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Abstract

We present the FlowGrid system, that allows Computational Fluid Dynamics (CFD) simulations to be executed in Grid
environments. Using this system, users can observe online the progress of their simulation by looking at intermediate results,
that are visualized in the graphical user interface. Several Grid centers across Europe currently use and validate the system with
their CFD computations and build a ‘CFD Virtual Organization’ to share their resources and balance their processing load.

We first describe the overall FlowGrid architecture, highlight its special features and present the system along a typical job
execution. The Grid infrastructure, i.e. FlowServe, is presented in detail, a description of the accounting system is given and
experiences with the FlowGrid testbed are provided. Finally, we provide evidence that the results can be used as a generic CFD
Grid service.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that: (1) CFD applications need many synchronous
communications between subjobs, butin Grids we have
Using the concept of Computational Grids2] for to handle with potentially high latencies, and (2) CFD
Computational Fluid simulations (CFD) is promising, users often want to see the actual progress of their sim-
because it allows the flexible sharing of computational ulation interactively, but Grid environments today are
resources across enterprises. To satisfy peak requestsjominated by the paradigm of batch processing.
computational power is provided on-demand from co-  The FlowGrid system was developed by four in-
operating enterprises. Instead of the necessity to owndustrial partners, who make use of the Grid to com-
hardware to support peak requirements, only hardware pute their CFD simulations, and two technology
for the average load is required, which often also re- providers. The industrial partners are in particular
duces the number of necessary licenses. The challengeéSkoda VYZKUM, the Central Research Institute of
of applying the Grid approach to CFD simulations is SKODA; CERTH/CPERI, a leading research organi-
zation in Greece; HSVA, Germany’s hydrodynamics
" Corresponding author. research and development facility; and the Fluid Me-
E-mail addresseswendler@zib.de (J. Wendler), chanics Group at the University of Zaragoza (Spain).
schintke@zib.de (F. Schintke). The two technology providers are Symban Power Sys-
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main focus is on the efficient use of computing re-
sources. On several partner sites, clusters are installed
and provided to the Grid. Each of these clusters is oper-
ated by a resource management system (resource man-
ager) like PBS, LSF or Condor.

‘/3// 2. FlowGrid architecture

2.1. Components of the architecture

HSVA

Fig. 1. Some CFD applications that use FlowGrid.

The components of the FlowGrid architecture are
tems Ltd., a software company and vendor of the CFD organized in four layers: actor, front-end, middleware
software APUS; and the Computer Science Researchand backendrig. 2depicts these layers and the distri-
department at Zuse Institute Berlin (ZIB), which pro- bution of the components across them. The dependen-
vided their Grid expertise and developed the Grid spe- cies and interactions between the components are also

cific parts for FlowGrid. shown. They are described in more detail in Section
Some of the applications of our industrial partners 2.2
are shown inFig. 1including flow simulation across Theactor layerconsists of actual persons taking dif-

ships and trains, and flow inside combustion engines. ferent roles in the interaction with FlowGrid: resource
These problems are partitioned and simulated using providers who provide their clusters to the Grid, admin-
APUS CFD solver from Symban Power System Ltd. istrators who manage the Grid and subscribers who use
on distributed resources across our Grid. the Grid resources. THeont-end layerconsists of two
This Grid is composed of several systems that sup- graphical user interfaces: a native Windows interface
ply computing power, data storage and other resources.called APUS-CFD and a web portal, both developed by
Because CFD simulations are compute intensive, our Symban Power Systems Ltd. In theddleware layer

Getting/Setting data,
® g 9

Actor Layer downloading APUS-CFD

@ User-Interaction via a GUI

Front-end GUI HTTPS

Layer i |APUS-CFD Portal @ Communication via SOAP,
i [SoAP HTTPS SOL file transfer via HTTPS
@ Running and monitoring a
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Layer Globys | [ Glabus ® Updating DBMS and
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Fig. 2. The FlowGrid architecture is organized in four logical layers.
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our FlowServe system manages the jobs on behalf of status of resource providers, clusters, FlowServe
the user. This layer also contains a database manage- components, subscribers and executed jobs.
ment system (DBMS) per virtual organization using ® If new clusters are added to FlowGrid, their contact
FlowServe. At the bottom, theackend layecontains information is announced to each FlowServe using
the resource managers for the different clusters. On SOAP.

these clusters runs the MPI CFD backend APUS-CFD. @ In fixed time intervals, a component of the DBMS

gueries the resource managers to retrieve the jobs

2.2. Interactions between the components they have executed. This information is used for

accounting. The accounting system is described in

The dependencies and interactions between the Section4.

components are depicted Fig. 2 The purpose of
each interaction (numbered in the figure) is shortly de- 2 3. Special features
scribed.

