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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 preserted 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®erert client environments.

The design of the optimisation grid servicesis 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.
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1. Intro duction

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

The increasing complexity of the simulation tools and data models
involved in the design process,together with the uniquenessof eath
designproblem that requiresindividual solution strategies, have made
it often a daunting task for designengineergto apply specialisedoptimi-
sation strategiesin their daily designactivities. Solving an optimisation
problem usually requires the integration of various elemers into an
often heterogeneousand distributed designernvironment. It is alsonec-
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essaryto be able to formulate di®eren solution strategiesfor di®eren
designproblems. In addition, easyto useis one of the most important
requiremerts for such systems. These requiremerts prompted the re-
seard and dewelopmert of dedicated systemsfor design optimisation,
such asSPINEware [2],iSIGHT [3], ModelCerter [4] and more recertly,
FIPER [6], which attempt to provide an integrated ervironment for
engineeringdesign optimisation.

A common requiremert shared among these integrated design op-
timisation padkagesis that users need to provide the optimisation
moduleswith programmatic accesgo the modelling and analysistools
that supply the objective functions. Nevertheless,sudh modelling and
analysistools are in many casesdeveloped with di®ereri technologies
and therefore require di®erert software interfaces. For example, there
exist di®erert CAD padkages, nite elemern analysis (FEA) and com-
putational °uid dynamics (CFD) codes.lIt is therefore necessaryto de-
velopwrappersfor thesepackagesto be usedin integrated environments
mertioned earlier.

A variety of technologieshave beenapplied to support the interac-
tions betweenincompatible software componerts. The most commonly
used method is to communicate via data Tes, 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 ‘Tes. For example,the Standard for the Exchange
of Product Model Data (STEP) [5] wasmadeto facilitate product data
exchanges.Another approad to integration is basedon commonobject
interfacetechnologies,such asCORBA [7], in which function callsto the
componerts are carried out as standard remote procedurecalls (RPC).
Thesetechnologieshave sofar only achieved limited successWhile the
useof exchangedata les canbe seenasa genericapproad, the lack of
standard formats in native data description and semartic descriptions
of the Te content meansthat extra layers of processingare required
almost every time a new componert is introduced. And it lacks the
capability to deal with fault tolerance in a consistert manner. As for
the commoninterface technologies,the useof vendor-speci ¢ standards
and protocols makesit very dixcult to achieve wider interoperability.
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 easyfor them to be applied in a wider
distributed ernvironment suc asthe Grid.

Recen advancemen of Grid computing technologies has 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
beenmadeto achieve this before Web servicetechnologieswere intro-
duced. It is now widely recognizedthat a service-orierted approad, by
which all resourceson the Grid are viewed as servicesbuilt on stan-
dard interface de nition and invocation mecanisms,is able to provide
the desired interoperability and facilitate collaboration. In adopting
service-orieration in Grid computing, Web servicesare extended to
the more sophisticated Grid services,sud as those proposedin the
Open Grid Service Architecture (OGSA) [8] and the assaiated Open
Grid Servicelnfrastructure (OGSI) [9].

The idea of preserting numerical optimisation technologiesas Grid
services arose from our e®orts to adopt service-orieried Grid tech-
nologies for engineering design optimisation [10]. It o®ersa generic
and extensible framework to addressthe integration issuesby com-
pletely decoupling the optimisation modules from the other software
componerts. The optimisation codes, regardlessof what programming
languagethey 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 becomeseasierto 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
makesit rewall friendly and therefore appropriate for a distributed,
cross-institutional designenvironment.

