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On the Benefit of Processor Co-Allocation In
Multicluster Grid Systems

Ozan Sonmez, Hashim Mohamed and Dick Epema

Abstract— In multicluster grid systems, parallel applications such as the communication requirements of parallel aglits,
may benefit from processor co-allocation, that is, the simulta- the communication technology and the processor heterdigene
neous allocation of processors in multiple clusters. Although of the system, and the scheduling policies of a grid schedwle
co-allocation allows the allocation of more processors than the co-allocation performance of single parallel appi in

available in a single cluster, it may severely increase the ex-t f th tion ti . ticular i | Ititlar
ecution time of applications due to the relatively slow wide- €rms of the execution ime, In particuiar in a real mu

area communication. The aim of this paper is to investigate 9rid system. In addition, we aim to investigate the benefit of
the benefit of co-allocation in multicluster grid systems, despite co-allocation from the perspective of scheduling workinat
this drawback. To this end, we have conducted experiments in parallel applications in terms of the average job respoimse. t
a real multicluster grid environment, as well as in a simulated In our previous work, we have focused on the implementation
environment, and we evaluate the performance of co-allocation jgq,es of realizing support for co-allocation in GtmALA grid

for various applications that range from computation-intensive . . -
to communication-intensive and for various system load settings. scheduler [1), and we have implemented scheduling polities

In addition, we compare the performance of scheduling policies Parallel applications that may need co-allocation. Thes€im-
that are specifically designed for co-allocation. We demonstrate Files (CF) policy [2] tries to alleviate the overhead of wait
that considering latency in the resource selection phase improves ing in multiple clusters for the input files of applications t
the performance of co-allocation, especially for communication- become available in the right locations. We have shown that

intensive parallel applications. the combination of the CF policy and file replication is very
Index Terms— Co-allocation, grid, multicluster, parallel job beneficial when applications have large input files. Thex(Ble)
scheduling Cluster Minimization (FCM) policy [3] minimizes the number

of clusters to be combined for a given parallel applicatian i
order to reduce the number of inter-cluster messages betwee
the components of a co-allocated application, which turas o
VER the last decade, multicluster grids have become tigimprove the performance of co-allocation for communaat
mainstream execution environment for many large-scaistensive applications.
(scientific) applications with varying characteristics.duch sys-  In this paper we extend our previous work with the following
tems, parallel applications may benefit from using resaurceontributions. First, we present an analysis of the impddhe
such as processors in multiple clusters simultaneousdt, i) inter-cluster communication technology and the impact haf t
they may useprocessor co-allocationThis potentially leads to processor speed heterogeneity of a system on the co-atlocat
higher system utilizations and lower queue wait times bgvéithg performance of parallel applications. Secondly, we irigast
parallel jobs to run when they need more processors than amken co-allocation in multicluster grids may vyield lowereaage
available in a single cluster. Despite such benefits, witt@ssor job response times through experiments that run worklodds o
co-allocation, the execution time of parallel applicaiomay real MPI applications as well as synthetic applicationsolvhiary
severely increase due to wide-area communication overaedd from computation-intensive to communication-intensikaally,
processor heterogeneity among the clusters. In this pagein- we extend the scheduling policies wbaLA with the Communi-
vestigate the benefit of processor co-allocation (hengafie use cation Aware (CA) policy that takes either inter-clustendaidth
‘co-allocation’ to refer to 'processor co-allocation’)gspite its or latency into account when deciding on co-allocation, waed
drawbacks, through experiments performed in a real mu#tter compare its performance to that of FCM, which only takes the
grid environment. In addition, we have performed simulatio numbers of idle processors into account when co-allocatibs.
based experiments to extend our findings obtained in the realThe rest of the paper is organized as follows. Section Ilgtss
environment. a job model for parallel applications that may run on co-ciled
From the perspective of a single parallel application, caesources. In Section lll, we explain the main mechanisms of
allocation is beneficial if the inter-cluster communicatiover- our KOALA grid scheduler, and our testbed environment. In
head is lower than the additional queue wait time the apjidica Section IV, we present the scheduling policies k@fALA that
will experience if it is instead submitted to a single clustewe consider in this paper. In Sections V, VI, and VII, we prase
However, this additional queue wait time is neither knowmiarp the results of our experiments. In Section VIII, we discuss t
nor can it be predicted easily due to the heterogeneity aad tthallenges and issues of realizing co-allocation in redtiohuster
complexity of grid systems. Therefore, in this work, we dd nayrids. Section IX reviews related work on co-allocatiomadly,
rely on predictions. We aim to assess the effect of varioo®fa Section X ends the paper with some concluding remarks.

I. INTRODUCTION

0.0. Sonmez, H.H. Mohamed, and D.H.J. Epema are with the Raaatle 1. AJoB MODEL FORPARALLEL APPLICATIONS
Distributed Systems Group, Faculty of Electrical EnginegriMathematics . . .
and Computer Science, Delft University of Technology, D828 CD, The In this section, we present our job model for processor co-
Netherlands. EMail{0.0.Sonmez, H.H.Mohamed, D.H.J.Eper@iudelft.nl  allocation of parallel applications in multicluster grids this
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specific way of splitting up an application. When there is nohs

Fixed Non-fixed affinity, users may want to leave the decision to the schedule
Components by submitting a non-fixed or a flexible job request. Of course,
? ? % for jobs with fixed requests, there is nothing a schedulerdmn

to schedule them optimally; however, for non-fixed and flexib
‘ requests, a scheduler should employ scheduling policiete¢c
job placement policies in this paper) in order to optimizenso

Clusters ‘ ‘ ‘ ‘ ‘ ‘ ‘

User decides on component KOALA decides on component . .
placement placement criteria.
Flexible I1l. THE SCHEDULER AND THE SYSTEM
In this section, first, we briefly describe theoALA grid
scheduler [1], which is the basis of the work presented is thi
E E paper, and secondly, we describe our testbed, the DAS3 [4].
KOALA decides on on the splt A. The KOALA Grid Scheduler

up of a job and component
placement

The koALA grid scheduler has been designed for multicluster
systems such as the DAS-3 which have in each cluster a head
node and a number of compute nodes. The main distinguishing
Fig. 1. The job request types supportedHijALA. feature ofKOALA is its support for co-allocation.

