x , which has been modi¯ed

by the optimiser opt.

\grad" Gradient vectors required at the point x .

\stop" Solution converged with results stored in x .

\fail" Optimiser fails to converge, adjust the convergencecriteria.

The work°ow of the optimisation processusing service-orientation
is illustrated in Figure 4, in which the invocations of the service are
controlled by the process,instead of the other way around. Details on
the designand implementation of optimisation as Grid servicesin this
way are discussedin the following sections.
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Figure 4. Illustrativ e Flowchart using Optimisation Grid Services

4. Design of the Optimisation Grid Services

This section discussesthe design of the optimisation serviceswhich
aim to o®er a variety of numerical optimisation methods. There are
four major issues:the design of the servicearchitecture, the design of
a generic optimisation service class, the integration of native, propri-
etary numerical optimisation codes, and security management for the
optimisation services.

4.1. Ar chitecture of the Optimisa tion Service

Numerical optimisation servicesare stateful Grid services.A complete
optimisation processusually involves multiple interactions with the
optimisation service. The service needsto maintain information con-
cerning the optimisation process,including the choice of optimisation
method, boundsof designvariables, control parametersof the method,
and search history of the optimisation processbetweenserviceinvoca-
tions. To ensureservice performance, the servicesneed to be able to
restore states quickly once a new request is received. In the caseof a
system failure, the servicesshould be capable of recovering previous
states when the system is restored.

When designing the architecture of the optimisation services,the
primary concernis whether it can provide a simple and e±cient model
for service state management. Traditional Web servicesare stateless.
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The standard Web servicesspeci¯cations do not bear any notion of
application state. There are mainly two di®erent approaches for state
management of Web services:the transient Grid servicemodel [9] and
the useof operation context.

The transient grid servicemodel is basedon OGSA and is technically
speci¯ed in OGSI. The basicidea is to createservice'instances' that en-
capsulateall operation-speci¯c state information. Similar to distributed
objects, the serviceinstancesare instantiated through a factory service
and are uniquely identi¯ed using Grid ServiceHandlers (GSH) [8]. All
service interactions for a particular operation are carried out towards
the sameservice instance. The instancesonly exist for the lifetime of
the operations and are destroyed oncethe operations are ¯nished.

Instead of intro ducing an additional infrastructure like OGSI, the
operation context based approach attempts to provide support for
stateful service interactions within the Web servicesframework, using
speci¯cations such as WS-Context [22]. Operation states are encapsu-
lated in XML basedentities called "context". Each servicemessagefor
a particular operation contains in its SOAP headera context, or a URI
link to it. The target service retrieves state information through the
context to handlesthe requests[23].

Betweenthe two approaches,the OGSI transient grid servicemodel
has beenselectedas the basic infrastructure for our numerical optimi-
sation servicefor two reasons.Firstly , it can be far superior in system
performanceto the context basedapproach. A complete optimisation
procedure may involve hundreds or thousands of search steps. When
using context, all state information needsto be loaded to the system
every time a requestcomesin. Comparedto the transient servicemodel,
by which the service instance is always maintained in the system and
can be accessedimmediately, the accumulativ e increaseon systemload
can be signi¯cant. Secondly, state management with the transient grid
servicemodel is lesscomplicated. Sinceall statesare maintained by the
service instances,it is not necessaryto intro duce additional speci¯ca-
tions or to de¯ne new data structures. And, unlike the context based
approach, the serviceclients do not participate in state management.
This simpli¯es the integration with the optimisation services.

The design of the optimisation service architecture based on the
transient grid servicemodel is shown in Figure 5.

The optimisation serviceis composedof both stateful and stateless
parts. The stateful part of the service is the instance object that is
responsible for carrying out serviceoperations and keepingthe service
state data. Created from the optimisation service class, the instance
objects are maintained in an object repository within the OGSI Con-
tainer for the lifetime of the transient service.And each instanceobject
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Figure 5. Architecture of the Optimisation Grid Service

registers with the container using a unique ID that can used to lo-
cate the object in the repository. The service interface is the stateless
part of the service, which serves as a bridge between the web server
and the OGSI container. It interfaces to the optimisation service by
handling the standard SOAP protocol [27] and associated protocols
for security and data transmission. Each time the service is invoked,
the service interface processesthe request message,interacts with the
OGSI Container to locate the target instanceobject basedon the Grid
service handle (GSH) provided by the client, starts the operation on
the instance object, and ¯nally send the results back to the client in
SOAP messages.