@

2.3.1. Progress monitoring
To offer cluster resources to the Grid, resource  Using FlowGrid, preliminary results from the Grid
providers use a web interface. Resource providers application can be retrieved. The CFD backend stores
can set, read and modify administrative data of its progress information in temporary files. These files
the provided clusters. Using the web interface, the are retrieved at fixed time intervals by FlowServe (step
FlowGrid Administrator has the ability to add or @ of Fig. 2). For the retrieval of progress information,
remove resource providers from the FlowGrid sys- FlowServe submits small control jobs at the locations
tem. Subscribers (end users) can use the portal towhere the Grid applications are running. Such control
download the APUS-CFD clientand to requestthe jobs are executed immediately and are running on the
generation of a certificate. The certificate is auto- frontend of the cluster whereas the grid applications
matically saved in a MyProxy database using the run on one or more of the cluster’s nodes.
username password pair of the user, so that the  Another approach to progress monitoring is given
users do not need to care abotl . by the Grid Visualization Kernel (GVKJ]4] which al-
The end user can use the graphical user interfacelows on-line visualization of the actual computation.
APUS-CFD to set up and run CFD simulations on  To use GVK, the application needs to implement an
the Grid. Inside APUS-CFD, the user can partition interface of the GVK. Its usage is therefore limited to
his simulation and submit the CFD simulation. applications with supported programming languages.
The job execution order is sent from the user in-
terface to FlowServe using SOAP over HTTPS
for control communication and HTTPS directly to
transfer the input and output data.
FlowServe itself uses Globy8] to distribute the
CFD simulation across the Grid. Furthermore,
FlowServe monitors the CFD simulation by run-
ning small control jobs. Control jobs are also used
to obtain the current status of a cluster including
the number of free processors and the number of
waiting jobs.
The portal uses SQL to retrieve and update data o
the DBMS. The central DBMS stores data on the

2.3.2. Job control
The CFD application can be controlled to some ex-
tent. Itis possible to send small control messages to the
CFD backend using FlowServe. FlowServe invokes a
control-job to create a file with the name of the con-
trol message on the location where the solver reads its
input data. The solver so far checks for the existence
of the control message ‘stop’ in fixed time intervals.
If it detects a file with the name ‘stop’, it writes its
f preliminary results and terminates itself. A wide range
of application-specific strings can be used as control
messages$.

1 In an earlier FlowGrid version, the users had full control over
their certificates. The industrial end users did not agree with this
approach; they wanted to have a convenient access to the Grid using 2 The string can contain any letters and digits and is limited to 255
only a username and a password. bytes.
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Fig. 3. Atypical job execution with FlowGrid.

2.3.3. Interactive jobs and FlowServe, these communications are secure and
Using the features ‘progress monitoring’ and ‘job encrypted. Between FlowServe and the resource man-

control’, jobs can be interactively controlled. The user agers and between the DBMS and the resource man-

client has the opportunity to monitor his jobs. In case agers, Globus is used for the communication. The

that the solution of a job does not converge, the user Globus toolkit uses the Grid Security Infrastructure

can send a control message to the job, e.g. ‘stop’ to stop (Globus-GSI)[5] to provide authentication, message

the calculation. Then, he can adapt the input data of the protection and encryption using certificates.

job by exchanging some of the input files, for instance,

he can adapt the boundary conditions. Thereafter, he2.3.7. Scalability

can trigger the job to continue using the new values. The FlowGrid system is fully scalable. There
is only one central component, the DBMS, which
2.3.4. Windows—Linux integration only performs minor administrative tasks. All other

With the FlowServe system, the user can run jobs components can be distributed and divided into
on the Grid using APUS CFD, a native Windows appli- subcomponents. Usually, one FlowServe component
cation. We connect the native Windows client program is responsible for several APUS CFD components;
(not just a web portal) with a Grid that usually consists several clusters are used by several FlowServe compo-

of Unix-compatible computers. nents and one or more portals interact with the DBMS.
If the administrative tasks of the DBMS become
2.3.5. Certificates and authentication a bottleneck, it is even possible to split the FlowGrid

For mutual authentication between the components system into several FlowGrid systems, which may then
of the FlowGrid system, all actors, FlowServe com- be used by different but possibly overlapping virtual
ponents, resource managers and the DBMS own cer-organizations.
tificates, which are provided by a certificate authority.

The subscribers (end users) authenticate themselve2.4. Typical FlowGrid job execution

with username—password pairs; their certificates are

stored in one or several MyProxy databases. FlowServe In order to demonstrate how the FlowGrid system
retrieves the user certificates automatically from its works,Fig. 3outlines a typical FlowGrid job execution.

MyProxy database. This execution covers the steps® of Fig. 2

2.3.6. Security ® The subscriber (end user) has a tagk execute.
By using SOAP (over HTTPS for control interac- @ The subscriber uses APUS-CFD to partition the

tions) and HTTPS (for file transfers) as underlying taskT into several subjob%j, ..., T,. Internally,

transport protocols for the communication between a common third-party mesh partitioner is used.