The focus of the work preseried in this paper is to expose op-
timisation servicesin a °exible, generic interface that can be easily
integrated into various ervironments and used to compose di®erert
optimisation work°ows. The rest of this paper is organisedasfollows: In
section 2, we review the related work by examining the advantagesand
disadvantages of these technologiesand tools. Section 3 discusseshe
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 servicesbasedon di®erert optimisation algorithms. In section 6
we demonstrate the optimisation serviceswith their applications in
solving di®erert engineeringdesignoptimisation problems, and discuss
the service performanceissuesbasedon the experiences.We draw our
conclusionsin section 7.
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2. Related Works

A number of attempts have beenmade to enable numerical optimisa-
tion in distributed environments. One of the most notable onesis the
NEOS project [11]. Howewer, it requires that the design problems be
formulated in the AMPL languageg12] and submitted to the serwer for
execution. Therefore it is not applicable to caseswhere the objective
functions and constraints needto be computed using commercial or
proprietary codes.

Optimisation
System
(GA, BFGS, €tc)

Scheduler

Problem

L Job submission or Computing Servers
Desc!'l ption GridRPC
Files

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

Other related work such asiSight, FIPER, ModelCerter and Nim-
rod/G [13][14] mertioned earlier adopt a di®erent approad: optimi-
sation is often an inherent part of an integrated environment, in which
modelling and analysis pacagesare often integrated using CORBA,
RMI or other RPC technologies. In such systems the optimisation
logic is usually closely coupledwith the job submissionand scheduling
functions. Apart from the numerical optimisation seard, the optimiser
is alsoresponsiblefor passingforward information on wherethe next set
of design points should be, and controlling the evaluation of objective
functions through job submissionsystemssucd as Netsolve [15], Globus
[16] or GridRPC [17]. This type of system is often called "Forward
Communication”. The major disadvantage of such approad liesin the
following aspects: rstly , it is dixcult to make use of the optimisation
algorithms from outside the integrated system, and to incorporate new
optimisation algorithms into the system by end users; secondly it is
alsodixcult to replacethe job submissionand scheduling componerts;
and nally, usersare restricted to formulate their problems within the
restrictions of the system. Figure 1 shows a typical architecture of such
systems.

revision.tex; 18/11/2004; 18:13; p.4



Numerical Optimisation as Grid Services for Engineering Design 5

Optimisation
Services SOAP Messages

Computing Servers

Service Client |

Job Job
submission
Client Scheduler

Client environment J

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 resourceslt lacks the °exibilit y
that is desiredfor accessingthe optimisation algorithms from outside
the integrated ervironments, which makesit infeasibleto shareoptimi-
sation methods among heterogeneousdesign environments distributed
acrossmultiple administrative domains. Moreover, the proprietary in-
terfaces used by these systems also decide that users will have to
dewelop individual interfacesfor di®eren padkages.

Our vision in solving these problems is to embrace recert dewelop-
ments in Web servicesand Grid technologiesso as to deliver highly
scalableand °exible optimisation servicesto the designernvironments
using a generic,loosely-coupledinterface. This approac makesnumeri-
cal optimisation a stand alonemodule that canbe accessedrom 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
messagesising client toolsin a designenvironment of their own choice,
for example, Matlab [18] or Jython [19].

3. Service-Orien ted Numerical Optimisation with Reverse
Comm unication
In this section, we explain the rationale behind the use of the Reverse

Communication interface [20] [21] which makes it possible to apply
service-orienation to presert numerical optimisation algorithms.
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First it helps to have a brief review of the typical structure of
common numerical optimisation padkagesand their limitations. Nu-
merical optimisation is an iterative processwhereby modelling and
analysis codes are exploited to produce improved designs. The mod-
elling and analysis codes are usedto calculate the values of functions
that, in somesense characterisethe performanceof the design. These
"measures-of-merit" or "objective" functions and constraints are often
calculated using high- delit y analysis codesin elds suc as compu-
tational structural medanics and computational °uid dynamics, and
normally require high performancecomputing facilities. A requiremert
shared among most existing optimisation padkagesis 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 code linkage,a commonfeature canbe obsened:
the processis driven by the optimiser in a Forward Communication
style. As a result, usersare required to conform to the strict interface
requiremerts when integrating their modelling and analysis codesinto
the optimisation framework. Figure 3 shavs atypical 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 single padage,or when a
global standard exists. As it is usually unlikely to have sud standards,
a more °exible model is neededto carry out the task of integrating
heterogeneougpadkagesinto the optimisation process.

