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Abstract — Processor scheduling policies on sys
tems that run multiple applications simultaneously can be
broadly divided into space-sharing and time-sharing poli-
cies. Space-sharing policies partition the system processors
and each partitionis allocated exclusively to ajob. In time-
sharing policies, processors are temporally shared by jobs
(e.g., in around robin fashion). Space-sharing and time-
sharing policieshavetheir advantages and disadvantages. It
has a so been suggested that a hybrid policy that combines
space-sharing and time-sharing is beneficial in improving
the overall performance. Processor scheduling has received
considerableattentionin the context of shared-memory mul-
tiprocessor systems but has not received as much attentionin
distributed-memory multicomputer systems. Furthermore,
most previousresearch in thisarea has either used asimula
tion model or an analytical model in evaluating the perfor-
mance of various policies. Very often these models neglect
severa practical aspects of the system and workload.

Our goa is to implement processor scheduling policies
on areal system and evaluate their performance. We have
used a Transputer-based system to implement two policies
— one space-sharing policy and one time-sharing policy
— in order to study the relative performance trade-offs in-
volved. We have aso implemented a hybrid space-sharing
and time-sharing policy. We report the performance sensi-
tivity of these policies to various system and workload pa-
rameters. These include three types of applications, four
types of interconnecti on networks, two kindsof software ar-
chitecture. An aspect, whichisnot present in most previous
studies, isthat our study reportstheimpact of such practical
issues as the contention for communication links, network
topol ogy, contention for memory, memory size limitation,
and softwarearchitecture on the performance of the schedul -
ing policies.

*A preliminary version of this paper appearsin Proc. Int. Parallel Pro-
cessing Symposium, Switzerland, April 1997.
1 This report can be obtained from http://www.scs.carleton.ca
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1 Introduction

Parallel processing systems can be broadly divided into
two basic architectures: shared-memory and distributed-
memory architectures. In shared-memory systems (oftenre-
ferred to as multiprocessors) the system memory is shared
by all processors. This shared memory is the medium by
which processors communicate. Some examples of multi-
processors are the BBN Butterfly, Sequent Balance, IBM
RP3, the Stanford DASH, and the Illinois Cedar.

In distributed-memory systems (often referred to as mul-
ticomputers), on the other hand, each processor has its
own local memory. While each processor can access its
own memory, accessing other processor’s local memory is
not possible. As a result, these systems communicate by
means of message passing. Paralle machinesfrom Intel and
Ncube, and machines based on Transputersare all examples
of commercialy available distributed-memory systems.

Both types of architectures have their advantages and
disadvantages. The shared-memory systems present a sin-
gle address space abstraction to the programmer while the
distributed-memory architecture lacks this desirable fea
ture. Onthe other hand, shared-memory systems are limited
to small to medium size systems whereas the distributed-
memory architectureissuitablefor large systems. Our focus
here is on the distributed-memory systems.

Processor scheduling policies can be broadly divided
into space-sharing and time-sharing policies. Space-sharing
policies partition the system processors and each partition
is allocated exclusively for ajob. In time-sharing policies,
processors are temporally shared by jobs (e.g., in around
robin fashion). Each type of policy has its advantages and
disadvantages. For example, space-sharing policies utilize



the processors poorly when thereishigh variance in job ser-
vice times. Time-sharing policies, on the other hand, intro-
duce context switch overhead which is not present in space-
sharing policies. Systems like the Intel iPSC/860 support
space-sharing. In thissystem, a job would have to first get
a certain number of nodes (a power of 2) alocated to the
job before running it. Such under-utilization of processors
can be reduced if time-sharing isimplemented. In thiscase,
processors can be switched to another job. There have also
been proposals to implement a hybrid policy that combines
the space-sharing and time-sharing policies to derive ben-
efit from the positive aspect of both policies[22]. For an
overview of thistopic, see [26].

Processor scheduling has been studied extensively in
shared-memory architectures. There does not exist as much
literature in the distributed-memory area. Our goa is to
study the performanceimplicationsof thethreetypes of pro-
cessor scheduling policies in distributed-memory systems.
Our objective is to study the relative performance of these
policieson areal system and how it is affected by various
system and workload parameters.

M odel-based performance eval uation can be done either
by analytical techniques or by simulation. Both of these
techniques, however, suffer from the fact that they are ab-
stractions and often, for simplicity and tractability, omit
severa practical issues. Most previous studies have used
one of these (or a combination of the two) modeling tech-
nigquesto eval uate the performance of scheduling policiesin
distributed-memory systems. In contrast to previous stud-
ies, we have chosen the route of implementation on a real
system to evaluate the performance.