Upon submission of a jolkOALA uses one of its job placement

policies (see Section IV) to try to place job components on
model, a job comprises either one or multiglemponentshat suitable execution sites. If the placement of the job sutsesd
can be scheduled separately (but simultaneously) on palfgnt input files are required, the scheduler informs the job sebioin
different clusters, and that together execute a Sing|e||pbrat00| to initiate the third-party file transfers from the st file
application. A job specifies for each component its requénets  Sites to the execution sites of the job components. If a piece
and preferences, such as its size (the number of processordnofails, KOALA places the job at the tail of the placement queue,
nodes it needs) and the names of its input files. We assuigich holds all jobs that have not yet been successfullygulac
jobs to be rigid, which means that the number of processof§€ scheduler regularly scans the queue from head to tadeo s
allocated to a job (and to each of its components) remains fix¢#hether it is able to place any job.
during its execution. A job may or may not specify the exeuti For co-allocation, KOALA uses an atomic-transaction ap-
sites where its components should run. In addition, a job oray proach [5] in which job placement only succeeds if all the
may not indicate how it is split up into components. Based di¥Pmponents of a job can be placed at the same time. This
these distinctions, we consider three job request strestfixed necessitates the simultaneous availability of the desitedbers
requestsnon-fixedrequests, anflexible requests (see Figure 1).0f idle nodes in multiple cluster&oALA tries to allocate nodes

In a fixed request, a job specifies the sizes of its componeHNg the resource managers of the clusters in questiofi.tiea
and the execution site on which the processors must be ttbca?/location attempts for all components succeed, the johitaied
for each component. On the other hand, in a non-fixed requedt, the allocated nodes after the necessary file transfertisn
a job also specifies the sizes of its components, but it does §§'dY We map two application processes per node, sinceall th
specify any execution site, leaving the selection of thdtes,s clusters in our testb_ed comprise nodes of_dual processors.
which may be the same for multiple components, to the sceedul Currently, KOALA is capable of scheduling and co-allocating
In a flexible request, a job only specifies its total size ahanasl P2rallel jobs employing either the Message Passing Interfa
the scheduler to divide it into components (of the same siza) (MP!1) or Ibis [6] parallel communication libraries. In thisper,
in order to fit the job on the available execution sites. With W& only consider MPI jobs, which have to be compiled with
flexible request, a user may impose restrictions on the numtige Open-MPI [7] library. Open-MPI, built upon the MPI-2
and sizes of the components. For instance, a user may wanfigcification, allowsoALA to combine multiple clusters to run
specify for a job a lower bound on the component size or anupge Single MPI application by automatically handling bothemrt
bound on the number of components. By default, this lowenbou ¢lUSter and intra-cluster messaging.
is one and this upper bound is equal to the number of execution
sites in the system. Although it is up to the user to deterrttiee B. The DAS-3 Testbed
number and sizes of the components of a job, some applisation Quyr testbed is the third-generation Distributed ASCI Soper-
may dictate specific patterns for splitting up the applmatinto pyter (DAS-3) [4], which is a wide-area computer system ia th
components, hence, complete flexibility is not suitable iehs Netherlands that is used for research on parallel, dig&éhiand
a case. So, a user may specify a list of options of how a jepid computing. It consists of five clusters of in total 272atu
can be split up, possibly ordered according to preferentéhe processor AMD Opteron compute nodes. The distribution ef th
experiments in this paper, we do not include this feature.  nodes over the clusters and their speeds is given in Table I. A

These request structures give users the opportunity ofdakican be seen, the DAS-3 has a relatively minor level of pragess
advantage of the system considering their applicationaratt speed heterogeneity. The clusters are connected by bothh/M&) G
teristics. For instance, a fixed job request can be submitteeh Ethernet and 10 Gb/s Myri-10G links both for wide-area amd fo
the data or software libraries at different clusters mamdat local-area communications, except for the cluster in Delftich
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TABLE |
PROPERTIES OF THE DAS3 CLUSTERS

Cluster Location Nodes Speed Interconnect C1(16) C2 (16) C3 (16)

Vrije University 85 2.4 GHz Myri-10G & GbE
U. of Amsterdam 41 2.2 GHz Myri-10G & GbE
Delft University 68 2.4 GHz GbE
MultimediaN 46 2.4 GHz Myri-10G & GbE
Leiden University 32 2.6 GHz Myri-10G & GbE

has only 1 Gb/s Ethernet links. On each of the DAS-3 clusters,
the Sun Grid Engine (SGE) [8] is used as the local resource
manager. SGE has been configured to run applications on the FoM Cc1(16) 2 (16) C3 (16)
nodes in an exclusive fashion, i.e., in space-shared mosi¢hé\ 7
storage facility, NFS is available on each of the clusters.