We apply a service-orieried structure to the design optimisation
system, by which the optimisation codesare preseried as independert
componerts with standard interfaces.Being Grid services,the optimis-
ers are driven by the optimisation processusing standard XML based
messagesand are no longer responsible for the running of the other
parts of the process.It is therefore possibleto integrate optimisation
codeswith di®erert designsystems.

Service-orieried numerical optimisation is only feasiblewhen using
the ReverseCommunication mecanism, which establishesa sener/client
relationship betweenthe optimiser and its users.The idea of Reverse
Communication is not new. It has seenlimited usein 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 userrequires, suc as process
initialisation. Each time the optimiser returns a result, it will indicate
to the userwhat operations must is expected next and what informa-
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Figure 3. A typical structure for numerical optimisation with the analysis code
speci ed as a function pointer(=f , (args))

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

This type of interface avoids the needfor tight coupling betweenthe
optimisers and the user's analysis codes. Therefore it provides a gen-
eral infrastructure for implemerting various optimisation algorithms as
sener-sideservices.The conceptof implementing optimisers asservices
is well-matched to the typical scenariosin a Grid computing environ-
ment (GCE), in which, the ability to perform compositional modelling
is the key for building complexmodelling capabilities. The implementa-
tion of optimisation asa Grid servicealso makesit easyto plug in new
functionalities sud as parallelisation and scheduling of computational
jobs and archiving of computational results, which usually rely on the
implementation within the optimisers themselwes. Other bene'ts in-
clude: it becomeaunnecessaryto keepalive the communication channel
betweenthe optimiser and analysiscodeson the computational seners;
it is much easierto implemert parallel algorithms in user's codes;it is
easierto add or replace stheduling 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 availability of sourcecode.

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

ret = opt(task;x;f;g;p) 1)

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

Table I. List of Service Taskson 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 |l. 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-oriertation
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. lllustrativ 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 designof the service architecture, the designof
a generic optimisation service class, the integration of native, propri-
etary numerical optimisation codes, and security managemenm 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, bounds of designvariables, control parametersof the method,
and seard history of the optimisation processbetweenserviceinvoca-
tions. To ensure service performance, the servicesneedto be able to
restore states quickly once a new requestis received. In the caseof a
system failure, the servicesshould be capable of recovering previous
states when the systemis restored.

When designing the architecture of the optimisation services,the
primary concernis whether it can provide a simple and excient model
for service state managemen. 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®erert approacesfor state
managemen of Web services:the transient Grid servicemodel [9] and
the use of operation context.

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

Instead of introducing an additional infrastructure like OGSI, the
operation context based approad attempts to provide support for
stateful serviceinteractions within the Web servicesframework, using
speci cations such as WS-Context [22]. Operation states are encapsu-
lated in XML basedertities called "context". Each servicemessageor
a particular operation cortains 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 approades,the OGSI transient grid servicemodel
has beenselectedas the basicinfrastructure for our numerical optimi-
sation servicefor two reasons.Firstly, it can be far superior in system
performanceto the context basedapproad. A complete optimisation
procedure may involve hundreds or thousands of seart steps. When
using context, all state information needsto be loaded to the system
every time arequestcomesin. Comparedto the transient servicemodel,
by which the serviceinstance is always maintained in the system and
can be accessedmmediately, the accunulativ e increaseon systemload
can be signi cant. Secondly state managemen with the transient grid
servicemodel is lesscomplicated. Sinceall statesare maintained by the
serviceinstances, it is not necessaryto introduce additional speci ca-
tions or to de ne new data structures. And, unlike the context based
approad, the serviceclients do not participate in state managemen
This simpli es the integration with the optimisation services.