APUS CFD and FlowServe and between the DBMS Then, the user starts the simulation inside APUS-
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CFD, which triggers thatan executionorderissend @ Finally, the resultsRy, ..., R, are sent back to
to FlowServe. APUS-CFD, which generates a final resRlthat
® FlowServe receives this order and distributes the is then presented to the subscriber.
subjobsTy, .. ., T, to appropriate clusters by con-
tacting their resource managers using Globus
GRAM and Globus GSJ5]. 3. FlowServe architecture and protocol
@ The resource managers schedule the subjobs using
PBS, LSF or other batch systems. The components and interfaces of FlowServe are
® The subjobdy, ..., T, start their execution. The  depicted irFig. 4 We distinguish between internal and

subjobs are MPI programs that communicate in external (otthird party) components.
fixed time intervals with each other to exchange FlowServe components are depicted as green (dark)
boundary data. boxes including one or more modules (in blue, respec-
® During the execution of the subjobs, FlowServe tively, light). The round forms represent other Flow-
retrieves preliminary results from the clusters (not Grid components FlowServe interacts with. Arrows are
shown in the figure), which are presented to the used to show interactions between modules and com-
user via APUS-CFD. This allows the user to view ponents. When an arrow passes through a module, it
the solution process and convergence already dur- means that the module acts as a layer, without pro-
ing job execution. After all subjobs are finished, cessing the message itself (for example, the HTTPS
FlowServe retrieves the resulkg, ..., R,. layer adds security but does not process a ‘create-

HTTPS Interface

Servlet Container

SOAP Interface

”””””” Authentication Module
Information Job Control
Provider Module Module
® ©)

MyProxy

File Transfer
Module

Data Servlet

FlowServe web service

Globus Toolkit

Fig. 4. Components of FlowServe. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of the article.)
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Job’ request). Dashed arrows represent local interac-
tions.

The interactions of the grouj@s, ® -® compose the
FlowServe protocol They are initiated by a message
from the client (DBMS or APUS-CFD) which is al-
ways answered by FlowServe. Almost all interactions
require HTTP basic authenticatidnThe interactions
of the group®, ® and® are performed using the SOAP
protocol over an HTTPS protocol layer. The interac-
tions of group® are performed using the HTTPS pro-
tocol. All data structures which are exchanged during
the interactions are formatted in XML.

Two interactions are implemented betwetre
DBMS client and the FlowServe web servigater-
action® of Fig. 4): the interaction ‘updateResource-
ManagerList’ is used to inform FlowServe about the
static properties of the available FlowGrid resources
and with the interaction ‘registerUser’ the user certifi-
cates are registered.

Between APUS-CFD and the FlowServe web
service (interaction® of Fig. 4), a wide range of
interactions is handled by the job control module in

order to manage user jobs. These interactions include

the creation, execution, status monitoring, progress
monitoring, controlling and deletion of jobs. Addition-
ally, the information provider handles the interaction
‘requestGeneralResources’. This interaction is used
by the APUS-CFD client to retrieve information about
the available clusters.

The two methods Put and Get, which are speci-
fied within HTTP, are implemented as interactions be-
tweenAPUS-CFD and the Data Servl@éhteraction®
of Fig. 4). They are configured with a job-specific URL
which is given during job creation time, but can also
be retrieved later via the status monitoring interaction.

The interactions betweehe Data Servlet and the
FlowServe web servigeteractior® of Fig. 4) are used
to support the transfer of input and output data. The in-
teraction ‘inputStart’ is used to request alocation where
to save the input data of the job; with the interaction ‘in-
putEnd’, the Data Servlet informs the FlowServe web
service that the input data have completely arrived and
the interaction output is used to request the location of
the output and/or monitor data that the user wants to
retrieve.

3 Exceptions are the interactions ‘requestGeneralResources’ and
‘requestFlowServelnformation’.
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The authentication module uses a MyProxy
database to store and retrieve user certificates (inter-
action@ of Fig. 4). The information provider and the
job control modules apply the Java CoG library in or-
der to interface with the Globus toolkit (interacticeis
and® of Fig. 4).

4. Accounting and billing system

The accounting and billing system is distributed
among all components of the FlowGrid system.

Resource providersspecify the accounting infor-
mation of their clusters via theortal . Thecluster spec-
ification is encoded in XML; it consists of a cluster
name static system propertiemternal system proper-
tiesandcluster usage cost¥ hecluster usage costee
used for the accounting and billing system. Within this
XML structure, the resource providers specify costs for
data transfer, data storage and computation time.

