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Abstract—The paper presents a concept, implementation and
real examples of dynamic parallelization of computations us-
ing services derived from MPI applications deployed in the
BeesyCluster environment. The load balancing algorithm invokes
distributed services to solve subproblems of the original problem.

Services may be installed on various clusters or servers by
their providers and made available through the BeesyCluster
middleware. It is possible to search for services and select
them dynamically during parallelization to match the desired
function the service should perform with descriptions of services.
Dynamic discovery of services is useful when providers publish
new services. Costs of services may be incorporated into the
selection decision. A real example of integration of a given
function using distributed services has been implemented, run
on several different clusters without or with external load and
optimized to hide communication latency.

I. INTRODUCTION

PARALLEL computing has come a long way from dedi-

cated parallel applications to grid computing allowing to

couple clusters to perform distributed computations. Tradition-

ally, parallel computing has been performed either on shared

memory machines or within dedicated multi-node clusters.

For the former, threads or processes may be spawned and

communicate using shared memory which is supported using

e.g. Pthreads [1], Java threads [2], OpenMP [3]. For clusters,

MPI [4] and PVM [5] allow development and running parallel

programs using the message passing paradigm for communica-

tion. For fast communication between processes on one node

MPI can use shared memory. MPI implementations may offer

various support for threads. Furthermore, computational codes

may be wrapped into services, discovered and integrated for

distributed computations at a higher level.

Section II investigates existing approaches for paralleliza-

tion among clusters and proposes a framework for multi-

level parallelization through dynamic discovery of services in

BeesyCluster that can make use of specific features of the

latter. Section III presents a concept and an algorithm for

parallelization of computations using BeesyCluster services

while Section IV presents experimental results including the

ability of the solution to hide latency of Web Service calls.

Finally, Section V presents a summary and future work.

II. RELATED WORK AND MOTIVATIONS

Grid systems like CrossGrid [6] or Clusterix [7] use grid

middleware such as Globus Toolkit [8] to allow the user to

manage, access and share various resources. Grid middlewares

allow controlled resource sharing and offer uniform interfaces

to access various resources in various administrative domains.

In turn, parallelization among clusters has become easier espe-

cially for the master-slave or divide-and-conquer paradigms as

previously used within clusters [9], [10]. Such parallelization

is possible either by running grid-enabled MPI applications or

composing distributed services.

Grid-enabled versions of MPI such as MPICH-G2 [11],

PACX-MPI [12], BC-MPI [13] allow one application to run on

more than one cluster using TCP for inter-cluster and usually

faster Infiniband or Myrinet within each cluster. MPICH-

G2 uses Globus for job control as can PACX-MPI and

LAM/MPI [14] to couple remote clusters. BC-MPI can use

BeesyCluster [15] for this purpose [13].

There exist several frameworks that allow management of

distributed processing and computations. The MW toolkit [16]

allows development of a master-worker style application that

works in the distributed environment of Condor. [17] studies

load distribution methods for a master-slave scheme on a

multi-cluster architecture. Tuning of master-slave applications

on grids is analyzed in [18]. Nimrod/G [19] allows resource

management and scheduling in a global computational grid.

It introduces a concept of computational economy that allows

the user to specify the cost and the deadline for the work or

negotiate for resources to do the job.

Grid or Web Services can be used as a front-end to HPC

resources [20]. This allows parallelization using services. [21]

and [22] contain an interesting comparison of performance

of a computationally intensive application run on MPI and

using Web Services as workers rather than front-ends to HPC

resources. The latter showed higher execution times but has

advantages in case of firewalls and better interoperability

in heterogeneous environments. A methodology to migrate

from MPI to Web Service base applications is shown in

[22]. [23] implements an Application Management System

into an MPI application and its ability to balance load in a

computational grid is demonstrated for an application which
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partitions initial data for parallel execution on a three site grid.

[24] demonstrates an approach to find and use grid services for

parallel solving of matrix multiplication – although sequential

in the workers. The framework allows to specify priority QoS

parameters like accuracy, speed, bandwidth.

