Towards A Grid Enabled System for Multicomponent Materials Design*

Keita Teranishi Padma Raghavan Zi-Kui Liu

Abstract obtained material properties [10]. The four main steps in-
clude (i) ab-initio calculations at the atomistic level, (ii)

We are developing a portal for multicomponent materi- data optimization to determine thermodynamic properties,
als design using grid-enabled large-scale simulations. In (iii) generation of microstructures using phase-field simu-
this paper, we report on our services based application ar- lations, and (iv) performing finite-element analysis on the
chitecture which allows integration of simulation software simulated microstructures to determine properties such as
with grid services to provide a web-based computational the mechanical response. This report concerns the design of
laboratory for the modeling of Al-Cu-Mg-Si alloys. We ex- MATCASE, our multicomponent materials modeling portal
amine user requirements and describe the design of ourusing domain-specific simulation codes, existing computa-
framework. Our architecture is implemented using exist- tional grid infrastructure such as the Globus Toolkit, and
ing middleware such as the Globus and Java CoG toolk- tools for web-based grid access such as the Java Commod-
its. An interesting feature of our design is the separa- ity Grid Toolkit.
tion of the high-level specification of the materials mod-  The design of our system must necessarily be extensible
eling system from the implementation through the use ato allow the incorporation of new developments in materials
markup language such as XML. We use markup languagescience. To a large extent, the design of our system is com-
with domain-specific extensions to specify (in architecture- plicated by the fact that algorithmic aspects of four main
independent form) rules and constraints that allow mean- stages are still under development. Additionally, there are
ingful composition of simulation tasks and experimentally many open questions, related to the composition of results
determined material properties. In addition, we use them from each of the four steps and the modeling capabilities
to specify application code interfaces so that our simula- of each individual step. Many of them center around the
tion server can be dynamically reconfigured to include new modeling and verification of properties of metastable phases
software and constraints. which affect the microstructures and can greatly influence
macrostructural properties under different heating and cool-
ing regimes. To meet these requirements from the scientific
community, the server needs a sophisticated control flow
to adaptively reconfigure simulations based on rules and
heuristics and interactions with the user.

The computational demands of multicomponent materi-
als design are in large-part the motivation for using a grid-

1 Introduction

In the last few decades there have been significant ad-
vances in computational materials science ranging from

first-principles calculations of atomic structures to contin- ) ) .
uum modeling of complex microstructures. We seek to useenabled_po_rtal. The_ computgtl_onal part IS not in the form_ of
these computational techniques with recentdevelopmentsina monolithic code; instead, it is a collection of codes with

grid technology to provide a portal for materials design au- varyllng t\cl\;)mpfuttr?tlortlal costsda?d Tﬁmo;)lg'\nﬂeDeds. iolr' ex-
tomation. More specifically, our project concerns the devel- amp e’MPCIJ (: be fs ep%IneeE 0 utr|]|ze h th para te;gm
opment of a system to automate investigations that predicr.(usmg ) to be feasible. Even though the computation

macroscopic properties (such as the mechanical responséf? .thetlse steps Ist su_lr)s_tantla:; thtethresl;pltks genbe r?ted are suf-
of Al-Cu-Mg-Si alloys by combining a four stage multi- clently compact. IS makes the linkage between suc-

scale, multi-physics computational process with empirically cessive steps through intermediate databasg more natural.
In this model, each step could execute on disjoint sets of
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of the®' phase (A}Cu) and using density function theory,

_— — the minimal energy configuration/ is obtained along with the
e e e o et value of the total energy of th® phase at OK. The en-
ey ey e e ergy of formation of thed" phase is calculated by the en-
ergy difference between th@ phase and of pure Al and

Cu. It is assumed that this energy of formation is inde-
_— T pendent of temperature and equivalent to the enthalpy of
Thermodynamic database Database for latice parameter], Kinetic database for muli- formation. Add|t|0na”y, cluster eXpanSion methodology is
for microcomponent systems elastic constants and interfacial component systems.

energes used in combination with the Monte Carlo simulation to cal-
culate the enthalpy of mixing in the fcc phas& ;. )-
These computations are typically expensive and can require
e = several hours to days on modest clusters. Furthermore, a
and 3 dimensins sysems process may fail to converge and may produce degenerate
— _— solutions. Domain-specific rules, for example, comparisons
e eyl with values from other simulations and/or heuristics based
on the difference between initial and relaxed structures can
be used to flag potential problems.