The cluster specificationare saved in th®BMS
and communicated t&lowServe Any time the in-
formation of one of the clusters has been changed,
the wholecluster specificationstructure is sent to all
FlowServe systems. The time a new FlowServe system
is added via the portal, theluster specificationsre
submitted to the new FlowServe system. Tames
static system propertiemdcluster usage costere for-
warded t)APUS-CFDvia the interaction ‘requestGen-
eralResources’ so that the subscribers can base their
decision which cluster to use also on cost information.

During the job execution, thesource manageion
the cluster generates alog file. Among other things, the
log file contains information about the data storage size
and time as well as information about the computation
time and the number of processors used. The informa-
tion in the log file is used to generate cost information
for the user which is transmitted to teabscribervia
the status monitoring interaction of tRtlowServeweb
service. Th®BMS executes control jobs to retrieve in-
voice information from the clusters using the log files
of the resource manager. The invoice information can
be requested via thmortal by theresource providers

5. Experiences with the FlowGrid testbed

The FlowGrid testbed currently consists of three
backend sites, each contributing one cluster for the
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computations. All together, the backend comput- described in detail in a public project deliverable
ers consist of 104 CPUs. The backend sites are [6].

geographically and organizationally dispersed, one

cluster belonging to UZ in Spain, the other one

belonging to CPERI in Greece and the last one 7. conclusion

belonging to ZIB in Germany. None of these clusters

is dedicated only to the FlowGrid project; they are | FlowGrid, we create a Virtual Organization to
also used for other tasks. Three FlowServe compo- ryn CFD applications on the Grid. In contrast to other
nents are CUrrently installed within the FlowGrid Grid So|ution5, FlowGrid Supports monitoring of pre-
testbed. liminary results during runtime. FlowServe is open and
The FlowGrid testbed has been used by the Flow- can be used by other CFD systems. FlowGrid also

Grid partners for the evaluation of the CFD code. combines the usage of Windows and Linux within a
The current logging mechanism which supports the Gyig.

accounting and billing system has been only intro-
duced recently. Before that, a preliminary logging
system had been used on one of the clusters. Dur'AcknowIedgments
ing this time period, 87 jobs had been success-

fully computed_ on this cluster. Most of the jobs We thank our partners of the FlowGrid project for
used four_ fo eight processors and took betvve_en 5the fruitful collaboration. Especially we thank Sym-
anq 20min to compute. Howg-ver, also long jobs 5, poyer Systems Ltd. for their efforts in the joint
which took more than 20h time had been exe- design of the FlowGrid architecture, for their APUS-
cuted. CFD client, the Solver and the Portal. Also, we would
like to thank Guillermo Arias del Rio, who helped
us to implement FlowServe, and our research group
at ZIB for being open for discussions, support and
guidance. This work was funded by the European
Commission under grant IST-2001-38433 (FlowGrid
Project).

6. Generality of FlowServe

To demonstrate the generality of FlowServe, we
adapted it to another CFD application from our project
partner from Zaragoza. While it took us substantial
time to make this code compatible with MPICH-G2,
the adaptation of FlowServe to this code took us only
2 h including testing. Based on the strict partitioning | . Th e arid:
of FlowServe into web service, Data Servlet and job 1 ! Foster C. Kesselman, S. Tuecke, The anatomy of the grid: en-

. . abling scalable virtual organizations, Int. J. Supercomput. Appl.
control scripts, it was only necessary to exchange the ;g (3) (2001).
scripts. [2] A.Reinefeld, F. Schintke, Concepts and technologies for aworld-

The adaptation of FlowServe does not include an wide gridinfrastructure, Lecture Notes Comput. Sci. 2400 (2002)
adjustment or generation of a graphical user inter-  62-71. o
face like APUS-CFD. Instead, we have used our Test- [3] I. Foster, C Kesselman, Globus: a metacomputing infrastruc-

. . ture toolkit, Int. J. Supercomput. Appl. 11 (2) (1997) 115-
client, who was developed together with FlowServe, 128.
to verify the correct adaptation of FlowServe. Nev- (4] p. Heinzlreiter, D. Kranzlriller, Visualization services on the
ertheless, the Testclient is a fully functional client grid: the grid visualization kernel, Parallel Process. Lett. 13 (2)
who supports all features discussed in Sectibd (2003) 135-148.
and can be used together with graphical interfaces. [°] L. Pearlman, V. Welch, 1. Foster, C. Kesselman, S. Tuecke, A
In order to use a full intearated and user-friendl Community Authorization Service for Group Collaboration, in:

: X i g | A y Proceedings of the IEEE Third International Workshop on Poli-

graphical user interface with FlowServe, it has to im- cies for Distributed Systems and Networks, 2001.
plement the FlowServe protocol to the client which [6] J. Wendler, D3.7 Report on the Generalization of the FlowServe
was outlined in Section3 (paragraph 5) and is Architecture, 2004http://www.unizar.es/flowgrid/
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