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Abstract Because it is a simple and yet often used and very prac-
tical scheduling strategy, we only consider rigid jobs sched-
In systems consisting of multiple clusters of processors uled by pure space sharing, which means that jobs require
such as our Distributed ASCI' Supercomputer (DAS), jobs fixed numbers of processors and are executed on them ex-
may request co-allocation, i.e., the simultaneous allocation clusively until their completion. Our two performance met-

of processors in different clusters. We simulate such sys- rics are the mean job response time as a function of the uti-
tems ignoring communication among the tasks of jobs, and lization and the maximum utilization at which multicluster

determine the response times for different types and sizes systems are stable.
of job requests, and for different numbers and sizes of clus-
ters. In many cases we also compute or approximate the
meaxi mum utilization. We find that the numbers and sizes of
the clusters and of the job components have a strong impact
on performance and that in many cases co-allocation is a
viable choice.

We first deduce (approximate) analytic expressions for
the maximal utilization of multiclusters under co-allocation.
Then using simulations we find the response times for dif-
ferent types of job requests and numbers of job components,
and for different numbers and sizes of clusters. We con-
clude that in many cases co-allocation yields good perfor-
mance. The request type has a strong influence on the per-
formance, and so do the numbers of jobs components. For
1. Introduction unordered jobs, which provide the easiest and most practi-
cal way of co-allocation, the best performance is obtained in

Over the last decade, clusters and distributed-memorySystems with clusters of equal size, or with a large number
multiprocessors consisting of hundreds or thousands ofOf clusters relative to the number of job components.
standard CPUs have become very popular. In addition, re-  |n the most general setting, GRID resources are very het-
cent work in computational and data GRIDs [2, 7] enables erogeneous and wide-area connections may be very slow.
applications to access resources in different and possiblyin this paper we restrict ourselves to homogeneous multi-
widely dispersed locations simultaneously—thatis, to em- cluster systems and ignore communication in order to iso-
ploy co-allocation —to accomplish their goals, effectively |ate the aspects mentioned above. However, if we assume
creating single multicluster systems. Most of the researchthat the job service times in our model do include commu-
on processor scheduling in parallel computer systems hasication in a single cluster with a fast local network, one
been dedicated to multiprocessors and single-cluster syscan get an indication of the performance of processor co-
tems, but hardly any attention has been devoted to multi-allocation when communication in multiclusters is taken
cluster systems. In this paper we study the performance ofinto account in the following way. If the service times of
processor co-allocation policies in multicluster systems em- g|| jobs are extended by (about) the same faator 1 due
ploying space sharing for rigid jobs [3] depending on such to the relatively slow intercluster communication, multiply-
parameters as the structure of jobs and the system configuing our response-times curves by« anda in the hori-
ration. zontal and vertical directions, respectively, yields the mul-

Lin this paper, ASCI refers to the Advanced School for Computing and ticluster response tlmes. In [9] it is ?hown that for a rath
Imaging in The Netherlands, which came into existence before, and is un- Of 100 between the intercluster and intracluster communi-
related to, the US Accelerated Strategic Computing Initiative. cation speeds, a value which holds for the DASs below




1.4 for most of the algorithms considered.
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2. TheMode
In this section we describe our model of multicluster sys-
tems based on the DAS system.
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2.1. The DAS System L
o L

The DAS [1, 6] is a wide-area computer system consist- B
ing of four clusters of identical Pentium Pro processors, one Sevee Time (9
with 128, the other three with 24 processors each. The sys- Figure 2. The density of the service times for
tem was designed for research on parallel and distributed the largest DAS cluster (128 processors)
computing. On single DAS clusters a local scheduler is
used that allows users to request a number of processors
bounded by the cluster’s size, for a time interval which does 2.2. The Structure of the System
not exceed an imposed limit.