Thermodynamic calculations. This step uses CAL-
PHAD [3] to determine the Gibbs energy functions of the
Figure 1. The main Computationa| steps in phases (fCC an@l), phase equ”ibria and driVing forces un-
multicomponent materials design. der various conditions. Input values include enthalpy values
calculated in the first step and experimentally data such as
the specific heat. CALPHAD methodology is also used to
) ) ) develop other databases such as atomic mobility and lattice
the goal is to provide a portal which can cater to concur- parameters. This step is relatively inexpensive; however, it
rent exploration of the materials design space by potentially h5s 3 complex updating problem associated with it. For ex-
dozens of clients. This would not be possible without the ample, if unary system properties are changed, then binary,
use of a grid-enabled s_imulation handler to effectively uti- ternary, and quaternary systems containing these unary sys-
lize resources over a wide-area network. tems have to be re-computed. A serious issue is that of

We develop a server that can be reconfigured or ex-maintaining data integrity when such updates cascade from
tended by using a hierarchy of specifications in an extendedyjfferent simulations by different clients. We initially plan

markup-language. Our approach also decouples the softys manage this issue by allowing only a few periodic up-

ware components for computation (on the grid) from those gates to the main database based on careful verification of
for presentation, i.e., interaction with the user. In Section 2, computed results.

we discuss the fo_ur step computational modeling of multi- Phase-field simulationsThis step involves the solution
component materials with a simple example of Al-Cumod- ¢y, sets of dynamic equations: the Cahn-Hilliard equa-
ellng_. In Section 3, we provide an overview of the pa5|_c tions for the composition fields, and the time-dependent
archltecture.of our s_ystem._ In Sec_t|on 4, we describe in Ginzburg-Landau equations for the phase-field parameters.
grea.ter detall th_e main funcn_onal umts of the server and we Both equations are driven by the reduction of the system
provide concluding remarks in Section 5. Gibbs energy. This step needs the Gibbs energy, atomic
mobility, kinetic coefficients related to the interface mo-
2 Multicomponent Materials Modeling bility, interfacial energy, and gradient energy. The results
from phase-field simulations are represented by the values
Our multicomponent materials design framework for Al- 0f compositions, phase-field parameters, and other proper-
Cu-Mg-Si systems involves four major computational steps ties of interest on each grid point. These calculations are ex-
as shown in Figure 1. We now describe these in more de-tremely compute-intensive especially for three dimensional
tail using as an example, the methodology for predicting models for large numbers of time-steps and grid points.
the mechanical response (stress-strain) curves for an Al- Finite element analysis of microstructures. The Ob-
Cu binary system with face centered cubic (fcc) @hd ject Oriented Finite-Element analysis package [9], is used
(metastable) phases. to perform finite-element analysis on the simulated mi-
First-principles calculations. The Vienna ab-initio  crostructures to determine material properties as a function
simulation package (VASP) [4] is used to compute vari- of time. Although current versions of OOF execute se-
ous enthalpy values. Starting with initial atomic positions quentially, future versions will typically include a compute-

Mechanical response of
simulated microstructure
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Figure 2. A simplified view of a grid-enabled
system for materials design.

intensive back-end that must run on message passing multi
processors.
Figure 2 shows a conceptual view of our material model-
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Figure 3. A high-level view of the MATCASE
web portal.

tional grid. The design requirements come from three dif-
ferent sources. First, there is a clear need to interact with
the user to set up simulation parameters and modify them

ing system with computational tasks that are scheduled onas the computations proceed. Second, a design investigation

grid resources using grid services. With respect to our four

will need coupling of tasks corresponding to one or more of

step process, computations start and complete at step 4 ithe four main steps. The computational demands imposed
the input database for this step contains all necessary miby application codes for each of the four stages are varied.

crostructure data. Otherwise, step 3 is initiated; potentially,
step 3 could proceed if the required data is available in its

Furthermore, there can be multiple implementations of the
same step with different costs and limitations and interface

input database, and provide its results in its output databasedescriptions. Third, the materials science community pro-
The latter can then be used to complete step 4 and hence thigides only a partial set of rules and heuristics for determin-

instance of the application. Alternately, a different instance
may require tracing requirements all the way back to step 1,
and proceeding through all steps (in turn) to completion.

3 A Framework with Three Sets of Defined
Services

At a high level, our software architecture is a client-
server system. The clients initiate particular designs and

ing meaningful explorations of the multicomponent materi-
als design space. These rules will clearly influence both the
interaction with the user and the specifics of the tasks to be
used for a given design instance.