IV. JOB PLACEMENT POLICIES

The KOALA job placement policies are used to decide where
the components of non-fixed and flexible jobs should be sent
for execution. In this section, we present three job placgme
policies of KOALA, which are the Worst Fit, the Flexible Cluster
Minimization, and the Communication-Aware placement @pli
Worst Fit is the default policy okoALA which serves non-fixed Fi9- 2. An example comparing the WF and the FCM placement policies
job requests. Worst Fit also makes perfect sense in the edsén
co-allocation, when all jobs consist of a single compon@&iie
two other policies, on the other hand, serve flexible job estg
and only apply to the co-allocation case. number of available processors, which results in the placgm
of one component on each of the three clusters. On the other
hand, FCM results in combining two clusters for a flexible @b

A. The Worst Fit Policy . -~ S
. . i the same total size (24), splitting the job into two compdgeri
The Worst Fit (WF) policy aims to keep the load across clsstegi;es 16 and 8 respectively.

balanced. It orders the components of a job with a non-fixed

request type according to decreasing size and places thémsin

order, one by one, on the cluster with the largest (rema)nin@. The Communication-Aware Policy

number of idle processors, as long as this cluster has aisuffic The Communication-Aware (CA) placement policy takes aithe

number of idle processors. WF leaves in all clusters as muBh . . - .
. : . . andwidth or latency into account when deciding on co-alioe.
room as possible for later jobs, and hence, it may result in

. ) “Phe performance of parallel applications that need redbtiv
\E/lvlgouﬁ:t:‘(i)tntozveetﬂevylz:?lnaa!irfgfe r(::(IJLrj’r;?;nents of the considerbd J%lrge data transfers are more se_nsitive t_o bandwidth,_ vthite

) performance of parallel applications which are dominatgd b
inter-process communication are more sensitive to latdnayis
B. The Flexible Cluster Minimization Policy paper, we only consider the latter case, and we run the CAypoli

The Flexible Cluster Minimization (FCM) policy is designedwith the latency option.
with the motivation of minimizing the number of clusters te b The latencies between the nodes of each pair of clusters in
combined for a given parallel job in order to reduce the nunolbe the system are kept in the information service kafALA and
inter-cluster messages. FCM first orders the clusters ditmpto  are updated periodically. CA first orders the clusters atingrto
decreasing number of idle processors and considers comporiacreasing intra-cluster latency, and checks in this owdesther
placement in this order. Then FCM places on clusters one the complete job can be placed in a single cluster. If thisois n
one a component of the job of size equal to the number of idi@ssible, CA computes for each cluster the average of altsof i
processors in that cluster. This process continues urgiltdkal inter-cluster latencies, including its own intra-clusiaency, and
processor requirement of the job has been satisfied or théerumorders the clusters according to increasing value of thésamge
of idle processors in the system has been exhausted, in whigtency. As in the FCM policy, CA then splits up the job into
case the job placement fails (the job component placed on tt@nponents of sizes equal to the numbers of idle procesdors o
last cluster used for it may be smaller than the number of idilBe clusters in this order (again the last component of thanjay
processors of that cluster). not completely fill up the cluster on which it is placed).

Figure 2 illustrates the operation of the WF and the FCM In fact, the CA policy does not guarantee the best solutidghgo
policies for a job of total size 24 in a system with 3 clustergroblem of attaining the smallest possible execution tiorefco-
each of which has 16 idle processors. WF successively pla@di®cated parallel application, since this problem is Nihpkete.
the three components (assumed to be of size 8 each) of a ndwever, it is a reasonable heuristic for small-scale systd-or
fixed job request on the cluster that has the largest (remgjini larger systems, a clustering approach can be consideradhiam
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clusters with low inter-cluster latencies are grouped tioge and 5000 Myri10G
co-allocation is restricted to those groups separately. GDE
4000

V. THE IMPACT OF SYSTEM PROPERTIES ON

CO-ALLOCATION PERFORMANCE 3000

In this section, we evaluate the impact of the inter-clusten-
munication characteristics and the processor speed lgeteedy
of a multicluster system on the execution time performarfca o
single parallel application that runs on co-allocated pssors.

2000

average execution time [s]

1000 .

A. The Impact of Inter-Cluster Communication 1 2 3 4

. . . T . number of clusters combined
In a multicluster grid environment, it is likely that the émt

cluster communication is slower than the intra-cluster M Fig 3. The execution time of a synthetic co-allocated MP! ligafion,
nication in terms of latency and bandwidth, which are theepending on the interconnect technology used and the nuafb@usters
key factors that determine the communication performarfce ¢mbined.

a network. This slowness, in fact, depends on various factor

such as the interconnect technology that enables thechister

communication among the processes of a parallel appl'ru;ati(§64 processors), and we let it run with fixed job requests with

the distance between the clusters, the number and Cami”{:omponents of equal size on all possible combinations oftone
of the network devices. and even the network configuratiof?ur clusters with the following restrictions. We eitherckxde the
Therefore, depending 0}] the communication requirementa 0](:Iuster in Delft and let the inter-cluster communicatiore uke

parallel application, the inter-cluster latency and baidthvmay MYTi-10G network, or we include the cluster in Delft, exceuthe
have a big impact on its execution time performance one in Leiden, and let the inter-cluster communication ub&.G

In this section, we first present the results of experimeots f Fi9ure 3 shows the execution time of the synthetic appbeati

measuring the communication characteristics of our testard averaged across aI.I Combina_ltions of qual numpers of ctuste

then we present the results of experiments for assessingteet Clearly, the execution time increases with the increasehef t

of inter-cluster communication on execution time perfonoe number of clusters combined. However, the increase is much
With the DAS-3 system, we have the chance to compare {wre severe, and the average execution time is much higher,

performance of the Myri-10G and the Gigabit Ethernet (GbeVnen GbE is used—co-allocation with Myri-10G adds much less
1Gbrs) interconnect technologies. When the cluster in tOelf execution time overhead. These results indicate that time- co

involved in the co-allocation of a parallel job, GbE is usedthe Munication characteristics of the network are a cruciaimelet

entire inter-cluster communication, since it does not supthe in cq-alllocatlon, especially for commun|cat|on-|ntere§warallel

faster Myri-10G technology. For all other cluster combioas, applications. Howev.er, the performance of co-allocanoa.s.jnot

for co-allocation Myri-10G is used, even though they allpopp  SC!€ly depend on this aspect for all types of parallel apgtns,