Although co-allocation is possible on the DAS, sofarit  we model a multicluster system consistingotlusters
has not been used enough to let us obtain statistics on theyf processors, clustéhavingN; processors, = 1, ..., C.
sizes of the jobs’ components. However, from the log of \we assume that all processors have the same service rate.
the largest cluster of the system we found that over a period By 3 job we understand a parallel application requiring
of three months, the cluster was used by 20 different userssome number of processors, possibly in multiple clusters
who ran30, 558 jobs. The sizes of the job requests took 58 (co-allocation). Jobs are rigid, so the numbers of processors
values in the interva]l, 128}, for an average o23.34and  requested by and allocated to a job are fixed. We call a task
a coefficient of variation of .11; their density is presented  the part of a job that runs on a single processor. We assume
in Fig. 1. The results comply with the distributions we  that jobs only request processors and we do not include in
use for the job-component sizes in that there is an obviousthe model other types of resources. The system has a single
preference for small numbers and powers of two. central scheduler, with one global queue. For interarrival

times we use exponential distributions.
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] 2.3. The Structure of Job Requests

4000 o 1 Jobs that require co-allocation specify the number and
’ the sizes of their components, i.e., of the sets of tasks that
have to go to the separate clusters. The distribution of
w0p ] the sizes of the job components i%(¢) defined as fol-
lows: D(q) takes values on some intenval;, n2] with

0 < ny < ng, and the probability of having job-component
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o;{“f P e PR sizeiisp; = ¢'/Q if i is not a power of 2 ang; = 3¢'/Q
s e if 7 is a power of 2, with) such that the; sum tol. This
Figure 1. The density of the job-request sizes distribution favours small sizes, and sizes that are powers of
for the largest DAS cluster (128 processors) two, which has been found to be a realistic choice [5]. A job

is represented by a tuple 6fvalues, each of which is either
generated from the distributidi(¢) or is of size zero. We
consider four cases for the structure of job requests:

1. Aflexible request specifies the total number of proces-
sors needed, obtained as the sum of the values in the
tuple, letting the scheduler spread the tasks over the
clusters.

From the jobs consideredg, 426 were recorded in the
log with both starting and ending time, and we could com-
pute their service time. Due to the fact that during working
hours jobs are restricted to at mds$t minutes of service,
94.45% of the recorded jobs ran less thBhminutes. Fig-
ure 2 presents the density of service time values on the DAS,
as it was obtained from the log. The average service time 2. For anunordered request, by the components of the
is 356.45 seconds and the coefficient of variation.&. tuple the job only specifies the numbers of processors
Still, not all jobs in the log were short: the longest one took it needs in the separate clusters, allowing the scheduler
aroundl5 hours to complete. to choose the clusters.



3. Inanordered request the positions of the request com- We haveF(n) = P(3 < m) form € So, where< denotes

ponentsin the tuple specify the clusters from which the
processors must be allocated.

4. Fortotal requests, there is a single cluster and a re-
guest specifies the single number of processors neede
again obtained as the sum of the values in the tuple.

2.4. Scheduling Decisions

component-wise (in)equality. Lgtbe the job-size density,
so f(m) is the probability of having a job of size € So.
Denoting byG() the i-th convolution of a distributiort;

Juithitself, FO(N)andF®(N)— Fi+D)(N) are the prob-

abilities that at least and exactiyrandom jobs fit on the
multicluster, respectively, wher® = (N, N, ..., N¢).
When the job-component sizes are mutually independent,
we haveF)(N) = [T, F].(Z)(Nj) fori=1,2,..., with F;

To determine whether an unordered request fits, we try tothe distribution of the-th components of jobs.

schedule its components in decreasing order of their sizes

In our treatment of multiclusters with ordered requests

on distinct clusters. Possible ways of placement include pelow we follow [4]. There, a queueing model of a multi-

First Fit (FF; fix an order of the clusters and pick the first

processor with? processors an® memory blocks is stud-

one on which a job component fits) and Worst Fit (WF; pick jed. The scheduling policy is First-Come-First-Loaded, in
the cluster with the largest number of idle processors), bothwhich a job is allowed from the head of the queue into
of which we use in our simulations. For a flexible request the multiprogramming set when its memory requirementS,

we first determine whether there are enough idle processorsaken from some discrete distributidhon [1, B], can be

in the whole system to serve the job. If so, the job will be
placed on the system in an arbitrary way.