We have implemented three scheduling policies — a
space-sharing policy, atime-sharing policy and ahybrid pol-
icy — on a 16-node Transputer system. We present re-
sultsthat report the relative performance of these three poli-
cies. Since our results are based on implementation, we
can provideinsightsinto the system behaviour that includes
the effect of various system overheads that were not possi-
blein other studies based on simulation or analytical mod-
eling. We have used three applications — a matrix mul-
tiplication application which involves low communication
between processes, a sorting application that involves high
communi cation among processes, and a generic application
that gives control to vary computation and communication
as required. This generic application facilitates performing
experimentsto answer “what if” questions.

We have also conducted experiments to investigate the
impact of the interconnection network on the performance
of the scheduling policies. Four interconnection networks
are used — linear array, ring, mesh, and hypercube. Note
that the communication systems from Intel are based on the
hypercube and mesh networks while those from Ncube are
based on the hypercube network.

We also consider two types of software architectures —
fixed and adaptive. In the fixed software architecture, the
program structure and its parameters are set at the time of
compilation. Thus, it isindependent of the actual number
of processors alocated to the job, which is known only at
run time. For example, we might write a sort program that
dividesthe main sort job into F' processes. We assume that
ajob consists of a set of processes, each of which with its
own thread of control. If the number of processorsallocated
tosuch ajobislessthan F', more than one task is mapped
toaprocessor. Therationalefor having such an architecture
will become clear | ater in the paper when we discussthe sort
application.

In the adaptive software architecture, the program struc-
ture and its parameters such as the number of processes are
matched to the number of processors allocated to the job
a run time. Many distributed-memory machines support
this(e.g., systems from Intel and Ncube). We will el aborate
more on thistopic in Section 4, which discusses the system
workload.

Our resultsal so bring out performance dependence of the
policies on communication link congestion, network topol -
ogy, contention for memory, size of memory etc. The rest
of this paper is organized as follows. The next section de-
scribesthe scheduling policiesin detail. Section 3 describes
the Transputer environment used in conducting our experi-
ments. The system workload is described in Section 4. This
section al so describes thetwo software architectures consid-
ered in our experiments. The results are presented in Sec-
tion 5. The last section concludes the paper and provides
some pointersto future work.

2 Processor Scheduling Policies for Multi-
computers

It is well-known that, in the realm of uniprocessor sys-
tems, sharing the processing power equally among the jobs
isimportant for obtaining good average responsetimes. For
example, the performance of the preemptive round robin
policy isindependent of thethe servicetimevarianceinjobs
whereas the non-preemptivefirst-comeffirst- served (FCFS)
policy isextremely sensitiveto the variance.

Processor scheduling policies designed for multicom-
puter systems should also have a similar property of shar-
ing the processing power equally among thejobs. However,
sincethere are multipleprocessorsin these systems, proces-
sor sharing can be done in one of two basic ways: spatially
or temporally. Policies that belong to the first category are
caled the space-sharing policies in which the system of P
processors is partitioned into p partitionsand each partition
is dlocated for the exclusive use of ajob. In the extreme
case, thistypeof policy endsup allocating asingleprocessor



for each job provided there are at least P jobsin the system.
Sharing processing power equally among the jobs implies
using equal partitionsizes'. In policiesusing temporal shar-
ing of processors, called time-sharing policies, jobs are not
given the exclusive use of a set of processors; instead, sev-
eral jobs share the processors in round robin fashion. There
are advantages and disadvantages associ ated with each type
of policies. Next we will discuss these two types of policies
indetail.

2.1 Space-Sharing Policies

A typical characteristic of many parallel programsisthat
the speedup is not linear and there is an optimum num-
ber of processors beyond which thereis no further gainsin
speedup. That is, givingmore processorsreduces ajob’sex-
ecution timeinitialy because of work sharing; however, af -
ter alocating a certain number of processors, further aloca-
tion of processors only increases the execution time as the
overheads dominate the gains obtained from work sharing.
These overheads include algorithmic overhead, paralelliza-
tion overhead, synchronization overhead, and communica-
tion overhead [9]. Allowing more applications, running on
smaller partitions, will better utilize the system resources.
This could potentialy improve the mean response time due
to the speedup characteristic of parallel programs mentioned
before. Thisis the motivation for proposing space-sharing
policies, which is the focus of the next section. Space-
sharing policiescan bedividedinto static, semi-static, or dy-
namic policies. Inthefollowingwewill giveabrief descrip-
tion of each category.

