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Abstract

The co-allocation of resources for the parallel executibdistributed MPI applications in a Grid environment
is a challenging task. On one hand it is mandatory to co-atdithe usage of computational resources, like for
example compute clusters, on the other hand it improvesdtiti@anal scheduling of network resources the overall
performance. Most Grid middlewares do not include such raeefteeduling capabilities, but rely on the provision of
higher-level, often domain-specific, services. In thisgrape describe the integration of a meta-scheduler, namely
the VIOLA MetaScheduling Service, into an existing Grid ailvare to provide a framework for co-allocation of
MPI jobs. For these purposes, the design and architectuhe dfamework are presented and, based on the MetaTrace
application, the performance of the system is evaluated.

1 Motivation

The MetaTrace [22] simulation of pollutant transport ingndwater is a distributed, parallel message-passing (MPI)
application. The performance metric of this applicatioa, the run time for a simulation, depends on the number of
processors used to execute the application. This impliegeneral, that adding computational Grid resources, like
for example additional clusters, is a suitable method toeiase the performance of the application and thus retrieve
simulation results quicker. Optionally one could performrendetailed or larger simulations, e.g. covering a bigger
area of the ground within the same simulation time.

In case the processors used to execute the applicationgtelanultiple clusters, it has to be guaranteed that all
of them are available at the same time. Since clusters areatiypnot idle but loaded with jobs in different states
of execution, such a requirement implies additional middie services to co-allocate the different resources for th
different application parts, including the interconnegthetwork.

It is obvious that such a co-allocation service should naides to schedule the different parts of solely the Meta-
Trace application, but any other parallel application. dtorer, it should not be restricted to only computational and
network resources, but it should also allow the co-allacatif arbitrary resources types like for example scientific i
struments or data. The VIOLA MetaScheduling framework wespnt in this paper fulfils exactly these requirements.

This research work is carried out under the FP6 Network ofliecce CoreGRID funded by the European Commission (Conit&l-2002-
004265).



2 Related Work and State-of-the-Art Technologies

Currently, only a few tools exist that are capable of allomaresources across multiple sites located in different
administrative domains, like for example Calana [3] or thi@l®/ay meta-scheduler [20]. However, these approaches
lack a number of capabilities that are necessary for raiabthestration of resources for the execution of a dideibu
application. Most prominent is the possibility to negatiatith agents of the resource owners a common time-slot
for the execution of the distributed application and - orie hegotiation is completed - to fix the resource allocation
with a Service Level Agreement (SLA) [12]. Moreover, thesel$ usually demand to also perform the resource
management for the local resources following a monolitipipraach that is not suitable for a heterogeneous Grid
environment. The existing tools provide management of agmpesources only, whereas reservation of Quality of
Service for the network connections between the computairess allocated for an application is not possible.

The standardisation of an SLA description and the negotiaif SLAs is addressed in the Grid Resource Alloca-
tion Agreement Protocol (GRAAP) working group [8] of the @g@rid Forum [15]. The working group has recently
published the final draft of WS-Agreement [1], a document #pecifies both a language to express SLAs and a
protocol to create them. The specification is expected tornea proposed recommendation of the OGF within the
second quarter of 2007.

As a start the current protocol specified by WS-Agreementdate SLAs is covering only simple scenarios with
just one negotiation round between resource provider asmuree consumer. However, pre-final implementations
of the specification revealed and ongoing discussion gatied that there are other relevant scenarios that require a
multi-step negotiation and transaction-like behaviouarré€ntly a number of approaches exist to find solutions for
such negotiation scenarios, some of them are currenthoesglby the GRAAP working group in order to extend
WS-Agreement. HARC [10] is another approach which is dgyetbat the Louisiana State University and used in the
EnLIGHTened project for co-allocating computational ardwork resources. HARC is using Gray and Lamport’s
Paxos Commit Protocol [11]. The G-lambda project [6] is wiagkon another solution for the co-allocation of com-
putational and network resources based on the Grid Netwemki& (GNS). GNS is a co-allocation Web Service and
supports a two-phase commit protocol.

3 Environment, MetaScheduling Service, and exemplary M PI-Application

In this section we present the Grid environment which has lseeup to execute the experiments and we describe the
MetaScheduling Service used for co-allocation of compaotereetwork resources. Furthermore the MetaTrace appli-
cation is introduced which has been deployed in the aforéioread Grid environment to evaluate the performance of
the complete system when using co-allocation (as repant&ection 4).