GbE. Table Il shows the average intra-cluster and intestetu @S We Will explain in the following section.

bandwidth (in MB/s) and the average latency (in ms) as measur

between the compute nodes of the DAS-3 clusters (the valugs

are diagonally symmetric). These measurements were pegtbr -

with an MPI ping-pong application that measures the averageUnless an application developer does take into accouneproc

bi-directional bandwidth, sending messages of 1 MB, andathe sor speed heterogeneity and optimizes his applicationsrécc

erage bi-directional latency, sending messages of 64 KBydmn ingly, the execution time of a parallel application that suon

two (co-)allocated nodes. The measurements were performadallocated clusters will be limited by the speed of thavsist

when the system was almost empty. With Myri-10G, the latengyocessor, due to the synchronization of the processes. i$hi

between the nodes is lower and the bandwidth is higher énmajor drawback of co-allocation especially for compotati

comparison to the case with GbE. The measurements als@tadidntensive parallel applications which do not require isiea inter-

that the environment is heterogeneous in terms of commitimica cluster communications.

characteristics even when the same interconnection témyo We have run a synthetic parallel application combining the-c

is used. This is due to characteristics of the network airect ter in Leiden (which has the fastest processors, see Tabi@H)

such as the distance and the number of routers between #aeh of the other clusters in the DAS-3 system and quantified t

nodes. For example, the clusters Amsterdam and Multimediahtrease in the execution time over running the applicatioly

are located in the same building, and therefore, they aehie® in Leiden. The synthetic parallel application performs teiflion

best inter-cluster communication. We were not able to perfo floating point operations without any 1/O operations ancerint

measurements between the clusters in Delft and Leiden dueptocess communications except the necessary MPI inéiadia

a network configuration problem; hence, we excluded either tand finalization calls. As the results in Table Il indicatieere is

cluster in Delft or the cluster in Leiden in all of our expe&dntis. a slight increase in the execution time ranging from 7% to 17%
The synthetic parallel application that we use in our exeadt due to the minor level of processor speed heterogeneity iS8-BA

time experiments performs one millidiPI_AllGather all-to-all Therefore, in this paper we do not consider the slowdown due t

communication operations each with a message size of 10 Kikterogeneous processor speeds in our policies. Newesthehe

The job running this application has a total size of 32 noddé<CM policy can easily be enhanced such that it does consider

The Impact of Heterogeneous Processor Speeds
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TABLE I
THE AVERAGE BANDWIDTH (IN MB/S, TOP NUMBERS AND LATENCY (IN MS, BOTTOM NUMBERS) BETWEEN
THE NODES OF THEDAS-3 CLUSTERS(FOR DELFT-LEIDEN SEE TEXT).

Clusters H Vrije Amsterdam Delft MultimediaN Leiden

Vrije 561 185 45 185 77
0.03 0.4 1.15 0.4 1.0
Amsterdam || 185 526 53 512 115
0.4 0.03 1.1 0.03 0.6
Delft 45 53 115 10 -
1.15 1.1 0.05 1.45 -
MultimediaN || 185 512 10 560 115
0.4 0.03 1.45 0.03 0.6
Leiden 77 115 - 115 530
1.0 0.6 - 0.6 0.03

TABLE IlI
EXECUTION TIME OF A SYNTHETIC APPLICATION WHEN CGALLOCATING
THE CLUSTER INLEIDEN WITH EACH OF THE OTHER CLUSTERS

only black neighbors and vice versa. The parallel imple@u@ori
decomposes the grid into a two-dimensional pattern of ngbés
of equal size among the participating processes. In eaddtida,

%Ig::gr Leiden L\(/e;i(j:n- IE)%I?ten-Multill_\;le:edd?gl_\l AmsLt:Ir((j:izrrl’r; the value of the each grid point is updated as a function of its
Exec [é] 30 3]2 35 35 35 previous value and the values of its neighbors, and all paifit
Increasd - 7% 7% 7% 7% one color are visited first followed by the ones of the othdoico

The Concurrent Wave application calculates the amplitude o
points along a vibrating string over a specified number ofetim
steps. The one-dimensional domain is decomposed by themast
the processor speeds when co-allocating in systems where Hyocess, and then distributed as contiguous blocks of ptirthe

slowdown can be high. worker processes. Each process initializes its pointschasea
sine function. Then, each process updates its block of paiith
VI. Co-ALLOCATION VS. NO CO-ALLOCATION the data obtained from its neighbor processes for the spécifi

In this section, we investigate when co-allocation for para Number of time steps. Finally, the master process collduts t
applications may be beneficial over disregarding co-ationa Updated points from all the processes.
In Section VI-A, we present the applications that we haveduse The runtimes of these applications in the DAS-3 are shown
in our experiments. In Section VI-B, we present and discu$s Figure 4. Each application has been run several times on
the results of the experiments conducted in the DAS-3 systeddl combinations of clusters (excluding the cluster in Dethe
We have performed additional experiments in a simulated DA&terconnect technology is Myri-10G) as fixed job requesith w
3 environment, in order to investigate the performance of cé total size of 32 nodes and components of equal size (except
allocation in for a wide range of situations. We present daduss for the case of 3 clusters, in which we submit components of

the results of these simulation-based experiments in@ewti-C.  Sizes 10-10-12 nodes), and the results have been averaged. T
results demonstrate that as the Concurrent Wave applicéio

a communication-intensive application, its executionetimith
multiple clusters increases markedly, from 200 secondssamiée
For the experiments, we distinguish between computatiogtyster to 750 seconds when combining four clusters. Thes@oi
and communication-intensive parallel applications. Weehased application suffers much less from the wide-area commtioica
three MPI applicationsPrime Number[9], Poisson[10] and overhead, while the Prime Number application is not afigdtg

Concurrent Wave[11], which vary from computation-intensive it at all, since it is a computation-intensive parallel aggtion.
to communication-intensive.