In this paper, using BeesyCluster and combining features

of the previous works, the author proposes a dynamic master-

slave parallelization approach able to discover and invoke

computational services spawning MPI applications on HPC re-

sources. The algorithm finds and invokes ready-to-use possibly

geographically distributed computational services derived from

MPI applications published by possibly independent providers

from various clusters/servers incorporating possibly changing

costs of such services. The solution focuses on efficient

parallelization of computations among the services with hiding

communication latency and parallelization on clusters using

MPI. Although the master-slave paradigm has been widely

used in parallel programming and distributed processing on

grids as discussed above, the contribution of this work is that

the proposed scheme benefits from particular features offered

by the BeesyCluster middleware:

• parallel and sequential applications created by users can

be published instantly as services within BeesyCluster

and made available as Web Services accessible from

outside BeesyCluster. The publisher can grant rights to

other BeesyCluster users to run the service and defines

QoS parameters such as cost the client needs to pay to

invoke the service. When a BeesyCluster client invokes

the service, the cost is subtracted from their account. Our

latest work [25] shows how thousands of existing Linux

applications distributed in packages such as deb or rpm

can be published in BeesyCluster and thus be available

to be used in the proposed load balancing scheme.

• searching for services that might then be used in the

load balancing scheme. Currently, each service deployed

in BeesyCluster is described in the database as well

as in a UDDI registry based on JUDDI and used by

BeesyCluster. The latter may be queried using the UDDI

API. We have also implemented [25] an intelligent search

mechanism based on the similarity of the service de-

scription and user query that uses Apache Lucene. For

instance, a user might request services for numerical

integration and those with best matching descriptions are

returned.

• incorporation of possibly changing costs when discover-

ing and selecting services.

• access to the services is restricted only to BeesyCluster

users to whom it has been granted. Also, services of-

fered by various providers can be integrated in one load

balancing scheme.

• in case of parallel applications run on clusters with

queuing systems such as PBS, LSF, LoadLeveler etc.,

BeesyCluster can handle queuing transparently to the

client.

BeesyCluster (Figure 1) is a middleware and front-end

to several clusters and allows users to access their system

accounts on clusters or servers using a web browser or web

services [26]. BeesyCluster features an easy-to-use WWW

interface with a file manager with drag and drop in the browser,

ability to launch graphical or text sessions with remote clusters

through a browser. Among others, users can publish own MPI

applications from their system accounts as services (Figure 2)

and assign a price for invoking the service and access rights to

particular users or groups. The service can then be invoked on

the cluster the provider has installed it through BeesyCluster

via a web browser (Figure 3) or Web Services [26]. Beesy-

Cluster uses SSH to access clusters (Figure 1). Moreover,

such services can be combined into workflows [15]. Since the

standard MPI and PVM allow parallelization within a cluster,

an MPI or PVM application may be published as a service

(also studied in [27] instantly with a few clicks (Figure 2, [26])

and used as a part of a framework for balancing work between

clusters by passing distinct data sets to particular services.

BeesyCluster co-developed by the author hides the underlying

queuing (PBS, LSF etc.) system on the cluster the application

was installed on.

III. CONCEPT AND ALGORITHM FOR PARALLELIZATION

OF COMPUTATIONS USING BEESYCLUSTER SERVICES

For composing services, usually a workflow graph G(V,E)
is defined [28] where V is a set of vertexes denoting tasks

while E is a set of edges denoting dependencies between the

tasks. Out of a set of services for each task one is to be chosen

so that certain QoS goals are optimized. As an example, this

could be minimization of the workflow execution time with

an upper bound on the total cost of selected services.

In this paper, we focus on multi-level parallelization of

computations in a dynamic master-slave fashion using ser-

vices published by independent providers from potentially

geographically distributed clusters. Each service is a parallel

MPI application.