3.1 Grid Environment

D-Grid [4] is the German national effort to create a sustali@énfrastructure for e-Science. D-Grid is co-funded by
the Federal Ministry of Education and Research and thegiaating partners from academia, research, and industry.
D-Grid supports and provides bundles for three middlewgséesns: gLite [7], Globus Toolkit 4 [9], and UNICORE

5 [5]. The “Vertically Integrated Optical Testbed for Larggplication in DFN” project (VIOLA) [18] is another
German project that focuses on using new optical netwotkelogies for Grid environments in a dedicated testbed.
After having been made compliant to the D-Grid infrastroetequirements, the resources of the VIOLA testbed (see
Fig. 1) have been made available to D-Grid users in autumi6.28@ the VIOLA project is based on UNICORE,
we use this Grid middleware for the experiments describeétkiction 3.3 and 4. However, the simulation application
could also be deployed in a Globus Toolkit 4 environment Ipfaging the MetaMPI library with mpich-g2. Please
note that the UNICORE version we use is not Web Services-tiantpbut a redesign towards more open standards is
almost completed and will be available mid of 2007 [14].

The groundwater pollution simulation described below weecated in the VIOLA multi-cluster testbed, using
three PC clusters. The clusters are located at the ReseartheQlllich, the University of Applied Sciences Bonn-
Rhein-Sieg, and the Fraunhofer Institute SCAI. The clgséee interconnected with a 10 GBit/s optical network. All
nodes of the clusters are connected with 1 GBit/s links tdaba switches that are, in turn, connected to the backbone.
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Figure 1: The VIOLA testbed as used for the experiments

user node

3.2 Co-allocation using the M etaScheduling Service

To solve the problem of co-allocating the usage of resourc&ids, the VIOLA MetaScheduling Service [19] has
been developed. It is able to negotiate with the local sclirgisystems to find and to reserve a common time slot to
execute the application. Additionally, the Quality of Seevof the inter-cluster node network connections is nedged
and respective reservations are made using a dedicatedcesnanagement system for the network resources.

To use the MetaScheduling Service along with the applinatiee framework pictured in Fig. 2 has been realised
using the UNICORE [17] Grid middleware for job submissiorgnitoring, and control. Within this framework a user
describes the distribution of the parallel MetaTrace aaibon and the requested resources using the UNICORE client
while the remaining tasks like allocation and reservatibresources are executed automatically and are completely
transparent for the user.

The framework is designed to flexibly integrate arbitrargouerces and to minimise the effort being integrated
into different Grid middlewares. To obtain the former it pides an Adapter, a generic interface to the respective
(local) resource manager. Currently Adapters for varicatsi systems and the VIOLA network reservation system
exist. To achieve the later, the UNICORE Client (and cliémtgeneral), the MetaScheduling Service, and the Adapter
communicate using the WS-Agreement protocol and SLAs [IBis implies that the user specifies the duration of the
meta-job and additionally - for each subsystem - resemati@mracteristics like the number of nodes of a cluster or the
bandwidth of the connections between nodes within the UNRE@lient. The client sends the job description to the
MetaScheduling Service using the WS-Agreement protocasell on the information in the SLA the MetaScheduling
Service starts the resource negotiation process. AlthtdgtAgreement provides the foundation to reserve resources
the co-allocation demand makes the execution of a negmtigtiotocol at meta-scheduler level necessary:

1. The MetaScheduling Service queries the adapters of theted local systems to get the earliest time the re-
guested resources will be available.

2. The adapters acquire previews of the resource avatialfibtm the individual scheduling systems. Such a
preview comprises a list of time frames during which the e=jad QoS (e.g. a fixed number of nodes) can
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Figure 2: The VIOLA MetaScheduling framework

be provided. It is possible that the preview contains onlg entry or even zero entries if the resource is fully
booked within the preview’s time frame. Based on the prevlenadapter calculates the possible start-time.

3. The possible start times are sent back to the MetaScimedbérvice.

4. Ifthe individual start times do not allow the co-allocatiof the resources, the MetaScheduling Service uses the
latest possible start time as the earliest start time fonéx scheduling iteration. The process is repeated from
step 1. until a common time frame is found or the end of theipreperiod for all the local systems is reached.
The latter case generates an error condition.

5. In case the individual start times match, the MetaSclieg@ervice checks the scheduled start times for each
reservation by asking the local schedulers for the progeedf the reservation. This step is hecessary because
in the meantime new reservations may have been submittethby asers or processes to the local schedulers,
preventing the scheduling of the reservation at the regudshe.

6. If the MetaScheduling Service detects one or more reg8ensthat are not scheduled at the requested time, alll
reservations will be cancelled. The latest effective stam¢ of all reservations will be used as the earliest start
time to repeat the process beginning with step 1.

7. If all reservations are scheduled for the appropriate tine co-allocation of the resources has been completed.

8. The IDs of the MetaScheduling Service and the local rediems are added to the agreement and a reference to
the agreement is sent back to the UNICORE Client.

3.3 Exemplary MPI-Application: MetaTrace

The MetaTrace application is composed of two parts, TradePamtrace. Trace is a parallel MPI application imple-
mented in Fortran90 that calculates the flow of groundwatee. results, especially a time-dependent vector-field that

CoreGRID TR-0081 4



describes the water flow is transmitted to Partrace, a ghMP| application implemented in C++. Partrace computes
the dynamics of particles solved in the water or depositetthénground. A transfer of data takes place after every
simulation time-step. The duration of a time-step and thewrhof transferred data depends on the parameters of the
simulation and the number and performance of the involvedgssors. Typical values are 200 MB transfers every
10 to 15 seconds. The transfer uses MPI send and receiveandliis performed in parallel, using several nodes and
network adapters of the clusters.