In all the simulations the First Come First Served (FCFS)
policy is used.

3. Themaximal utilization

In the model described in Sect. 2, processors may bga sufficiently long queue, the Markov chain with state

idle while there are waiting jobs because the job at the hea
of the queue does not fit. As a consequence, whelis
themaximal utilization, that is, the utilization such that the
system is stable (unstable) at utilizatighsvith p < pp,

(p > pm), in general, we have,, < 1. We define the
(average) capacity loss ! as the average fraction of the to-
tal number of processors that are idle at the maximal uti-
lization, sol = 1 — p,,. Capacity loss may be due to the

structure of job requests and to the job-component-size dis-

tribution (e.g., we expect it to be higher for ordered than

for unordered jobs, and for larger component sizes). In this

section we present an expression for the average maxim
Multi-Programming Level (MPL, i.e., the number of jobs
being served simultaneously) in multicluster systems with
ordered requests, from which of coursg can be derived.

We also deduce an approximation for the average maxima

MPL in multiclusters with unordered requests and WF com-
ponent placement, which we validate with simulations. In

this section we assume that the service-time distribution is

exponential.

3.1. Capacity losswith ordered requests

satisfied. When the number of jobs does not exceéedv-

ery job gets a processor to itself; otherwise processor shar-
ing is employed. The service-time distribution (on a com-
plete processor) is exponential. Wher> B, and so every

job has a processor of its own, this model coincides with our

single-cluster model with memory blocks assuming the role
of processors. Under the assumption that there is always

space(z, .. ., zp ), Where thez;’s are the memory sizes of
the oldestB jobs in the system, and the MPL, both imme-
diately after a departure and the entailing job loadings, are
studied. It turns out that the behaviouriofis as if FIFO is
used, and, by solving the balance equations, that the asso-
ciated probabilities are as if thg are independently drawn
from F'. In addition, the time-average maximal MPL is de-
rived in terms of convolutions aof'.
In our multicluster model, we also consider the sequence

of the oldest jobs in the system such that it includes at least

Il jobs in service. Lef3 be some upper bound of the num-

f
aber of jobs that can be simultaneously in servige, (V;

will certainly do). LetZ = (z1,%,...,7p) be thepro-
cessor state vector, which is the (left-to-right ordered) se-
uence of the sizes of the oldest jobs in the system. Some
first part of Z describes the jobs in service, and the remain-
der the jobs at the head of the queue. When a job leaves,
the new processor state vector is obtained by omitting the
corresponding element from the current vector, shifting the
rest one step to the left, and adding a new element at the
end. LetV be the set of processor state vectors.

Because the service-time distribution is exponential, for

In this section we assume that requests are ordered. Let,w € V, the transition of the system from stateo state

I be the (multidimensional) job-size distribution, which
(allowing components of size zero) is defined on the set

C

So = (H{O,l,...,NZ»}) \ {(0,0,...,0)}.

w only depends on: each of the jobs in service has equal

probability of completing first, and the job at the head of the
gueue to be added to the state is random. So in faég

a Markov chain. The result of [4] explained above can be
extended in a straightforward way to our situation—the im-



portant element is that the distributiéhsimply determines
which sets of jobs can constitute the multiprogramming set, Table 1. The capacity loss in a single cluster

but the underlying structure of a single or of multiple re-  (C' = 1) of size 32 and in a multicluster with 4
sources does not matter. So also now, the stationary proba- clusters (C' = 4) of size 32 for ordered and flex-
bility distribution= on V' satisfies ible requests, with job-component-size distri-
bution D(q) on [1, 32]
. B job comp. capacity loss
m(Z) = H J(Zi), (1) size distr. =1 C=1

i=1 ordered| flexible

) o ] q exact | simulation || (exact) | (exact)