The OGSI Container usually maintains the serviceinstance objects
in the systemmemory soasto minimise responsetime. It is nevertheless
not reliable since all the service states can be lost when there is a
system failure. Consequently , our design includes permanent storage
mechanisms such as databases,¯le systems,and data (Grid) services
[28], wheredata from the serviceinstanceobjects can be serialised.The
backup operation can be carried out automatically by the optimisation
service,or when the client requires.

4.2. Design of the Optimisa tion Service Class

The service instance objects constitute the principal part of an opti-
misation service.Each object is an instance of an optimisation service
class, which de¯nes the data structure and behaviour of the service.
In order to facilitate and standardise the service development, a pre-
de¯ned abstract class named OptimisationGridServiceSkeleton is de-
signed to be implemented and extended by new optimisation service
classes.It provides a generic abstraction of optimisation servicesby
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de¯ning standard data ¯elds and interfacessharedby most optimisation
methods. In addition, the abstract classalso implements generalGrid
servicesfeatures,which are required for the optimisation servicesto be
hosted by the selectedOGSI environment.

To support optimisation in the ReverseCommunication style, the
OptimisationGridServiceSkeletonclassincludesthe following data ¯elds:

¡ methodT ype, an integer, which indicates the category that the
optimisation method belongsto.

¡ optimisationM ethod , an integer, which indicates the optimi-
sation method current service instance employs. It is only used
when the serviceprovides multiple optimisation methods.

¡ desig nV ector Siz e, an integer, which indicates the size of the
designvector.

¡ desig nV ector , a double array, which stores the current value of
designvariables

¡ boundS et , a boolean array, which indicates if bounds exist on
designvariables

¡ bounds , a double array, which can be used to set the bounds on
designvariables for optimisation methods with simple bounds on
designvariables.

¡ gr adientS et , a boolean variable, which indicates whether gradi-
ent information is usedby the method

¡ gr adientV ector , a double array, which stores the current value
of the gradient vector. It is used by gradient-based optimisation
routines such as hill climbing

¡ hessianS et , a booleanvariable, which indicateswhether the Hes-
sian is usedby the methods

¡ hessianM atr ix , a double array, which stores the value of the
Hessianmatrix, it is only usedby methods which usesecondorder
derivatives

¡ scal eV ector , a double array, which stores the current value of
the scalevector, and can be set by the client

¡ obj F uncV ector , a double array, which stores the current value
of the objective functions.
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¡ constr aintsV ector , a double vector, which stores the current
value of all constraints if theseexist

¡ iter ationsR equested , an integer, which stores the number of
iterations requestedby the user.

¡ optimisationH istor y , which logseach stepof the optimisation,
including values of the design variables, the objective function
values,constraints, and the control parameter values.

¡ ser v iceO wner , which records the identit y of the owner of the
current service instance. The identit y can be a username,or the
subject line of a digital certi¯cate.

The abstract classalso de¯nes the following operations:

¡ Optimise . This operation is calledto start or continuethe optimi-
sation. Input and output parameterscan be de¯ned with reference
to the tasks listed in Table I and I I in the previous section. All
optimisation servicesare required to implement this method.

¡ R eset . This operation reloads the initial servicestate that is set
up when the service instance is created, or restores a previous
service state of the service instance. It can be implemented to
enablecustomizedservicerestart.

¡ SetS er viceP ar ameter and GetS er viceP ar ameter . These
two methods allow users to accesscontrol parameters of the op-
timisation process.As control parameters of di®erent optimisa-
tion methods are diversein their formats, no speci¯c data ¯eld is
de¯ned for them in the abstract class.