We define our overall request handler in functional terms
with a simple pattern of interaction and control flow be-
tween its main components. We view the system as pro-
viding three sets of services.

e The interaction service which allows an initial prob-

the server satisfies the design requirements by ultimately
scheduling appropriate tasks on grid resources. Each client
instance is associated with a request handler on the server
side, The design of the request handler is quite complicated
because there are several sets of requirements that must be
satisfied to allow effective design space exploration.

The request handler should meet the requirements of the e
materials science community while allowing a portable and
extensible system that can utilize resources on a computa-

lem specification and further interaction to define con-
straints, refine model, present and evaluate results.

e The simulation service which is responsible for remote

execution of tasks, their interaction and data manage-
ment.

The analysis service which elaborates the initial prob-
lem specification using rules and heuristics from the
materials science community into an instance of the



four-stage simulation process. It continues to control Clent — O“”’“'JSP
thg de5|gn.status {ind specifies the actions of the simu- P P
lation and interaction handlers. aerecus
. . XML-RPC Server
Each of these sets of services is executed by a corre- Passwag
sponding component; we henceforth refer to these as inter- wproy | Smulation Hander
action and simulation handlers, and the analyzer. The ana- Rt S I (7))
lyzer will interface with both the interaction and simulation ‘ l \
handlers as shown in Figure 3. (Fast)y—(Taslo)—(Tasy—Task)
The interaction handler is first used to generate an initial i / \
screen for obtaining the initial version of the design problem
from the client. This information is passed on the analyzer Remote Resources
which will try to refine the problem to create a design in-
stance within the capabilities of the system; these specifica- oo || s |-
tions will then be sent to the interaction handler which will \O/ é/i\)/
manage the user view. A typical usage pattern consists of
translating functional requirements into design parameters,

and then into variables in the process domain. This pro-
cess will depend to a large extent on rules and constraints
defining meaningful design investigations. The need for ex-
tensibility cannot be overemphasized because the domain-
specific knowledge and rules are incomplete at best and are
expected to change rapidly based on the experience of users
with the system. As a first step towards providing this ex-

tensibility, we plan to model all the rules and heuristics as oped for the previous version of Globus. Our implementa-
an XML database with keywords and associated semanticg; |- -1s use the idea of Model-View-Controller (MVC) [6]

(ext(tarr: sions) Su.'ft.ab!f for tour ?pplltcr:]atlé)n..Thz atnﬁlyztﬁr will where the software components for the presentation and un-
use these speciiications to refine the design detalls, these rederling computation are separated. Observe that in our sys-
finements will be transmitted to and from the user through

. X . ', tem, the simulation handler manages access to the grid and
the interaction handler. At the same time, the analyzer will

. s . . the results are directed through the analyzer to the interac-
provide a specification of tasks to the simulation handler.

The latter will deol d these task h tion handler which then controls the user view through Java
€ latter wifl deploy and manage tnese tasks on the Compugg qr Pages. The intermediate analyzer is needed for man-
tational grid. The analyzer maintains a record of the status

aging the complexity of the materials design process while

of each clients design. It attempts to ensure a correct dESignseparating computing from the presentation of results. The

using rule-base analysis to control and adapt the user inter; o0 jiate analyzer is also essential for extensibility with

acfuon data and the intermediate steps_ tasked by the S"_nuPespect to the rules governing the multicomponent materials
lation handler. Figure 4 shows our grid-enabled portal in

X . . design process.
terms of its three main service components. i ) _
In developing the interaction handler, we have to take
) . into account the fact that our application will require pro-
4 Implementation Details cessing a large number of parameters, types of data, and
types of design options. Many of the choices of such values
We now discuss some of the implementation details of are interdependent and meaningful only within certain sub-
the three main components with particular emphasis onspaces of the design space. Hence, a simple static interface
the grid-enabled simulation handler component. To imple- Will not be adequate. Furthermore, the interface content can
ment our server, we use Java Server Pages (JSP) [14], Jav@epend on the nature of the intermediate results of any of the
servlet [15], DOM [20] enabled Java-XML parsing, Java four simulation steps. We therefore start with a simple static
commodity Grid (CoG) kit [17], and XML-RPC [2]. We page and then generate interface pages automatically using
currently use Globus-2.4 for controlling access to remote state descriptions of the design stored in an XML data base.
resources and GRAM to execute each of the four steps ofThe description can be modified as needed by the analyzer
the application. We also use GridFTP for accessing simula-to incorporate information from the computational steps.
tion data using GridFTP. Our scheme starts with the user input entered into a com-
Our implementation of the user interface is somewhat prehensive form in a static web-page. Information on this
similar to the Grid Portal Development Kit [11] devel- form can be mapped to an XML description and this map-

Figure 4. Our framework with three main sys-
tem components.