which means .that the dls.trlbutlon of the oldésjobs in the 0.95 0293 0.295 0564 | 0226

system is as if they are independently drawn fréim So, 0.90 0.249| 0251 0.555 | 0.157

because the average length of the intervals wigbbs in 0.85 0.188 0.188 0.494 | 0112

service is inversely proportional tadue to the exponential 0.80 0.134 0.135 0.416 | 0.085

service, we find for the average maximal MBL: 0.75 0.097 0.097 0.348 | 0.067

0.70 0.073 0.074 0.296 0.056

B (FON) = FOHY(N)) - (1/d) - i 0.65 0.057| 0.058 0.257 | 0.048

= B o : — N 0.60 0.046 0.047 0.227 0.042

2iza (FO(N) = FUHD(N)) - (1/1) 055 | 0.038| 0039 || 0203 | 0.038

0.50 0.032 0.032 0.182 0.034

which can be written as

1
TSP FOM) /- 1) @)
— i PO/ = 1)) The job-size distributio is now defined on
For single clusters this expression coincides with the for- _

mula in [4], p. 468. Denoting by be the average totaljob ~ ~U = {(s1,82,..,8¢) | 1<si SN sipa <si
size, the maximal utilization is given by i=12,...,0-1},

M s

Pm = Sx (3) o .
> Ni that is, job requests are represented by a vector with non-

increasing components. Compared to the case of ordered
requests, the case of unordered requests presents some dif-
ficulty for two reasons. First, given a set of unordered jobs,

it is not possible to say whether they simultaneously fit on

an average response time of at lesi00 time units (the 5 1 icluster, because that depends also on the order of ar-
average service time istime unit; for more details onthe i o¢ the jobs. For instance, @ = 2 andN = 5, then

simulations, see Sect. 4). We have validated this approacm three jobs of size$2, 1), (3, 1), (2, 1) arrive in this order,

in tlu.rr; by runnyr;}g s(ljmulzétlons for SIrf1gIe (r:1l.urs1terS snd fohr they can all be accommodated, while if they arrive in the
multiclusters with ordered requests, for which we have the oqer(5 1) (2.1, (3.1), only the first two jobs can run si-

exact solution based on Eq. (3). In Tables 1 and 2 we Show, ,tanequsly. Second, a departure can leave the system in
both exact and simulation results for a single cluster and for ; <;-+0 that cannot occur when it is simply filled with jobs
multicluster systems with ordered and flexible requests (andg, o 1 the empty state. If with the first sequence of arrivals
with unordered requests in Table 2, see Sect. 3.2) for dif'above the job of sizé3, 1) leaves, botl2, 1)-jobs will have
ferent distributions of the job-component sizes (which are ;. largest componént in cluster Our ’result below deals
mutually independent). The exact and simulation results forwith the first problem—by running over all possible arrival

the s!ngle clluster agree extremely well. The same is true forsequences—but not with the second, which is why it is an
the simulations we did for thé-cluster system (results not approximation

shown here). We now define the-fold WF-convolution /' x GG of two
i . distributionsF', G on Sy in the following way. Let for any
3.2. Capacity losswith unordered requests C-vectors = (s1,s2,...,sc) the reversed vectareu(s)
be defined agev(s) = (s¢, s¢-1,-..,51), and the ordered
We now derive an approximation to the maximal uti- vectorord(s) as the vector with the elementspermuted
lization in multiclusters with unordered requests in case all such that they form a non-increasing sequence. Ngvgif
clusters are of equal siZé. For job placement, WF is used. are the densities df andG, respectivelyf « G has density

In Sect. 3.2 we will validate an approximation for the
maximal utilization for unordered requests with simula-
tions, by taking the utilization in these simulations that yield