The Prime Number application finds all the prime numbers
up to a given integer limit. In order to balance the load (dnrgB
integers take more work), the odd integers are assignectaiyg! In this section we present our experiments in the DAS-3. We
to processes. The application exhibits embarrassing lpksat; first explain our experimental setup and then discuss thdtses
collective communication methods are called only to rediee 1) Experimental Setup:iIn our experiments, we use three
data of the number of primes found, and the data of the largestrkloads that each contain only one of the applicationsqarted
prime number. in Section VI-A. In the experiments in which no co-allocatis

The Poisson application implements a parallel iterative aémployed, the workloads are scheduled with the WF poliag,ian
gorithm to find a discrete approximation to the solution ofhe experiments in which co-allocation is used, the wordtfoare
a two-dimensional Poisson equation on the unit square. Famheduled with the FCM policy (and all job requests are fleib
discretization, a uniform grid of points in the unit squaréghw  We consider jobs with total sizes of 8, 16 and 32 nodes, so
a constant step in both directions is considered. The agfit that the jobs can fit on any cluster in the system in case of no co
uses a red-black Gauss-Seidel scheme, for which the grilifs sallocation; the total sizes of the jobs are randomly chogsem f
up into “black” and “red” points, with every red point havinga uniform distribution. For every application, we have gated

A. The Applications

. Experiments in the Real Environment
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800
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z 700 kPo\ﬁggg @ Queue Time Overhead Execution Time
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S 500 ‘
-2 Submission Placement Start Finish
3 400 Time Time Time Time
(0]
x
o 300 Fig. 5. The timeline of a job submission in Koala.
(o)}
S 200
&

100 - E startup overhead of jobs is 10 seconds on average reganfless

0 the number of clusters combined for it, and hence, from theega
1 2 3 4 of the wait time shown in Figure 6(a), we conclude that thet wai
number of clusters combined time is dominated by the queue time. Compared to what we have

Fig. 4. The average execution times of the applications dipgron the observed in [3] with Globus DUROC [13] and the MPIGH-2 [14]
number of clusters combined. library for co-allocation, the DRMAA-SGE [15] interface @éthe
Open-MPI [7] library for co-allocation yield a much loweastup
overhead, by a factor of 5 on average.
a workload with an average inter-arrival time determinedtuch Figure 6(a) indicates that for the workloads of the Prime and
a way that the workload is calculated to utilize approxiryate Poisson applications, the average job response time ig latven
40% of the system on average. The realbgerved utilization the workloads are scheduled with FCM compared to when they
attained in the experiments depends on the policy being,usete scheduled with WF; however, the average job response tim
since the theoretical calculation of the utilization (i.the net is higher for the workload of the Wave application with FCM.
utilization) is based on the average single-cluster execution timébe FCM policy potentially decreases the job wait times sinc
of the applications. When there is no co-allocation, ther@a it is allowed to split up jobs in any way it likes across the
wide-area communication, and the real and the net utitimati clusters. Given that the execution times of the Prime Nuraber
coincide. The job arrival process is Poisson. Poisson applications only slightly increase with co-adlan, the
We use the tools provided within the GrenchMark project [1Zgubstantial reduction in wait time results in a lower avergab
to ensure the correct submission of our workloads to theesyst response time.
and run each workload for 4 hours, under the policy in quastio For the Wave application, co-allocation severely increase
We have excluded the cluster in Delft, and the interconnegxecution time. As a consequence, the observed utilizatisn
technology is Myri-10G. increases, causing higher wait times. Together, this ldads
In the DAS-3 system, we do not have control over the bacRigher response times. As Figure 6(b) indicates, a relgtsmall
ground load imposed on the system by other users. These udgagtion of co-allocation is responsible for the aforeniemed
submit their (non-grid) jobs straight to the local resouncan- differences in the average job response times between no co-
agers, bypassingoALA. During the experiments, we monitoreda@llocation and co-allocation.
this background load and we tried to maintain it between 10% We conclude that in case of moderate resource contenti@n (i.
and 30% across the system by injecting or killing dummy jabs #0% workload + 10-30% background load), co-allocation isebe
the system. We consider our experimental conditions nodongficial for computation-intensive parallel applicationsge Prime)
to be satisfied when the background load has exceeded 30%3d08¢ for communication-intensive applications whose st
more than 5 minutes. In such cases, the experiments wertedboflue to the inter-cluster communication is low (e.g., Paiyso
and repeated. However, for very communication-intensive parallel apations
In order to describe the performance metrics before prement(€-9-, Wave), co-allocation is disadvantageous due to ¢fiers
our results, we first discuss the timeline of a job submison increase in the execution time. In the next section, we &irth
KOALA as shown in Figure 5. The time instant of the successf@yaluate the performance of no co-allocation vs. co-afiona
placement of a job is called iffacement timeThestart timeof a under various workload utilization levels using simulago
job is the time instant when all components are ready to égecu
The total time elapsed from the submission of a job untilitsts C. Experiments in the Simulated Environment
time is thewait time of a job. The time interval between the |n this section, as in the previous section, we first explaim t
submission and the placement of a job shows the amount of tiggerimental setup and then present and discuss the resolis
it spends in the placement queue, i.e., theeue timeThe time simulations.
interval between the placement time and the start time ofoa jo 1) Experimental SetupWe have used the DGSim grid simula-
is its startup overhead tor [16] for our simulation-based experiments. We have rfextie
2) Results:We will now present the results of our experimentshe KOALA grid scheduler with its job placement policiesgth
for comparing the performance with and without co-allomati DAS-3 environment, and the three MPI applications based on
with the WF and FCM policies, respectively, for workloads ofheir real execution times in single clusters and in comimna
real MPI applications. Figure 6(a) shows the average jopaese of clusters. We have also modeled a synthetic applicationseh
time broken down into the wait time and the execution time fasommunication-to-computation ratio (CCR) can be modifi&®.
the workloads of all three applications, and Figure 6(byshthe define the CCR value for a parallel application as the ratio of
percentages of co-allocated jobs. its total communication time to its total computation timehen
First of all, we have observed in our experiments that thexecuted in &ingle cluster We set the total execution time of the
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Fig. 6. Real Experiments: The average job response timesrd)th@ percentages of co-allocated jobs (b) of the workloads