¡ Sav eSer viceS tate . This operation allows usersto explicitly re-
quire the current servicestate to be saved. An index symbolising
the saved state is usually returned, which can later be usedby the
RESET method to ¯nd the required state information.

In addition, the abstract classalsocomeswith a default constructor,
which can be used to initialise the service instance object when it is
created.It allowsusersto specify the choiceof optimisation method and
the sizeof the designvector. It alsoinitialises the pre-de¯ned vectors,as
well as the servicehistory log. When required, customisedconstructors
can also be made to extend or replacethe default constructor.

The use of the abstract class for serviceswith di®erent optimisa-
tion methods is demonstrated in the next section with our sample
optimisation services.
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4.3. Integra tion of Lega cy Numerical Optimisa tion Code

An important issuein the development of the optimisation servicesis
how to integrate the target optimisation methods with the services,
using advanced development environments and tools. Most existing
optimisation methods are written in native programming languages
such as FORTRAN and C/C++ that are di®erent from those used to
build Grid/W eb services.Two approachescan be applied to seamlessly
integrate the service programming environment and the optimisation
codes,as shown in Figure 6.

Opti mi sa ti on
Sour ce  C ode


Common L anguage

Runt im e (C LR)


Compil er
Serv ic e Cl as s


in  C LR
Languages


Compli ed
Bi nary

JNI

Serv ic e

Cl as s in

Ja va

OGSI .N ET /
MS.N ETGrid

Gl obus  V .3

COM


Figure 6. Encapsulating Existing Optimisation Code into Service Classes

The ¯rst one makesuseof the Common LanguageRuntime (CLR)
[29], which provide multi-language support and seamlessintegration of
code written in di®erent programming languages,such as FORTRAN,
C/C++, VB and C#. It is therefore possible to have existing source
code compiled into CLR libraries, and be accessedthrough CLR by
service classeswritten in di®erent languages.The CLR approach re-
quires accessto the sourcecode of the optimisation methods. In many
cases,however, the optimisation methods are only available as binary
libraries. The secondapproach addressesthis problem by using native
interfacetechnologiessuch asJava Native Interface(JNI) [30]and COM
[31] in the serviceclassesto accessthe compiled binaries.

Choicebetweenthesetwo approachescan be madebasedon perfor-
mance,sourcecode availabilit y, and most importantly the selectionof
the servicehosting environment. When .NET basedGrid serviceenvi-
ronments such as OGSI.NET [26] and MS.NETGrid [25] are selected,
legacyoptimisation codescan be integrated using either CLR or COM.
On the other hand, if the optimisation servicesare to be deployed over
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Java basedGrid serviceenvironments such asGlobus v.3 [24], JNI will
have to be applied.

In the next section, the use of CLR and COM are demonstrated
through our sampleoptimisation services.Examples for the useof JNI
can be found in [33].

4.4. Security Mana gement

Security management for the optimisation grid servicesare mainly con-
cerned with the following three issues:messageintegrit y, privacy, and
serviceownership. The serviceneedsto make sure that the messagesit
receiveshave not beendamagedor altered, the content of the messages
are only accessibleby the senderand the serviceinstance,and only the
requestsfrom the owner of the serviceinstance are accepted.

For Web services, security mechanisms are available at both the
communication level and the messagelevel to ensuremessageintegrit y
and privacy. Deploying security over the communication layer risks the
tight coupling of the optimisation servicesto a particular protocol, and
thus makesthe solution lessgeneric.We therefore deploy WS-Security
[34], an XML-based messagelevel security protocol, to addressthe se-
curit y requirements of the optimisation services.WS-Security speci¯es
how XML signatures should be created to guarantee the authenticit y
and integrit y of the SOAP messages,and how the messagescan be
encrypted to maintain the privacy. The X.509 v3 certi¯cates have been
selectedas the security token for the optimisation service. Details on
how WS-Security and X.509 work can be found in [35].

5. Implemen tations of the Optimisation Grid Services

In this section we demonstrate how the optimisation grid servicescan
be implemented to provide various numerical optimisation methods.
Two typical exampleshave been selected,including a gradient based
optimisation routine from the PORT library [36], and a genetic al-
gorithm (GA) from the OPTIONS system [40]. Both services have
beenconstructed under .NET basedOGSI platforms, with the gradient
basedserviceon MS.NETGrid, and the GA serviceon OGSI.NET.