MyProxy [12] server. In addition to job control, the simula-
tion handler also manages the sending and receiving of in-
put and output. The embedded XML-RPC server [2] in the
webserver is used as a registry of each simulation handler
and it also allows its automatic generation using a scripting
language.

We use an XML script that describes the simulation pro-
cess (by the analyzer) to create and configure the simula-
tion handler. However, it is often the case that the result of
a computational step is needed to configure the application
codes for the subsequent step. Therefore, providing only
a static interface to connect successive computational steps
will not meet the application needs. For example, the re-
sult from CALPHAD can lead to a new definition of the
Gibbs energy function. This function will be needed for the
phase-field simulation and must be dynamically linked in.
In general, intermediate results will often result in a change
of parameters and software functions for subsequent steps.
We therefore allow the dynamic reconfiguration of the sim-
ulation sequence. This cannot be implemented by modi-
fying the simulation handler because it has been already
created with the initial input from user. Instead, the mod-
ification is made on the remote resources. We provide an
intermediate task between two computational steps to gen-
ping is performed by the interaction handler. This XML erate new input files and fu_nction definitions Sl_Jch as those
specification is then used by the analyzer to specify modifi- fOr the Gibbs energy function for the phase field simula-
cations and refinements in XML form. The latter can then 0N program. The interesting point is that the intermediate
be used to generate interface pages dynamically to inter{@Sk works on the remote computers invoked by the main
act with the user. At the same time, the analyzer can useta}sk on the web server. .ThIS e>.<ecut|on dptaﬂ is shown in
the XML form of the specification to generate an instance Figure 6. The Open Grid Services Architecture (OGSA)
of the simulation handler with suitable task specifications. ImPlemented with Globus-3.0 [13, 5] advocates a similar
Currently, we use a DOM [20] enabled Java-XML parser approach to _encapsul_ate remote resources and services to
for converting XML script into simulation handler code and Créate a distributed object.

JSP scripts in the interaction handler. The simulation han-

dler code is compiled and registered to the server. We at-5 Conclusions

tach XML-RPC [2] to the servlet in order to handle the reg-

istry and execution of new simulation handlers withoutthe oy project concerns generating a domain-specific grid-
restart needed to add a new class. This process of automaksnapled portal. We will test and report on preliminary re-
ically generating the content of the user interface pages andyjts on the performance of our grid-enabled simulation
the task specifications for the simulation server is shown in seryver. We also plan to report on our experience in migrat-
Figure 5. ing the implementation to OGSA. We anticipate that our

The simulation handler is a class object created for ev- rule-based extensible design will allow broader application
ery client and serves as the back-end of the server to marwithin the materials science community. We also conjecture
shal and execute tasks on remote resources. This compathat our system has the potential to be easily adapted for use
nent contains several task modules to execute each compun another application domain through the high-level speci-
tational step. A task module manages submitting jobs, ac-fication of a different set of rules and constraints.
cessing files and setting up the RSL scriptto run a batch job.  Our project is related to several projects that attempt to
Task modules encapsulate some basic Globus function call€onstruct grid-enabled portal for computational science ap-
such as GRAM, GridFTP and MDS in order to shield users plications. Examples include the Astrophysics Simulation
from manipulating the CoG kit directly. Each task module Collaboratory (ASC) [19] and the Active Thermochemi-
is activated by a user module that stores the profile of a usercal Table Framework [18]. The ASC implements recon-
and the associated job history. An important entity of the figurable remote service in conjunction with the Cactus [1]
user module concerns storing credentials obtained by theframework. The system compiles the simulation program
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Figure 5. Execution sequence to set up simu-
lations and user interactions.
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Figure 6. Execution sequence in the simu-
lation handler to process inter-task local re-
quirements.

remotely to create a new simulation application within Cac-
tus; it differs from our application in that it concerns the

execution and interface of a monolithic software system.
The Active Thermochemical Table Framework describes

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

the use of various web services that foresee the emergence; 4]

of OGSA. It is related to our design of the interaction han-
dler. Our work is also influenced by the grid portal devel-
opment kit [11] and the Ninf-Portal [16] for the automatic
generation of the user interface. There is also some relation
to the XCAT project [7, 8] which concerns the construction
of a general purpose grid application.
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