The parallelization framework is implemented on the client

side and thus does not depend on grid middleware and allows

access to several BeesyCluster servers handling local computer

centers in different administrative domains. The main steps of

the strategy are shown in Figure 4:

1) Providers publish parallel MPI applications as Beesy-

Cluster services (Figure 2). In case the cluster on which

the application runs uses a queuing system, its usage is

handled by BeesyCluster and hidden to the user. Providers

specify costs which will need to be paid by the client

when invoking particular services. Each BeesyCluster

user has a virtual purse, can earn on own services used

by others. A description of each BeesyCluster service is

stored in BeesyCluster’s own UDDI registry based on

JUDDI. Thus the balancing thread can query for services

using SOAP.

2) The client queries BeesyCluster for services capable

of performing the given function [25] also taking into

account the costs of available services. The client re-

ceives a list of capable services. The recently developed
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Figure 1: Architecture of BeesyCluster

Figure 2: Publishing a Parallel MPI Application as a Service in BeesyCluster

Figure 3: Running a Service Published by Another User and Derived from an MPI Application (WWW)

module in BeesyCluster allows for advanced search and

matching of service descriptions to the user textual query

[25] using the Apache Lucene engine. For the desired

function expressed in the natural language (e.g. numerical

integration etc.), BeesyCluster returns a list of services

with numerical matching scores. Furthermore, the afore-

mentioned balancing algorithm can choose services with

greatest clusterspeed/(1 + cost) ratios.
3) The balancing thread (Listing 1) divides the initial data

into a predefined number of parts set by the programmer.
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Figure 4: Interactions in the Solution

The thread also checks the speed of each cluster or server

on which the services are installed. The balancing thread

launches a new thread (Listing 2) for each part which

then calls a Web Service in BeesyCluster.

4) The Web Service implementation within BeesyCluster

starts an MPI application on a cluster remotely using ssh.

5) The framework launches a second instance of the Web

Service for each service which is delayed compared to

the first one to hide the communication latency upon

termination of the first one.

6) As for the first one, the Web Service in BeesyCluster

invokes the MPI application.

7) Then after the first application has terminated, another

one is launched (Listing 1) while the one launched as

second is still running. This way the cluster is kept

busy. The framework proceeds until all data has been

processed.

In the integration example considered in this paper the data

part corresponds to a range to be integrated.

The algorithm can handle irregular problems taking different

amounts of time on data sets of the same size. Examples of

such applications include adaptive quadrature integration or

αβ searches [9].

IV. EXPERIMENTAL RESULTS

A. Testbed Application and Environment

As an example, a parallel program for integration of a

given function on the given range was used. Initially, the

balancing thread divides the range into a predefined number of

subranges. Then it launches services on clusters each of which

represents a parallel MPI application and passes a single range

[a, b] and accuracy which denotes width of polygons used to

compute the integral.

The testbed environment used one BeesyCluster server

installed at Faculty of Electronics, Telecommunications and

Informatics which accesses in particular two clusters:

1) holk – a cluster with 288 dual core Itanium 2 processors

connected with Infiniband, 2304 GB of RAM, 5.8 TB of

disk space,

2) KASK’s cluster n01.eti.pg.gda.pl – a clus-

ter with 10 Dell PowerEdge 1850 nodes each with 2 dual

core Intel Xeon processors, Infiniband interconnect, 40

GB of RAM.

For the tests, the client-BeesyCluster connection was at 2Mb/s

while the BeesyCluster-cluster(s) connections were internal

university links at 10Mb/s. Two nodes of holk and 9 nodes

of KASK’s cluster were used as 11 virtual clusters on which

the client called MPI integration applications as Web Services

in BeesyCluster.

B. Hiding latency of the Web Service Calls

The goal of this test was to assess how running two parallel

MPI simulations concurrently on one cluster, spawning one

with a slight delay can mitigate communication latency. If only

one application is run on a cluster (MPI-SA case), after it has

terminated, the cluster is idle until a new one is started. If two

are run, the second started slightly after the first one (MPI-2A

case) the former can keep processors busy after the latter has

terminated and a new application is being launched on this

cluster. It happens at the cost of context switching between

processes. Two nodes (h001 and h002, each node with 2 dual

core Itanium2 processors) of cluster holk were used. Both

MPI-SA and MPI-2A ran with 4 processes per node. The range

[1,1000000] with accuracy=3e-5 was used. Table I presents

execution times for the aforementioned configurations. The

variable is the number of ranges to integrate.
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1 Vec to r pend ing ; / / w i t h pend ing Wor kReque s tR es u l t ( c l u s t e r + da ta )