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

The optimisation serviceis composedof both stateful and stateless
parts. The stateful part of the serviceis 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 ead instance object
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Figure 5. Architecture of the Optimisation Grid Service

registers with the container using a unique ID that can usedto lo-
cate the object in the repository. The serviceinterface is the stateless
part of the service, which serwes as a bridge betweenthe web sener
and the OGSI container. It interfacesto the optimisation service by
handling the standard SOAP protocol [27] and assaiated protocols
for security and data transmission. Each time the serviceis invoked,
the serviceinterface processegshe request messagejnteracts with the
OGSI Container to locate the target instance object basedon the Grid
service handle (GSH) provided by the client, starts the operation on
the instance object, and nally sendthe 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. Consequetly, our design includes permanen storage
medanisms such as databases, le systems,and data (Grid) services
[28], wheredata from the serviceinstance objects can be serialised.The
badkup 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 developmert, 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 general Grid
servicesfeatures, which are required for the optimisation servicesto be
hosted by the selectedOGSI environment.

To support optimisation in the Reverse Communication style, the
OptimisationGridServiceSkeleton classincludesthe following data elds:

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

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

i designV ector Siz e, an integer, which indicates the size of the
designvector.

i desig nV ector , a double array, which storesthe current value of
designvariables

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

i bounds , a double array, which can be usedto setthe bounds on
designvariables for optimisation methods with simple bounds on
designvariables.

i gradientS et, a booleanvariable, which indicates whether gradi-
ent information is usedby the method

i gradientV ector , a double array, which storesthe current value
of the gradient vector. It is used by gradient-based optimisation
routines sud as hill climbing

i hessianS et, abooleanvariable, which indicates whether the Hes-
sian is used by the methods

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

i scaleV ector , a double array, which storesthe current value of
the scalevector, and can be set by the client

i obj FuncV ector , a double array, which storesthe 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 these exist

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

optimisationH istor y, which logsead step of the optimisation,
including values of the design variables, the objective function
values, constraints, and the cortrol parameter values.

ser viceO wner , which records the identity of the owner of the
current service instance. The identity can be a username,or the
subject line of a digital certi cate.

abstract classalso de nes the following operations:

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

Reset. This operation reloadsthe 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
enable customized servicerestart.

SetS erviceP ar ameter and GetS erviceP ar ameter . These
two methods allow usersto accesscornrol parameters of the op-
timisation process.As cortrol parameters of di®erert optimisa-
tion methods are diversein their formats, no speci ¢ data eld is
de ned for them in the abstract class.

SaveServiceS 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 usedto initialise the service instance object when it is
created.It allows usersto specify the choiceof optimisation method and
the sizeof the designvector. It alsoinitialises the pre-de ned vectors,as

well

asthe servicehistory log. When required, customisedconstructors

can also be madeto extend or replacethe default constructor.
The use of the abstract class for serviceswith di®erert optimisa-

tion

methods is demonstrated in the next section with our sample

optimisation services.
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4.3. Integra tion of Legacy Numerical Optimisa tion Code

An important issuein the developmert of the optimisation servicesis

how to integrate the target optimisation methods with the services,
using advanced developmert ervironments and tools. Most existing

optimisation methods are written in native programming languages
such as FORTRAN and C/C++ that are di®erert from those usedto

build Grid/W eb services.Two approadiescan be applied to seamlessly
integrate the service programming ervironment and the optimisation

codes, as showvn in Figure 6.

Common L anguage
—) Runtime (CLR)
Compl er

Servic e Class
in CLR
Languages

OGsl .NET/
MSN ETGrid

Opti misati on
Sour ce Code

L

Ccv

Compi ed
Bi nary

Servic e
JINI Class in Globus V.3
Java

Figure 6. Encapsulating Existing Optimisation Code into Service Classes

The rst one makesuse of the Common LanguageRuntime (CLR)
[29], which provide multi-language support and seamlessntegration of
code written in di®erert programming languages,such as FORTRAN,
C/IC++, VB and C#. It is therefore possibleto have existing source
code compiled into CLR libraries, and be accessedhrough CLR by
service classeswritten in di®eren languages.The CLR approad re-
guires accesdo the sourcecode of the optimisation methods. In many
cases,however, the optimisation methods are only available as binary
libraries. The secondapproadc addresseghis problem by using native
interfacetechnologiessuch asJava Nativ e Interface (JNI) [30]and COM
[31] in the serviceclassedo accesshe compiled binaries.