Table 2. The capacity loss in a single cluster (C = 1) of size 32 and in a multicluster with 4 clusters
(C = 4) of size 32 for ordered, unordered, and flexible requests, with job-component-size distribution
U[nla nZ]

job comp. capacity loss
size distr. =1 C=4
ordered unordered flexible
ni [ no exact | simulation [[| (exact) || approximation| simulation || (exact)
1 4 ||| 0.032 0.033 0.149 0.050 0.053 0.038
1 5 0.043 0.044 0.176 0.065 0.067 0.047
1 13 ||| 0.139 0.139 0.345 0.187 0.192 0.120
1 16 ||| 0.169 0.169 0.380 0.233 0.239 0.148
4 5 0.051 0.052 0.111 0.043 0.048 0.043
4 13 0.145 0.145 0.302 0.186 0.188 0.149
4 16 0.174 0.175 0.337 0.250 0.255 0.167
5 13 0.149 0.150 0.292 0.170 0.175 0.146
5 16 0.177 0.178 0.321 0.260 0.260 0.186
13 16 ||| 0.094 0.095 0.094 0.094 0.094 0.094
h defined by: 4. Simulating Co-Allocation
L - _ To measure the performance of multicluster systems
h(z) = Z 1) - 9(@). such as the DAS for different structures and sizes of re-

B G O) quests, different numbers of clusters and different clusters

sizes, we modeled the corresponding queuing systems and
Then, puttingF'!2l = F « F, we define inductivelyl’] = studied their behaviour using simulations. The simulation
FUi-1.Ffori=3,4,... What thisamounts to is that[’] programs were implemented using the CSIM simulation
is the distribution of the non-increasingly ordered numbers package [8]. In all the simulations the mean service time
of processors in the clusters of the multicluster that are inis 1. In all the graphs in this section we include confidence
use when unordered requests are put on an initially empty intervals; they are at th&5%-level. In all cases where the
system with WF. Now our approximation of the maximum service times are exponential we can find (an approximation

average MPLV is (cf. Eq. (2)): to) the maximal utilizations based on our results in Sect. 3;
we show these only for a limited number of cases.
u 1 @ In this section various multicluster systems with a total
T Zf:z FI(N)/(i(i — 1))’ of 128 nodes are considered; job-component sizes are ob-

tained from the distributio®(0.9) on[1, 8].

where again’? is some upper bound to the number of jobs 4 1 Equal versus Different Cluster Sizes
that can simultaneously be served, from which an approxi-
mation of the maximal utilization (or the capacity loss) can question we try to answer is whether a system with
be derived with Eq. (3). In addition, we have again per- gqual clusters provides a better performance than a system
formed simulations along the lines presented in Sect. 3.1 toyynere nodes are unevenly divided among the clusters, for
find the maximal utilization. The results, which are in Ta- equal total system sizes. For this we look at two systems
ble 2, show that the approximation is very accurate. Also, yith 4 clusters, with total numbers of processors of 128: a
the results for multiclusters in Table 2 show the reduction system with equal clusters of si3e, and one with uneven
in capacity loss when going from ordered to unordered to ¢jysters of sizes4, 32, 16, 16. (FF uses the clusters in this
flexible requests. order; see Sect. 4.2 for the reverse order.) Simulations were
Extending the results in this section to unequal cluster performed for ordered and unordered requests, and for total
sizes is cumbersome, because then adding an unordered reequests in a single 64-processor cluster to see whether only
guest to a multicluster depends on the numbers of idle ratherusing the largest cluster in the uneven system can give bet-
than used processors. So one would have to replace the WRer performance than co-allocation. For unordered requests
convolution by a sort of convolution that depends on the both FF and WF were simulated; since the results were sim-
cluster sizes. ilar, only those for FF are shown.



o gests that the performance can be better when the number
H } of clusters is larger than the number of request components.