5.1. Building the Gradient Optimisa tion Service

As part of this work we have developed a demonstrative optimisation
servicebasedon optimisation routines from the PORT Mathematical
Subroutine Library [36]. The PORT library contains routines that im-
plement Reverse Communication versions of optimisation algorithms
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for generalconstrained / unconstrained minimisation. Sourcecodesof
theseroutines areavailable in FORTRAN 77.With the help of the CLR
compiler for FORTRAN, we were able to convert these into libraries
accessibleto the service class written in C#, and to construct the
servicebasedon the .NET Grid servicehosting environment.

The following optimisation routines are encapsulatedin the sample
service:

¡ R M N F and R M N F B , which minimise general constrained /
unconstrained objective functions using ¯nite-di®erence gradients
and secant Hessianapproximations.

¡ R M N G and R M N GB , which minimise general constrained
/ unconstrained objective functions using double-dogleg/BFGS
steps.

¡ R M N H and R M N H B , which minimise generalconstrained /
unconstrainedobjective functions using a Hessianmatrix provided
by the caller.

Each instance of the gradient serviceis bound to a particular opti-
misation method. When starting an optimisation process,the message
that requeststhe creation of a new serviceinstance speci¯es the target
optimisation method, the sizeof the designvector, and the boundaries
of the search parameter space.Data ¯elds within the service instance
object will be initialised accordingly. Figure 7 shows the request mes-
sageto createan instanceof the gradient optimisation servicethat uses
RMNF. It alsospeci¯es that the optimisation is to be carried out in an
unconstrained 3-dimensionparameter space.

The gradient service implements all methods de¯ned in the Op-
timisationGridServiceSkeleton abstract class. In particular, the Set-
ServiceParameter and GetServiceParameter methods have beenimple-
mented to handle two extra data ¯elds that are added to the service
classto control the optimisation process:

¡ task C ontr ol , an integer vector, which contains control variables
for the optimisation.

¡ conv er gence , a double vector, which storesconvergencecriteria
for the problem.

The servicehasbeendeployed on the MS.NETGrid platform, which
integrates with I IS [37] and ASP.NET [38]. It is therefore feasible to
implement the servicesecurity management by directly exploiting sup-
ports for WS-Security from the Web services enhancement package
[39].
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<?xml  ver si on=" 1. 0"  encodi ng=" ut f - 8"  ?>

  <soap: Envel ope

    xml ns: soap=" ht t p: / / schemas. xml soap. or g/ soap/ envel ope/ " 

    xml ns: xsi =" ht t p: / / www. w3. or g/ 2001/ XMLSchema- i nst ance" 

    xml ns: xsd=" ht t p: / / www. w3. or g/ 2001/ XMLSchema" >

+ <soap: Header >

  <soap: Body wsu: I d=" I d- 7946865e- 472c- 4b9d- b2cc- 2b7df 53e6ead" 

       xml ns: wsu=" ht t p: / / schemas. xml soap. or g/ ws/ 2002/ 07/ ut i l i t y" >

    <cr eat eSer vi ce xml ns=" ht t p: / / ogsa. gr i df or um. or g/ f act or y" >

      <cr eat i on xml ns=" ht t p: / / www. gr i df or um. or g/ namespaces/ 2002/ 10/ 

                              gr i dSer vi ces" >

        <ser vi cePar amet er s

           xml ns=" ht t p: / / www. gr i df or um. or g/ namespaces/ 2003/ 03/ OGSI " >

          <Ser vi ceSet t i ngs xml ns=" ht t p: / / www. geodi se. or g/ opt i mi sat i on" >

            <Opt i mi sat i onMet hod>
 RMNF
</ Opt i mi sat i onMet hod>

            <Desi gnVect or Si ze>
 3
</ Desi gnVect or Si ze>

          </ Ser vi ceSet t i ngs>

        </ ser vi cePar amet er s>

      </ cr eat i on>

    </ cr eat eSer vi ce>

  </ soap: Body>

</ soap: Envel ope>


Figure 7. Request Messageto Instantiate the Optimisation Grid Service

5.2. Building the GA Grid Service

The GA grid serviceprovides genericaccessto well-establishedimple-
mentation of a genetic algorithm from the design exploration system
OPTIONS [40], therefore allowing users to apply the algorithm in
various computing environments of user's choice.