Choice betweenthesetwo approacescan be made basedon perfor-
mance, sourcecode availabilit y, and most importantly the selection of
the servicehosting ervironment. When .NET basedGrid serviceenvi-
ronments suc 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 sudh as Globus v.3 [24], INI will
have to be applied.

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

4.4, Security Mana gement

Security managemehn for the optimisation grid servicesare mainly con-
cernedwith the following three issues:messagentegrity, privacy, and
serviceownership. The serviceneedsto make surethat the messagest
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 messagdevel to ensuremessagentegrity
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 messagdevel security protocol, to addressthe se-
curity requiremerts of the optimisation services.WS-Security speci es
how XML signatures should be created to guarantee the authenticity
and integrity of the SOAP messagesand 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 serviceshave
beenconstructed under .NET basedOGSI platforms, with the gradiert
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
service basedon optimisation routines from the PORT Mathematical
Subroutine Library [36]. The PORT library contains routines that im-
plemert Reverse Communication versions of optimisation algorithms
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for generalconstrained/ unconstrained minimisation. Sourcecodes of
theseroutines are available in FORTRAN 77.With the help of the CLR
compiler for FORTRAN, we were able to cornvert theseinto libraries
accessibleto the service class written in C#, and to construct the
servicebasedon the .NET Grid servicehosting ervironment.

The following optimisation routines are encapsulatedin the sample
service:

i RMNF and RM N F B, which minimise general constrained /
unconstrained objective functions using nite-di®erence gradiens
and secan Hessianapproximations.

i RM NG and RM N GB, which minimise general constrained
/' unconstrained objective functions using double-dogleg/BFGS
steps.

i RMNH and RM N H B, which minimise general constrained/
unconstrained objective 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 size of the designvector, and the boundaries
of the seart parameter space.Data elds within the serviceinstance
object will be initialised accordingly. Figure 7 shows the request mes-
sageto createan instance of the gradient optimisation servicethat uses
RMNF. It alsospeci esthat the optimisation is to be carried out in an
unconstrained 3-dimension parameter space.

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

i task Contr ol, aninteger vector, which contains cortrol variables
for the optimisation.

i conv ergence, a double vector, which storescorvergencecriteria
for the problem.

The servicehasbeendeployed on the MS.NETGrid platform, which
integrates with 11S [37] and ASP.NET [38]. It is therefore feasibleto
implemert the servicesecurity managemen by directly exploiting sup-
ports for WS-Security from the Web services enhancemeh package
[39].
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<?xnl version="1.0" encodi ng="utf-8" ?>
<soap: Envel ope
xm ns: soap="http://schenmas. xnl soap. or g/ soap/ envel ope/ "
xm ns: xsi ="http://ww. w3. or g/ 2001/ XM_Schema- i nst ance"
xm ns: xsd="http://ww. w3. or g/ 2001/ XM_Schena" >
+ <soap: Header >
<soap: Body wsu:|d="1d-7946865e-472c- 4b9d- b2cc- 2b7df 53e6ead"”
xm ns: wsu="http://schemas. xm soap. or g/ ws/ 2002/ 07/ utility">
<createService xm ns="http://ogsa.gridforumorg/factory">
<creation xm ns="http://ww. gridforum org/nanespaces/ 2002/ 10/
gridServices">
<servi ceParaneters
xm ns="http://ww. gri df orum or g/ namespaces/ 2003/ 03/ OGS| " >
<ServiceSettings xm ns="http://ww. geodi se. org/optini sation">
<Opti m sati onMet hod> RWNF </ Opt i mi sat i onMet hod>
<Desi gnVect or Si ze> 3</ Desi gnVect or Si ze>
</ Servi ceSet ti ngs>
</ servi cePar anet er s>
</creation>
</ createServi 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 service provides genericaccesgo well-establishedimple-
mentation of a genetic algorithm from the design exploration system
OPTIONS [40], therefore allowing usersto apply the algorithm in
various computing ervironments 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
implemertation. 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 asa .NET library.