3‘ This can be explained by the fact that FF, which we use
Pl here, first fills up the first cluster with the largest job com-

i ] ponents. Then, when such a component does not fit in the
first cluster anymore, FF in the 4-cluster case is still forced
to use the first cluster for a job component. However, in the
8-cluster case FF may skip the first cluster(s) completely
for a whole job once in a while, but will always try to put

10
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Average Response Time

%0 o1 oz 03 o0a o5 06 07 o8 05 1 small job components on them. Apparently, this determines
teatn a better packing when the number of clusters is larger, even
Figure 3. The performance of ordered and un- if those clusters are smaller.

ordered requests in a multicluster with equal
clusters (32,32,32,32), and in a multicluster R
with unequal clusters (64,32,16,16) R Ty

Although the effect is less pronounced for unordered re-
quests, for which the scheduler can deal well with unequal
cluster sizes, Fig. 3 shows that for both ordered and un-
ordered requests, the system with equal clusters provides
a much better performance. This can be explained by the s
fact that both types of requests need nodes from all the 4 T T e T
clusters (the number of components is equal to the num- Figure 4. The influence of the number and
ber of clusters) and once the smallest clusters get filled t0 ;65 of clusters for equal clusters and un-
the extent that they cannot accommodate components of @ qrqered requests, with FF component place-
new job, the idle processors from the big clusters cannot
be used either. Since the small clusters behave as a bottle-
neck for the utilization, we can expect that the performance
deteriorates with the increase in the difference between the  Figure 5 shows the performance of systems with differ-
clusters’ capacities. For ordered requests in uneven clusent numbers of clusters of uneven sizes; the difference be-
ters the performance is even worse than for total requests inween the graphs is the order in which clusters are used by
a system with half the capacity (64 processors, the utiliza-the scheduler. Taking as a reference the ¢88g32, 32, 32)
tion on the horizontal axis is then still relative to the whole in the two graphs, we notice that performance is better when
128-processor system), which means that we can ignore thehe scheduler starts with the largest clusters. For a system

Average Response Time

ment

smaller clusters and only use the largest. where the user can express preference for certain clusters,
this can be translated into the fact that preferring the larger
4.2. Comparing Systems with Different clusters is a good option and improves both the response
Numbersof Clusters time and the maximal utilization. From Figure 5 (and Fig-

ure 4), we conclude that the performance is only good in

For the same total size of its clusters, we can expect thasystems with clusters of equal size and, for both orders
the performance of a system varies with the number of clus-of using the clusters with FF, in systems with clusters of
ters. We study this variation for systems with 128 nodes unequal sizes whose numbers of clusters are considerably
with at least 4 clusters, in the presence of unordered re-larger than the number of job components.
guests consisting of 4 components, which the scheduler can Figures 6 and 7 show the results for the same configura-
now put on any 4 different clusters. We compare the resultstions, when WF is used for placing the jobs. We conclude
for FF and WF. that systems with large equal clusters give much better per-

Figure 4 compares two system configurations with clus- formance. For systems with unequal clusters, we should
ters of equal sizes: a system with 4 clusters of 32 processorsstill prefer to have many (although relatively small) clus-
and a system with 8 clusters of 16 nodes. Although in the ters, since the performance will be better than for few, large
second case the clusters are much smaller, the results shoelusters.
that the performance is similar at low utilizations and even ~ Comparing WF with FF (large-small order), we notice
slightly better at moderate and high utilizations, which sug- that WF is much better for systems with few, equal, large
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sizes of clusters for unordered requests; )
component placement uses FF and starts i e e
with the large clusters (top), and with the B
small clusters (bottom) T T e T

Figure 7. The influence of the number and
sizes of clusters for unordered requests;

clusters. Using WF instead of FF slightly improves the per- ~ cOmponent placement uses WF

formance also for systems with unequal clusters, when the
number of clusters is relatively small compared to the num-

ber of job components. However, comparing Fig. 6 with 46 ¢jyster and multicluster jobs are submitted to the same
Fig. 4 we can see that for systems with small, equal clus-centra| scheduler. We model unordered requests and two
ters and with numbers of clusters con&dgrap_ly larger thanways of generating components: either each component is
the number of job components, WF has significantly worse g iaineq from the distributiom(0.9), which means that
performance than FF..ThIS is also valid fpr systems with jobs with fewer components are in general smaller, or jobs
unequal clusters, as Fig. 8 shows. Summing up, FF shoult, e the same total request size and their components are
be chosen as placement policy when dealing with systems,paineq as a sum of values fraB(0.9). In this second

with many but relatively small clusters, while WF is to be case a job with fewer components has in general larger com-

prefered for multiclusters with few, large clusters. ponents.
5. Co-Allocation versus 5.1. Jobs with Components from the Same Distri-
No-Coallocation bution