The service has been built based on existing compiled Win32 li-
braries, which are not directly accessibleby the .NET based service
implementation. To solve this problem, a wrapper library has been
built using the Salford FTN95 compiler. It interacts with the Win32
libraries using COM, while interfacing itself as a .NET library .

The work°ow for a typical conventional genetic algorithm is shown
in Figure 8(a). To implement it as a service, it is necessaryto convert
it to the work°ow shown in Figure 8(b), which e®ectively divides each
iteration into two steps after the initialisation of the ¯rst population
and evaluation of the ¯tness functions. The ¯rst step in onegeneration
is to request the design variables for the next generation based on
the GA's evolution mechanisms(selection, crossover and mutation), in
the secondstep, the values of the ¯tness functions are sent back to
the Grid service.The main di®erencebetween these two work°ows is
exactly where the GA operators are applied.

The converted GA provides the following three routines that have
beenapplied in the implementation of the GA optimisation service.

¡ ga optdbs , which initialise the internal data structure usedby the
optimisation package.
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gen=1

Pop(gen) = randomly generate first generation

evaluate fitness of all individuals in the population

while (termination condition = false)


gen = gen + 1

apply generic operators to pop(gen)

evaluate fitness of the population


end


(a) Conventional GA

Get the initial generation from GA service (ga_next (first =1))

while (termination condition = false)


evaluate fitness of the population

notify the GA service on the fitness values (ga_objs)

get the next generation from GA service (ga_next(first=0))


end


(b) Re-engineeredservice-oriented GA

Figure 8. A Comparison of Conventional and Converted GAs

¡ ga next , which evolvesthe GA by one generation.

¡ ga obj s, which returns objective functions and constraints for the
current population to the GA.

The ga optdbs routine is usedby the serviceconstructor to initialise
the serviceinstance.It is alsousedin the implementation of the RESET
servicemethod when a restart of the optimisation processis required.
The ga objs and ga next routines are used in the implementation of
the Optimise servicemethod.

The GA optimisation servicehas beendeployed on the OGSI.NET
platform, which provides a robust attribute-based programming model
for service development. OGSI.NET also provides implementation of
WS-Security, as well as mechanisms to declare the service's security
policy.

6. Exp eriences and Discussion

In this section we demonstrate the use of the optimisation services
implemented in the previous section with concrete engineeringdesign

revision.tex; 18/11/2004; 18:13; p.18



Numerical Optimisation as Grid Services for Engineering Design 19

optimisation problems. The experiencesshow that running optimisa-
tion as grid servicescan provide a successfulsolution to the seam-
lessintegration of numerical optimisation methods for engineeringde-
sign optimisation. We also discussperformanceconsiderationsfor our
service-oriented approach basedon the demonstrations.

Both engineeringdesign optimisation problems demonstrated here
are orchestrated using the Matlab scripting language,which is one of
the most commonly usedscripting environments to engineers.To access
the optimisation servicesfrom Matlab, a Java basedserviceclient has
beenconstructed to handle the interactions and the client-side security
management. Since Matlab runs its own Java Virtual Machine, the
serviceclient can be usedthe sameway ascommonMatlab commands.