The work°ow for a typical convertional genetic algorithm is shovn
in Figure 8(a). To implemernt it asa service,it is necessaryto corvert
it to the work°ow shawn in Figure 8(b), which e®ectiwely divides eah
iteration into two steps after the initialisation of the rst population
and evaluation of the tness functions. The rst stepin one generation
is to request the design variables for the next generation based on
the GA's ewlution mecdanisms(selection, crossawer and mutation), in
the secondstep, the values of the tness functions are sert badk to
the Grid service. The main di®erencebetweenthese two work°ows is
exactly where the GA operators are applied.

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

i ga_optdbs, which initialise the internal data structure usedby the
optimisation padkage.
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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) Convertional 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 fithess values (ga_objs)

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

(b) Re-engineeredservice-orieied GA

Figure 8. A Comparison of Conventional and Converted GAs

i ga_next , which ewlvesthe GA by one generation.

i 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 gaobjs and ganext routines are usedin 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 developmert. 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
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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 discussperformance considerationsfor our
service-orieried approad 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
managemen. Since Matlab runs its own Java Virtual Machine, the
serviceclient can be usedthe sameway ascommonMatlab commands.

6.1. Airf oil Optimisa tion Based on Orthogonal Basis
Functions

Shape optimisation of airfoils hasbeenextensiwely studied in the aerospace
industry, and was chosenhere to demonstrate the e®ective use of our
optimisation servicesin a concreteengineeringdesignstudy. The airfoil
geometryis de ned asa linear combination of basisfunctions, asshown

in Equation 5. More details of the problem can be found in [41].

X
f= wfj 2)
i=1
The coezcients of thesebasisfunctions are speci ed as designvari-
ables, and the geometry is modelled in the CAD padkage ProEngineer
[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 seard is carried out on the responsesurface model. Detailed
discussionon how these methods can be employed can be found in a
number of papers, for example, [45]. The responsesurface model for a
two-variable problem (the rst two coezcients in the de nition) and
corresponding seard path is shavn in Figure 9. The original and nal
airfoil sectionsare shown in Figure 10 along with the plots of pressure
around these sections.

revision.tex; 18/11/2004; 18:13; p.19



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

Figure 9. Responsesurface model and seard path for the two-variable airfoil prob-
lem with the starting point at w; = 0:6;w, = 0:1815;|=d = 9:9238. Final point
found at wl= 1:14;w2 = i 0:031;l=d= 12:2636

The Matlab script usedto operate the sampleservicefor the airfoll
optimisation is shown in Figure 11. It showns 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. Pressure Coezcient

Figure 10. Result of the Airfoil Optimisation
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% Java client need to be in the classpath
inport optinisationGS_javaclient.*;

%create Client object with specified probl em di nension
service = Cient(2, false);
optim ser=0ptini ser. RWFB;

% set boundary

boundary=[lvars(1), uvars(1l), lvars(2), uvars(2)];
servi ce. set Boundar y( boundary) ;

service. createServi ce(optimser);

d=[1,1]; %scaling point
servi ce. Set Servi cePar anet er ( Servi cePar anet er. SCALE, d);
servi ce. Set Si ngl ePar anet er ( Ser vi cePar anet er . CONVERGENCE, 34, 10.0);

out put = Optim sationQutput;