In this section we study workloads consisting of jobs Figure 9 compares the performance of the system for
with different numbers of components. We consider a mul- jobs with1, 2, 3 and4 components, and mixes of such jobs
ticluster system withl clusters of32 processors each and in different percentages. Each component is obtained from
evaluate its performance for jobs having betwéesnd4 the distribution(0.9) and jobs are placed using FF. The
components. Mixes of jobs are also considered. This correperformance is better for jobs with fewer components since
sponds to a system in which co-allocation is combined with they are smaller and also allow more ways of placement.
jobs requiring processors from a single-cluster, but both sin- For mixes the performance is somewhere between those of
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Figure 10. Different number of components,
the same job-component size; WF placement

5.2. Jobswith the Same Total Request Size

In this section each job has the same total request size.

each of them. Figure 10 shows the performance for jobsFigure 11 compares jobs with 2 and4 components and
with 1 and4 components and for mixes of the two when mixes of such jobs for the FF policy. For jobs witttom-
WF is used. Compared to FF, WF brings visible improve- ponents, each component is the sum of two values from

ments for jobs witht components and mixes with high per-
centages of such jobs, but has little effect on jobs With
component or on the mix witib% jobs with a single com-

ponent.
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Figure 9. Different number of components,
the same job-component size; FF placement
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D(0.9). The worst performance is displayed by jobs with
one component since that component is large compared
with the clusters’ sizes. Significantly better performance is
obtained for jobs with four components, although they have
the disadvantage of placing a component in each cluster.
For this reason, the best performance is shown by systems
hosting jobs with two components since these components
are still relatively small and need only two of the clusters
(more possibilities for the placement). For mixeslaind

4 the performance of the system is even worse than for jobs
with 1 component since the requirements of jobs witdnd

4 components are opposed to each other: jobs Wwitbm-
ponents need to place one component in each cluster, while
jobs with1 component need enough room in one cluster to
place their large component and tend to fill in individual
clusters. When the mix also contains jobs witcompo-
nents the performance of the system improves, since they
are easier tofit. Figure 12 shows the results for systems with
jobs consisting oft component4 components, and mixes

of 1 and4 when WF is used. WF improves the performance
for jobs with4 components compared to FF, but leaves al-
most unchanged the results for jobs witkomponent and

for mixes where such jobs are predominant.

6. Conclusions

In this paper we have studied the performance of proces-
sor co-allocation in multicluster systems with space sharing
for rigid multi-component jobs of different request types
that impose various restrictions on their placement. Our
main conclusions are as follows:

o Multiclusterswith equal clusters provide better perfor-

mance. For the same number of clusters and total num-



chosen for placing the jobs on clusters. On the con-
trary, for systems with many clusters FF gives better
performance.

10

o For (un)ordered jobs the performance is better when
either the cluster sizes are equal, or the number of
clustersis large relative to the number of job compo-
nents.

Average Response Time

e ¢ Large jobsor jobs with large components have lower
© 01 0z 03 04 05 06 07 08 09 1 performance. The performance is better when the
jobs submitted to the system are small. For jobs with
large (even if few) components compared to the clus-
ter sizes the performance is worse than for jobs with
more but smaller components. Spreading large single-
component jobs over more clusters (co-allocation) can
generate better results.

10

¢ Jobs with many components yield poor performance.
Even when the cost of communication is not consid-

ered, the performance is lower for jobs with numbers

8 R of components close to the number of clusters in the

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Utlzaton system.

Figure 11. Different number of components,
the same total request size; FF placement
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