6.1. Airf oil Optimisa tion Based on Or thogonal Basis
Functions

Shapeoptimisation of airfoils hasbeenextensively studied in the aerospace
industry, and was chosenhere to demonstrate the e®ective use of our
optimisation servicesin a concreteengineeringdesignstudy. The airfoil
geometry is de¯ned asa linear combination of basisfunctions, asshown
in Equation 5. More details of the problem can be found in [41].

f =
nX

i =1

wi f i (2)

The coe±cients of thesebasisfunctions are speci¯ed as designvari-
ables,and the geometry is modelled in the CAD packageProEngineer
[42]. The lift/drag ratio is designated as the objective function and
computed using the computational °uid dynamics code Fluent [43]. In
order to overcomethe problem of the high computational cost of the
CFD analysis, a combination of design of experiments and response
surface modelling methods is used to build a surrogate model, and
then the search is carried out on the responsesurfacemodel. Detailed
discussionon how these methods can be employed can be found in a
number of papers, for example, [45]. The responsesurfacemodel for a
two-variable problem (the ¯rst two coe±cients in the de¯nition) and
corresponding search path is shown in Figure 9. The original and ¯nal
airfoil sectionsare shown in Figure 10 along with the plots of pressure
around thesesections.
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Figure 9. Responsesurface model and search path for the two-variable airfoil prob-
lem with the starting point at w1 = 0:6;w2 = 0:1815;l=d = 9:9238. Final point
found at w1 = 1:14;w2 = ¡ 0:031;l=d = 12:2636

The Matlab script usedto operate the sampleservicefor the airfoil
optimisation is shown in Figure 11. It shows how the optimisation
servicescan be seamlesslyintegrated into customiseddesign environ-
ments. Scripts marked out with bold font indicate interactions with the
services.

a. Airfoil Shapes b. PressureCoe±cient

Figure 10. Result of the Airfoil Optimisation
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Java cl i ent  need t o be i n t he c l asspat h

i mpor t  opt i mi sat i onGS_j avacl i ent . * ; 


% cr eat e Cl i ent  obj ect  wi t h speci f i ed pr obl em di mensi on

ser vi ce = Cl i ent ( 2,  f al se) ; 

opt i mi ser =Opt i mi ser . RMNFB; 


% set  boundar y

boundar y=[ l var s( 1) ,  uvar s( 1) ,  l var s( 2) ,  uvar s( 2) ] ; 

ser vi ce. set Boundar y( boundar y) ; 

ser vi ce. cr eat eSer vi ce( opt i mi ser ) ; 


d=[ 1, 1] ;   % scal i ng poi nt 

ser vi ce. Set Ser vi cePar amet er ( Ser vi cePar amet er . SCALE,  d) ; 

ser vi ce. Set Si ngl ePar amet er ( Ser vi cePar amet er . CONVERGENCE,  34,  10. 0) ; 


out put  = Opt i mi sat i onOut put ; 

% f i r st  cal l  t o ser vi ce

out put  = 
ser vi ce. Opt i mi se( Ser vi ceTask. START,  x,  [ ] ,  [ ] ,  obj ) ; 

x=out put . Desi gnVect or ; 


nf cal l  =5; 

t oobi g =2; 

% mai n opt i mi sat i on l oop

nl oop = 1; 

whi l e (  Cl i ent Task. NEW. t oSt r i ng == out put . t ask. t oSt r i ng) 


    nf  = 
ser vi ce. Get Si ngl eI nt Par amet er ( Ser vi cePar amet er . TASKCONTROL,  nf cal l ) ; 

    or t hf oi l RSM. var s=x; 

    opt . Sear ch( or t hf oi l RSM) ; 

    obj  = - or t hf oi l RSM. obj f n; 


    obj hi s( nl oop) =doubl e( obj ) ; 

    i f  nf  <= 0


ser vi ce. Set Si ngl ePar amet er ( Ser vi cePar amet er . TASKCONTROL,  ( t oobi g- 1) ,  1) 
 ; 

    end

    out put =
ser vi ce. Opt i mi se( Ser vi ceTask. FUNC,  x,  [ ] ,  [ ] ,  obj ) ; 

    x=out put . Desi gnVect or ; 

    nl oop= nl oop+1; 

    xhi s( : , nl oop) =doubl e( x) ; 

end

ser vi ce. dest r oy
; 


Figure 11. Matlab Script for Airfoil Optimisation on the Sample Service

6.2. Optimisa tion with the GA Grid Service

The implemented GA optimisation service is applied to another more
complicatedengineeringdesignoptimisation problem, in which parame-
ters in a parametric enginenacellegeometryare modi¯ed to study their
e®ecton the aerodynamic performanceof the design.A fully paramet-
ric model was built in ProEngineer, and then linked to the meshing
package Gambit and the solver Fluent to calculate the aerodynamic
performancein terms of the total pressurerecovery at the fanface.The
GA service is then used to carry out the optimisation search on the
model. The wholeprocessis automated within the Matlab environment.