In order to execute MetaTrace distributed on several disistethe VIOLA test-bed, MetaMPICH [16], a Meta-
computing enabled MPI-implementation of the RWTH Aachess been used. MetaMPICH is based on MPICH
1.2. It has been enhanced by RWTH to support multiple comaatiion devices for a single application: e.g. a fast
interconnect inside a cluster or supercomputer, and Ta¥tReen clusters. This allows to make optimal use of the
available bandwidth, both inside and between the systeatsttimpose the meta-computer.

4 Performance Evaluation
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Figure 3: Setup of the MetaTrace experiments in the VIOLAbed

We already evaluated the performance of the MetaSchedaingce itself and the influence of negotiation on the
application’s performance in previous work [19]. With respto the MPI application presented here we have been
primarily interested in the performance increase due todhervation of dedicated network bandwidth. Therefore we
compared application runs without reserving the netwotlwben the compute nodes to runs with different bandwidths
exclusively assigned to the MPI application. We observeadmificant increase in the data rates between the different
nodes and consequently a better performance of the apphdtelf.

For our tests the MetaTrace application was distributedrandr three clusters of the VIOLA Grid. In these test
scenarios Partrace was executed on the Cray XD1 in the Rbs€antre Julich. The SMP clusters at the Research
Centre caesar and University of Applied Science Bonn-RBédg (FH BRS) were used for Trace. In the case of three
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clusters, Trace itself was also distributed to clusteraeasar and the FH BRS.

In this configuration every cluster is directly connecteal 10 Gigabit Ethernet to every other cluster (Fig. 3). The
clusters are attached with different numbers of GigabieEtat (GE) adapters to the test-bed: 34 adapters at caesar,
10 at the Cray XD1, 6 at the FH BRS. A general observation waistitie application could use up to about 500 Mbit/s
per GE adapter if sufficient bandwidth was available in tistbted. Fig. 4 and Fig. 5 illustrate this. They show the
bandwidth utilised by the application, if no other trafficsyaresent in the test-bed. In Fig. 4, the 6 GE adapters of the
cluster at FH BRS limit the throughput to about 3.3 GBit/s.Fig. 5, the 10 GE adapters of the Cray XD1 limit the
throughput to about 5.2 GBit/s.

In our experiments, the distributed application was rurhwlifferent bandwidth reserved in the network for ex-
clusive use by the application, ranging from 1 GBit/s to 10itGB In all cases, the application performance was
completely independent of the amount of additional trafiithie testbed, showing that the reserved bandwidth was
in fact available solely for the application. As long as thsarved bandwidth was above 5 GBit/s for three clusters,
the overall application performance was also not affectethb reservation. With lower bandwidth reservations, the
utilised bandwidth is of course limited by the reservatibmthat case the time that the application spends with com-
munication increases with decreasing bandwidth. For el@mpeduction of the reserved bandwidth from 10 GBit/s
to 1 GBit/s increases the communication time per time-gt@m 0.3 sec to about 1.9 sec. This means that the fraction
of the overall application runtime, that is spent with conmication increases from 3% to 17%. Without bandwidth
reservation, the application performance becomes ungeddé and varies with the amount and nature of additional
traffic in the testbed.
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Figure 4: MetaTrace results running MPI jobs on two clusters

5 Conclusions

In this paper we presented a Grid framework to co-allocaté jdiFs. We integrated the VIOLA MetaScheduling
Service and the UNICORE middleware to run the MetaTraceiegain on the VIOLA testbed. This framework has
been implemented and successfully demonstrated at thed@di@ Helsinki and the CoreGRID Industrial Conference
2006 in Sophia Antipolis.

The framework is further developed within a number of prt§ecrhe overall goal is to evolve the framework
towards a workflow meta-scheduler with support for arbjttgpes of resources. First results of experiments made [23]
proved true the expectation that a reduction of turnaroimed is achievable when doing advance reservation of
resources for a workflow. The achievements observed wens gaturnaround time of up to 45% depending on the
number of CPUs and the time needed to execute the comporienteaskflow.

As part of the scientific work done by the CoreGRID Institute Resource Management and Scheduling, the
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Figure 5: MetaTrace results running MPI jobs on three chsste

framework and the Intelligent (Grid) Scheduling SystenS)i&re integrated to provide scheduling solutions for the
SwissGrid [2]. Moreover, the MetaScheduling Service isfthendation for a co-allocation service of the Phospho-
rus [21] project, aiming at facilitating communication amgoGrid middleware services, network resource provision-
ing systems, and a GMPLS control plane for Grids. Last butleast it is planned to integrate the results of the

MetaScheduling Service developmentinto a Grid Schedwlatigtion for the D-Grid.
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