Vec to r f i n i s h e d ; / / w i t h f i n i s h e d Wor kReque s tR esu l t ( c l u s t e r + da ta + r e s u l t )

3

pub l i c vo id Balanc ingLoop ( ) {
5 / / f i n d / d i s c o v e r a c e r t a i n number o f c apab l e s e r v i c e s i n B e e s yC l u s t e r based on t h e

/ / r e q u i r e d f u n c t i o n a l i t y , c o s t s and a v a i l a b l e budge t

7

/ / g e n e r a t e da ta

9 i n t d a t a c o u n t=COUNT;

t ype [ ] d a t a ;

11 g e n e r a t e d a t a a n d s t o r e i n d a t a ( ) ;

13 / / p r e pa r e da ta and s t a r t p r o c e s s i n g

/ / t h e r e are two t h r e a d s l aunch i ng each s e r v i c e tw i c e

15 f o r ( k =0 ; k<2;k++)

f o r ( i =0 , j =0 ; j<s e r v i c e s . l e n g t h ; j ++) {
17 WorkReques tResu l t wrr=new WorkReques tResu l t ( j , d a t a ) ;

synchronized ( pend ing ) { pend ing . add ( wrr ) ; } / / add a r e q u e s t t o a queue

19 new Thread ( t h i s ) . s t a r t ( ) ; i ++; / / spawn a t h r e ad t o ge t t h i s da ta t o p r o c e s s

}
21 WorkReques tResu l t wrr ; i n t f i n i s h e d c o u n t =0 ; r e s u l t =0 ;

23 f o r ( ; ( i<d a t a c o u n t ) | | ( f i n i s h e d c o u n t<d a t a c o u n t ) ; i ++) { / / main loop

t r y {
25 synchronized ( f i n i s h e d ) {

i f ( f i n i s h e d . s i z e ( )==0 ) f i n i s h e d . wa i t ( ) ; / / n o t i f i e d by

27 } / / a n o t i f y ( ) from method run ( )

} catch ( E xc ep t i on e ) { . . . }
29

/ / r ead da ta from th e f i n i s h e d queue and t h en spawn ano t h e r t h r e ad

31 synchronized ( f i n i s h e d ) {
wrr =(WorkReques tResu l t ) f i n i s h e d . e l emen tAt ( 0 ) ;

33 f i n i s h e d . removeElementAt ( 0 ) ; }
r e s u l t = r e s u l t . add ( wrr . r e s u l t ) ; f i n i s h e d c o u n t ++; / / ’ add ’ t h e r e s u l t depend ing on

35 / / t h e problem

i f ( i<d a t a c o u n t ) {
37 / / now launch ano t h e r t h r e ad f o r r unn i ng t h e same s e r v i c e u n l e s s c o n d i t i o n s have changed

/ / − i n t h e l a t t e r case d i s c o v e r n e x t b e s t s e r v i c e

39 wrr . d a t a=new d a t a ;

synchronized ( pend ing ) { pend ing . add ( wrr ) ; } / / add t o t h e pend ing t a s k s

41 new Thread ( t h i s ) . s t a r t ( ) ; } / / spawn a t h r e ad t o ge t t h i s da ta t o p r o c e s s

} System . ou t . p r i n t l n ("Result="+ r e s u l t ) ;

43 }

Listing 1: Main Load Balancing Loop

1 pub l i c vo id run ( ) {
WorkReques tResu l t wrr ;

3 synchronized ( pend ing ) { / / f i r s t g e t a pend ing r e q u e s t

wrr =( WorkReques tResu l t ) pend ing . e l emen tAt ( 0 ) ;

5 pend ing . removeElementAt ( 0 ) ; }
/ / p r o c e s s i t on t h e c l u s t e r and upda te t h e r e s u l t