application to 180 s. in a single cluster irrespective 0G@R. For point is in between 85-90% net utilization for WF W-Primedan
instance, for a CCR value of 1.0, both the communication had tbetween 90-95% for FCM W-Prime.
computation part of the application take 90 s; for a CCR value We observe that for the Poisson application, co-allocaiton
0.5, these values are 60 s., and 120 s. When the applicatisn radvantageous up to 75% net utilization, since the lower tivais
on co-allocated clusters, the communication part is mligtidoy a compensate for the increase of the execution times. However
specific factor that is calculated from the real runs of thalsgtic beyond this level, saturation sets in and consequenthaibeage
application on the corresponding co-allocated clustensl the job response times increase.
total execution time of the application increases accalglin For the Wave application, the extreme execution time irsgea
As in Section VI-B.1, we use workloads that each contain onbyf the jobs with co-allocation increases the observedzatilbn
one of MPI or the synthetic applications. In the experiménts in the system as shown in Figure 7(b), which as a result, sause
which no co-allocation is employed, the workloads are sulegl an early saturation (see also Table IV). In addition, we bee t
with the WF policy, and in the experiments in which co-alld@a limiting co-allocation to two clusters yields a better respe time
is used, the workloads are scheduled with the FCM policy. Fperformance than in case of no limit. However, the benefit is
the workloads of the Wave application, we also consider #s2c minor.
in which FCM is limited to combine two clusters at most. In order to compare real and simulation experiments, inérabl
We consider jobs with total sizes of 8, 16 and 32 nodes, s present the net utilizations imposed by the workloadshén t
that the jobs can fit on any cluster in the system in case of Ro geal and the simulation experiments where the percentafjies o
allocation; the total sizes of the jobs are randomly chosemf change in the average job response times match. It turnsatt t
a uniform distribution. For every application, we have get&d The net utilization in the real experiments is lower than tie¢
seventeen workloads with net utilizations ranging from 1@% utilization in the corresponding simulation experimenig)ich
90% in steps of 5%. The job arrival process is Poisson. We assuig probably due to the background load in the real experiment
that there is no background load in the system. Each workloRgving different characteristics than the workloads of Mppli-
runs for 24 simulated hours, under the policy in questiod, @8 cations.
have again excluded the cluster in Delft. Figure 8 shows the change in the average job response time
2) Results:Figure 7(a) shows the percentage of change in ther the workloads of the synthetic application with varidDER
average job response time (AJRT) for the workloads of the MBhlues. Comparing the results to those of the real MPI applic
applications when they are scheduled with FCM in comparis@idns, we see that W-Prime matches CCR-0.1, W-Poisson @stch
to when they are scheduled with WF. Figure 7(b) illustrates t CCR-0.25, and W-Wave matches CCR-4. The results with the
observed utilization vs. the net utilization for the sameki@ads workloads of the synthetic application exhibit the follogi First,
when they are scheduled with FCM. In Table IV, for each pelicypara||e| applications with very low CCR values (i.e., 0.h0yays
workload pair, we present the net utilization interval inigth penefit from co-allocation. Secondly, for applicationsh\@CR
saturation sets in and jobs are piled up in the queue and the Walues between 0.25 and 0.50, co-allocation is beneficia to
times constantly increase without bounds. certain extent; with the increase of the contention in thetesy,
When the resource contention is relatively low (up to 40%jhe performance benefit of co-allocation decreases andsaftee
with the job sizes included in the workloads, most jobs ase@ti point it becomes disadvantageous. Finally, for applicatiavith

in single clusters without a need for co-allocation, heno® WCCR values higher than 0.50, co-allocation is disadvamage
observe no difference in the average job response timesthBor since it increases the job response times severely.

computation-intensive Prime application, the perforneabenefit

of co-allocation increases with the increase of the coigant

in the system, since jobs have to wait longer in the placement
gueue in case of no co-allocation. In addition, as Table loixsh  Although we have observed that it would be really advan-
the workload of the Prime application causes saturatiomwel tageous to schedule communication-intensive applicatiom a
utilizations when co-allocation is not considered; theusstion single cluster from the perspective of the execution timee (s

VIl. PERFORMANCE OF THEPLACEMENT POLICIES
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Simulation Experiments: Percentage of change in tleeage job

response time for the workloads of the synthetic applicatwith different
CCR values) when they are scheduled with FCM in comparisorhienvthey

are scheduled with WF.

TABLE IV

TABLE V

THE NET UTILIZATIONS IN THE REAL AND THE SIMULATION
EXPERIMENTS WHERE THE CHANGES INAJRTS MATCH.

Workload | Change in Net Util. Net Util.
the AJRT  (in Real Exp.) (in Sim. Exp.)
W-Prime -16% 40% + BG Load 75-80%
W-Poisson|  -5% 40% + BG Load 65%
W-Wave +50%  40% + BG Load 70%

600

wait time  m—

execution time
500

THE NET UTILIZATION INTERVALS IN WHICH THE POLICY-WORKLOAD
PAIRS INDUCE SATURATION

average job response time [s]

LB N NE

Policy-Workload Utilization Interval
WF {W-Prime, W-Poisson, W-Waye 85-90%
FCM W-Prime 90-95%
FCM W-Poisson 80-85%
FCM W-Wave [No Limit] 70-75%
FCM W-Wave [Limit:2] 75-80%

in Figure 4), users may still prefer co-allocation when mor
processors are needed than available on a single clustérisin
section, we compare the FCM and CA policies in order tg

investigate their co-allocation performance for commatian-

intensive parallel applications.