The responsesurfacemodel of the objective function (total pressure
recovery) is shown in Figure 12, together with the best point found
using the GA service.

6.3. Discussion of Perf ormance

The impact on optimisation processperformancebrought by our service-
oriented approach, i.e. the prolongedoptimisation search cycles,can be

revision.tex; 18/11/2004; 18:13; p.21



22 Gang Xue, Wenbin Song, Simon Cox, and Andy Keane

0

2

4

6

8

10

0
5

10
15

20
25

0.915

0.9155

0.916

0.9165

0.917

0.9175

0.918

0.9185

axial offset (mm)

The response surface model of the object function (Total Pressure Recovery)

negative scarf angle (deg)

Figure 12. Response surface model of the objectiv e function (Total Pressure
Recovery, *: highligh ted maximum)

ascribed to two reasons.The ¯rst one is the useof network communi-
cation for interactions betweensystemcomponents. In order to provide
genericand ¯rewall-friendly accessto the optimisation services,all in-
teractions are carried out via HTTP , which is inferior in performance
to other low-level protocols.The secondreasonis the messageoverhead
brought in by the use of XML and SOAP. For example, for the ¯rst
demonstration, to deliver the input data (about 13 bytes), a messageof
374 bytes is sent to the service.The overhead is even more signi¯cant
when security features like XML Signature and XML Encryption are
applied.

Nevertheless,it should be pointed out that in practical application
of the optimisation services,the performance penalty brought by the
servicesis relatively insigni¯cant from the users' perspective. Records
from the ¯rst demonstration show that an interaction with the optimi-
sation servicetakeson average0.04687seconds,while each calculation
of the objectivefunction takesapproximately 1800seconds.It is obvious
that performance of the optimiser is not critical with regard to the
entire optimisation process,and the performance impact can actually
be ignored.

7. Conclusions and Future Dev elopmen ts

In this paper, we have intro duced a generic,service-oriented approach
for applying numerical optimisation algorithms in engineeringdesign.
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Presenting numerical optimisation asGrid servicesmakesit possibleto
integrate desiredoptimisation methods with target engineeringdesign
environment, regardlessof the di®erencesin programming languagesor
executing environments. It also makes it feasible to build engineering
designsystemsin a truly distributed environment.

The optimisation servicerelieson the ReverseCommunication model,
which makes it possible for optimisation codes to be implemented as
services. The architecture of the optimisation service was designed
to provide strong support for management of the optimisation states
that are essential to ReverseCommunication. Issuesincluding the de-
sign of the serviceclass,integration of existing optimisation packages,
and security management of the serviceswere discussedin detail to
provide guidance for implementing optimisation as grid services.We
demonstratedour approach by showing optimisation servicesbuilt from
existing numerical optimisation packages with di®erent levels of ac-
cessibility. Results of the applications of the services in solving real
engineering design optimisation problems were presented to validate
the approach.

Future work will focuson the adaptation of the optimisation services
alongside the development of grid service infrastructures within the
Grid computing communit y. Currently , the servicehas been designed
and developed basedon the OGSI. With the intro duction of the WS-
ResourceFramework (WSRF) [46], which is a refactoring and evolution
of OGSI towards open standard Web services, the optimisation ser-
vices will be revised to adapt to new service hosting environments.
However, as explained in [47], the transition from OGSI to WSRF is
not revolutionary but evolutionary. Therefore the basic architecture of
the optimisation servicesand the way the servicesoperate will not be
a®ected.Changeswill mainly be applied to the implementation details.

In addition, we will also attempt to apply our approach to more
optimisation algorithms. Application of the optimisation services in
areasother than engineeringdesign, such as structural problems and
photonic devices,will also be investigated.
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