7 wrr . r e s u l t = C a l l S e r v i c e ( wrr . s e r v i c e , wrr . d a t a ) ;

synchronized ( f i n i s h e d ) { / / i n s e r t t h e r e s u l t

9 f i n i s h e d . add ( wrr ) ; } / / i n t o t h e f i n i s h e d queue

/ / now wake up t h e main t h r e ad

11 synchronized ( f i n i s h e d ) { f i n i s h e d . n o t i f y ( ) ; }
}

Listing 2: Thread Calling Services

Table I: Hiding Latency of Web Service Calls: Execution

Time [s]
ranges 2 4 8 20 30 50

MPI-SA 64 68 76 86 117 156

MPI-2A 64 70 82 85 111

It is clear that launching two MPI applications (with 4

processes) each on a half of the initial range gives best possible

results as there are just two calls (one to each cluster) and

returning results. However, we obtain the same results for 4

ranges (2 calls to each cluster) run with concurrent applications

on each node (MPI-2A). Here, the communication latency is

practically hidden by the other applications running on the

clusters. Moreover, increasing the number of ranges gives

MPI-2A an edge over MPI-SA.

The larger the number of ranges the more perfect balance

can be achieved especially if we consider potentially various

speeds of clusters or additional load which may appear on

some clusters.

For the following tests, the best execution times including
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hiding communication latency using this technique are con-

sidered.

C. Execution Time under External Load

Table II: Execution Time under External Load [s], 11 clusters
ranges 18 36 72 144 288

execution
time [s]

174 150 147 167 218

In this case, all 11 clusters were used while node

compute-0-0 of KASK’s cluster was loaded with compu-

tationally intensive processes launched by another user. Table

II shows how the execution time of the integration application

changes with the number of ranges. A small number of ranges

means that the integration processes (on reasonably large

subranges) on compute-0-0 were considerably prolonged.

On the other hand, a very large number of ranges resulted in

a large overhead. 72 ranges turned out to be the best trade-off

between the range counts tested. The range [1,1000000] with

accuracy=3e-5 was used.

D. Scalability Results

For the first test, a single homogeneous cluster (KASK’s

cluster was partitioned into up to 9 virtual clusters each

composed of 4 processing cores. Execution times and speed-

ups of the load balancing solution were measured and shown

in Figures 5 and 6 given various numbers of ranges from the

number of nodes up to 16 times the number of nodes used

for the run. The range [1,1000000] with accuracy=3e-5 was

used.

Similarly, the second test involved a heterogeneous envi-

ronment with two nodes of cluster holk as 2 virtual clusters

and up to 9 virtual clusters defined on the KASK cluster as in

the previous experiment. Each processor of the first cluster is

approximately 7 times faster than of the KASK cluster for the

integration example. The balancing algorithm merges ranges

for the faster cluster trying to obtain similar execution times

for each requested range for each cluster. Figures 7 and 8

present the execution time and speed-up for integration of

ranges [0,2e6], [0,5e6], [0,1e7] with accuracy=3e-5. All pre-
sented examples confirm good speed-ups (compared to a single

fastest processor in the configuration) given the overhead

of the client-BeesyCluster Web Service calls, BeesyCluster-

cluster SSH communication and management of ranges.

V. SUMMARY AND FUTURE WORK

The paper presented an idea and an implementation of a

framework for parallelization of computations in a dynamic

master-slave fashion using distributed services installed in

BeesyCluster and derived from MPI applications. The frame-

work can use services published by various users and discover

services at runtime for a desired application using service

parameters such as cost. The algorithm is able to use the

services to solve the problem on subsets of the initial data set

and then merge into final results. An example of integration

of a given function was presented and run on several modern

clusters using services installed on them. Tests with and

without external load for up to 11 clusters with varying speeds

confirmed good scalability of the approach.

Future work includes testing more applications in the pro-

posed scheme as well as tests of searching of services using

ontologies.
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Figure 5: Execution Time in a Homogeneous Environment

Figure 6: Speed-up in a Homogeneous Environment
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Figure 7: Execution Time in a Heterogeneous Environment

Figure 8: Speed-up in a Heterogeneous Environment
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