A. Experiments in the Real Environment

first explain our experimental setup and then discuss thdtses

We have generated a workload with an average inter-ariiived t

FCM CA FCM CA

W-Wave W-Wave W-Wave W-Wave

[w/o Delft] [w/o Delft]  [w.Delft]  [w. Delff]
Fig. 9. Real Experiments: Performance comparison of the FCMG#Ad
policies.

determined in such a way that the workload is calculateditiaeit

rocess is Poisson.

approximately 40% of the system on average. The job arrival

We handle the background load in the way mentioned in
ection VI-B.1. We run the workload for 4 hours, under theqyol

in question. In the first set of experiments, we have exclutied
cluster in Delft, and in the second set of experiments we have
excluded the cluster in Leiden and included the one in D#if;
interconnect technology used by a job is GbE when the cluster
In this section we present our experiments in the DAS-3. We Delft is involved in its co-allocation, and Myri-10G ottveise.
2) Results: Figure 9 shows the performance of the FCM
1) Experimental Setuptn our experiments in this section, weand CA policies when scheduling the workload of the Wave
use workloads comprising only the Concurrent Wave applicapplication on the sets of clusters without and with the ane i
tion [11], with a total job size of 64 nodes (128 processorshelit.

In terms of the average job response

time, the CA policy
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outperforms the FCM policy, irrespective of the involvernefh should group clusters with similar inter-cluster commaticn
the cluster in Delft, which has a slow inter-cluster comneation speeds, and restrict co-allocation to those groups sebarat
speed. The difference in response time is moderate (50 s.) or
major (230 s.) depending on whether the cluster in Delft is v|||. CHALLENGES WITH SUPPORTINGCO-ALLOCATION
excluded (communication speed has a low variability actbes
system) or included in the experiments (communication ¢pees
a high variability across the system), respectively.

The CA policy tries to combine clusters that have fast

Although we have demonstrated a case for supporting co-
allocation in a real environment with owoALA grid scheduler,
there are still many issues to be considered before processo
. o . Hilocation may become a widely used phenomenon in multitus
mter_—clus;er communication (_e._g., .the clgs_ters in Anmides _and_ grids and grid schedulers. In this section, we discuss sdithese
MultimediaN). Howeyer, as it is m_sensmve to c_ommumoqn issues, related to communication libraries, process@rvatons
speeds, the FCM policy may combine clusters with slowerrinte -

L ? . -and system reliability.
cluster communication, which consequently increases tie |
response times. The increase is more severe when the dluster
Delft is included in the experiments, since it is involvednrany A. Communication Libraries
of the co-allocations for the jobs due to its large size. There are various communication libraries available [@], [

We conclude that considering inter-cluster latency in dalieg  [14], [17], [18] that enable co-allocation of parallel aigpt
communication-intensive parallel applications that isguco- tions. However, all these libraries have their own advasdgag
allocation is useful, especially when the communicatioresp and disadvantages; there is no single library we can name as
has a high variability across the system. In the followingtis®, the most suitable for co-allocation. Some include methams f
we extend our findings in the real environment by evaluatitey t optimizing inter-cluster communication, some includeosmustic
performance of the FCM and CA policies under various resourfirewall and NAT traversal capabilities, and some may depsnd
contention levels in a simulated DAS-3 environment. other underlying libraries. Therefore, it is important tapport

several communication libraries as we do with theaLA grid
) ) . . scheduler (e.g., MPICH-G2 [14], OpenMPI [7], and IBIS [6]).
B. Experiments in the Simulated Environment

In this section, again, we first explain the experimentaliset g A yance Processor Reservations

and then present and discuss the results of our simulations. o .
The challenge with simultaneous access to processors in mul

1) Experimental Setuptn our simulations, we use Workloadst. le olust ¢ id lies i teeing thei liabiat th
comprising only the Concurrent Wave application, with tgtdn Iple clusters of a grid lies in guaranteeing their ava x_gba €
fart time of an application. The simplest strategy is temes

sizes of 32, 48, and 64 nodes. The total sizes of the jobs a

randomly chosen from a uniform distribution. We have g o Processors at each of the selected clusters. If the Loca!um
thirteen workloads with net utilizations ranging from 206630% Managers (LRMs) of the clusters do support advance reseneat

in steps of 5%. The job arrival process is Poisson. We assurg‘hés strategy can be implemented by having a grid scheduler

that there is no background load in the system. Each Worklot talnlat If'St of”t!mbe slots fromt eachdLRht{I, rfﬁer\(eR'\j co;ntr;:pn

runs for 24 simulated hours, under the policy in question. Ime siot for all job components, and no ify the s of this
. . reservation. Unfortunately, a reservation-based styateggrids

In the first set of experiments, we have excluded the cluster.i

Delft, and in the second set of experiments we have included {s currently limited due to the fact that only few LRMSs supipo

cluster in Delft and excluded the one in Leiden. advance reservations (e.g., PBS-pro [19], Maui [20]). le th