% first call to service

output = service. Optinise(ServiceTask. START, x, [], [], obj);
x=out put . Desi gnVect or;

nfcall =5;

toobig =2;

% nmain optinisation |oop

nloop = 1;

while ( CientTask. NEWtoString == out put.task.toString)

nf = service. Get Singl el nt Par anet er ( Ser vi cePar anet er . TASKCONTROL, nfcall);
orthfoi | RSM var s=x;

opt. Sear ch(orthfoil RSM ;

obj = -orthfoil RSM obj fn;

obj hi s(nl oop) =doubl e(obj);
if nf <=0

servi ce. Set Si ngl ePar anet er ( Ser vi cePar amet er . TASKCONTROL, (toobig-1), 1)
end
out put =servi ce. Opti ni se( Servi ceTask. FUNC, x, [], [], obj);
x=out put . Desi gnVect or;
nl oop= nl oop+1;
xhi s(:, nl oop) =doubl e(x) ;
end
service.destroy ;

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

6.2. Optimisa tion with the GA Grid Service

The implemented GA optimisation serviceis applied to another more
complicated engineeringdesignoptimisation 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
padkage Gambit and the solver Fluent to calculate the aerodynamic
performancein terms of the total pressurerecovery at the fanface.The
GA serviceis then usedto carry out the optimisation seard on the
model. The whole processs automated within the Matlab environment.

The responsesurfacemodel of the objective function (total pressure
recovery) is shawvn 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 approad, i.e. the prolonged optimisation seard cycles,canbe
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The response surface model of the object function (Total Pressure Recovery)
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Figure 12. Response surface model of the objective function (Total Pressure
Recovery, *: highlighted maximum)

ascribed to two reasons.The rst oneis the use of network communi-
cation for interactions betweensystemcomponerts. In order to provide
genericand rewall-friendly accesso the optimisation services,all in-
teractions are carried out via HTTP, which is inferior in performance
to other low-level protocols. The secondreasonis the messageverhead
brought in by the use of XML and SOAP. For example, for the rst

demonstration, to deliver the input data (about 13 bytes), a messagef
374 bytes is sert to the service. The overheadis 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 shav that an interaction with the optimi-
sation servicetakeson average0.04687secondswhile ead calculation
of the objective function takesapproximately 1800secondslt is obvious
that performance of the optimiser is not critical with regard to the
ertire optimisation process,and the performanceimpact can actually
be ignored.

7. Conclusions and Future Dev elopmen ts

In this paper, we have introduced a generic, service-orierted approac
for applying numerical optimisation algorithms in engineeringdesign.
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Preseriing numerical optimisation asGrid servicesmakesit possibleto
integrate desired optimisation methods with target engineeringdesign
ervironment, regardlessof the di®erencesn programming languagesor
executing ervironments. It also makesit feasibleto build engineering
designsystemsin a truly distributed ervironment.

The optimisation servicerelieson the ReverseCommunication model,
which makesit possiblefor optimisation codesto be implemented as
services. The architecture of the optimisation service was designed
to provide strong support for managemen of the optimisation states
that are essetial to Reverse Communication. Issuesincluding the de-
sign of the serviceclass,integration of existing optimisation padages,
and security managemen of the serviceswere discussedin detail to
provide guidance for implemerting optimisation as grid services.We
demonstratedour approac by showing optimisation servicesbuilt from
existing numerical optimisation padkageswith di®eren levels of ac-
cessibility. Results of the applications of the servicesin solving real
engineering design optimisation problems were presened to validate
the approad.

Future work will focuson the adaptation of the optimisation services
alongside the dewelopmert of grid service infrastructures within the
Grid computing community. Currently, the service has been designed
and developed basedon the OGSI. With the introduction of the WS-
ResourceFramework (WSRF) [46], which is a refactoring and ewolution
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 ewolutionary. 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 approac to more
optimisation algorithms. Application of the optimisation servicesin
areasother than engineeringdesign, such as structural problems and
photonic devices,will also be investigated.
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