. . . f ti hani ikt t
2) Results: Figure 10(a) and 10(b) illustrate the average Jogbsence of an advance reservation mechanism, good aitema

response time results of the FCM and CA policies schedulieg {2re required in order to aghieve Cﬁ-al!ocation; for insmnﬁzith b
workloads of the Wave application on the set of cIusterse«eith.KOALA we use a reservation mec 1anism (see [1]) that has been
. . . L . implemented on top of the underlying LRM.
excluding the one in Delft or including it, respectively.
The CA policy outperforms the FCM policy for almost all
utilization levels in both sets of experiments. As the mtition C. System Reliability
increases, the gap between the results of the two policiemes  The single most important distinguishing feature of grids a
wider. When the cluster in Delft is excluded, the system isompared to traditional parallel and distributed systestheir
saturated between 75-80% net utilization level; howevérerw multi-organizational character, which causes forms ofefwet
it is included, the system is saturated between 60-70% ng#neity in the hardware and software across the resourtes. T
utilization, which is much less. The reason is that co-altg heterogeneity, in turn, makes failures appear much mornoft
the cluster in Delft increases the job response times mewaly. in grids than in traditional distributed systems. In aduiti grid
We also see that the simulation results are consistent Wih tschedulers or resource management systems do not actually o
real experiments as the difference in the performance ofvtbe the resources they try to manage, but rather, they interface
policies is much larger when the cluster in Delft is includedn multiple instances of local schedulers in separate clsistbio are
when the cluster in Delft is excluded. This fact supports owutonomous and who have different management architagture
claim that taking into account inter-cluster communicatipeeds which makes the resource management a difficult challenge.
improves the performance, especially when the communitati We have experienced in our work oALA that even only
speed has a high variability across the system. configuring sets of processors in different administratieenains
To conclude, the results provide evidence that we should onti a cooperative research environment is not a trivial t&ake
clusters that have slow inter-cluster communication spesdten to incorrect configuration of some of the nodes, during atmos
co-allocation is needed. In other words, in large systems wa# our experiments, hardware failed and jobs were inadwndst
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Fig. 10. Simulation Experiments: Performance comparison ofFtB®! and CA policies.

aborted. To accomplish the experiments that we have prbentf processors. The algorithm adjusts the requested dorttithe

in this study, we have spent more than half a year and we haual processor types and numbers by scaling it according t
submitted more than 15,000 jobs to get reliable results. Mienc the speedup, which is defined using speedup models or using a
that co-allocation in large-scale dynamic systems suchr@s g database containing reference values. This algorithmastgpo-
requires good methods for configuration management as wellcalled fuzziness in the duration, the start time, the nundfer

good fault tolerance mechanisms. processors, and the site to be chosen, which leads to a larger
solution space.
IX. RELATED WORK Jones et al. [33] present several bandwidth-aware cosditot

Various advance reservation mechanisms and protocols f8 ta—sche_d_ulers for multiqluster grids. These schednlg!nsider
supporting processor co-allocation in grid systems haven pehetwork utilization to alleviate the slowdown associatethvthe

proposed in the literature [21]-[26]. Performance studiesco- Ccommunication of co-allocated jobs. For each job modeled, i
allocation, however, mostly studied in simulated envirengs; COMPutation time and average per-processor bandwidthireequ
only a few studies investigate the problem in real systemghik ment is assumed to be known. In addition, all jobs are assumed

section, we discuss some of the studies that we find mosE(bIaEO perform all-to-all global communication periodicaleveral
to our work scheduling approaches are compared in a simulation emgonh

In [27]-{29] we study through simulations processor Cogonsis'ging. ,Of clusters V,Vith globally homoggneous proggsssﬁne
allocation in multiclusters with space sharing of rigid §otor a most significant result is that co-allocatmgpbs when pmsglble
wide range of such parameters as the number and sizes oftthe! allocate a large fracFlon (85_%_) of on a single cIu_ster, ey
components, the number of clusters, the service-timeilaisiton, t e best performance_ |n_aIIeV|at|ng the slowdown impact thue
and the number of queues in the system. The main results'§E/-Cluster communication.
our experiments are that co-allocation is beneficial as lasg The Grid Application Development Software (GrADS) [34]
the number and sizes of job components, and the slowdown@stables co-allocation of grid resources for parallel aapions
applications due to the wide-area communication, are dithit that may have significant inter-process communication. &or

Ernemann et al. [30] present an adaptive co-allocation-algdiven application, during resource selection, GrADS firsst to
rithm that uses a simple decision rule to decide whethenyjispa reduce the number of workstations to be considered acaptdin
use Co_a”oca’[ion for a job' Considering the given paramaech their aVaiIab”ities, Computational and memory Capasititetwork
as the requested run time and the requested number of resourg@ndwidth and latency information. Then, among all possibl
The slow wide-area communication is taken into account bysgheduling solutions the one that gives the minimum eséthat
parameter by which the total execution time of a job is mliigh ~ €xecution time is chosen for the application. Differentnfro
In a simulation environment, co-allocation is comparedaeging our work, GrADS assumes that the performance model of the
jobs local and compared to only sharing load among the chysteapplications and mapping strategies are already avaitabtn
assuming that all jobs fit in a single cluster. One of the moBg easily created. While they present their approach’sririg
important findings is that when the application slowdown dloéVver user-directed strategies, we handle the co-allatatioblem
not exceed 1.25, it pays to use co-allocation. for various cases, and present a more in-depth analysis.

Roblitz et al. [31], [32] present an algorithm for reserving In addition to the benefit of co-allocation from a system’s
compute resources that allows users to define an optimizatior users’ point of view, various work also address the perfor
policy if multiple candidates match the specified requirateeAn mance of a single co-allocated parallel application [351 A
optimization policy based on a list of selection criteriacls as recent study by Seinstra et al. [38] present a work on the co-
end time and cost, ordered by decreasing importance, edtest  allocation performance of a parallel application that perfs the
simulation environment. For the reservation, users caoifypie task of visual object recognition by distributing video rfras
earliest start time, the latest end time, the duration, hachumber across co-allocated nodes of a large-scale Grid systenghwhi
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