Static Policies

In static policies, the partitionsizeisfixed on alongterm ba-
sis. For example, partition sizes could be determined based
on the expected workload characteristics at the system start-
up time. The allocation of jobsto partitionsis either speci-
fied by the user or schedul ed by the system scheduler. These
allocationsare based on the characteristics of thejob such as
priority and requirement of resources and whether the alo-
cated job in a partition will run to completion.

Normally, in a system that uses the static policy, ajobis
inserted into the system ready queueat itsarrival andisallo-
cated a partition when there is a suitable partition available
for the job. The job gets the exclusive use of the partition
and the partition is returned to the free partition pool when
the job is completed.

There have been severa specific policies proposed for
matching jobs with a partition [24]. A simple example of

I There may be reasons — such as giving priority to a class of jobs —
that dictate unequal partition sizes. We will not consider such casesin our
study and assume a homogeneousworkload.

thiskind of policy involves dividing the system into equal
partitions. The jobs are allocated partitions based on a
first-comeffirst-served (FCFS) basis. Several improvements
have aso been suggested to this simple policy. There are
also proposal sbased on priority and service demand in mak-
ing thejob allocation decision.

Theadvantage of thistypeof policy isthat theimplemen-
tationissimple. If theworkload of the system is stable, the
system administrator can choose a configuration that best
suitstheanticipated workload of the systemto providearea-
sonably good performance. However, amajor disadvantage
of thistypeof policy isthat it doesnot adapt tothe changesin
the system | oad condition and resource requirementsof jobs.
Asaconseguence poor resource utilizationmay result under
certain conditions. Furthermore, such policies aso exhibit
high sensitivity to variance in service requirements of jobs.
The semi- static policiestry to avoid such resource under uti-
lization, which are discussed next.

Semi-static Policies

Semi-static policies eiminate the mismatch between ajob’s
processor requirements and the partitionsize. In these poli-
cies, the partition size is determined at the time of alloca
tion. Thus, amatch can be achieved eliminatingthe wastage
of resources that is a major drawback of the static policies.
However, as in the static policies, once a partition is alo-
cated to a job, it remains fixed during the lifetime of the
job. Several semi-static policies have been proposed for
distributed-memory systems [5, 10, 15, 21, 22, 23, 25, 26].
As explained in Section 5.1, in our experimental environ-
ment there is practically no difference between the semi-
static and static policies.

Dynamic Policies

While semi-static policies are better than the static policies,
thereis still the problem of wasting processing power. For
example, if ajobisgiven eight processors, it keeps all eight
processorsuntil itiscompleted. Thus, some processors may
beidling during an interval in which thejob’sparallelismis
less than the number of processors alocated. For example,
if the serial phase of ajob is 20% of thetota job execution
time, all but one processor areidlefor thisduration. Chang-
ing the number of processorsin order toreact to achangein
execution behaviour of jobsis suggested in [15].

Dynamic space-sharing policies eliminate this problem
and address the drawback mentioned beforei.e., sensitivity
to service time variance. The idea behind dynamic policies
isthat idle processors should be taken away from ajob and
allocated to another job that can fruitfully utilize the proces-
sor cycles. It can be expected that the performance of thedy-
namic policiesis better than the static and semi-static poli-
cies asdynamic policies move processors around by match-



ing the temporal processor requirements of the jobs. This
improvement in performance comes at a cost — the over-
head associated with taking a processor away from a job
and allocating it to another job. If thisoverhead issmall we
can redlize performance benefits by using a dynamic policy.
Thisistypically the case for uniform memory access (UMA)
shared-memory systems but the overhead is not small for
distributed-memory systems. However, dynamic policies
have been proposed for distributed-memory systems|[7, 17].

2.2 Time-Sharing Policies

A specid typeof dynamic policiesare time-sharing poli-
ciesthat use preemptionto rotate processors among thejobs.
There are two principa ways in which preemption can be
done: coordinated or uncoordinated. In coordinated pre-
emption, also called coscheduling [19], all processes of a
job are given time dice at the same time and al are pre-
empted simultaneously moving the set of processors to the
next job. In uncoordinated preemption, on the other hand,
each processor is treated independently. Thus, these poli-
cies alow preemption of a process from one job while an-
other process of the same jobisexecuting on another proces-
sor. Gang scheduling [8] is an example of the coordinated
preemptive policy. Coordinated scheduling performs bet-
ter when the granul arity of synchronization? issmall; other-
wise, it performs poorly [2, 13]. Another problem with co-
ordinated preemptionisthat it is difficult to implement on a
distributed-memory system with a large number of proces-
sors. For these reasons, we focus on uncoordinated preemp-
tivepolicies.

A straightforwardimplementation of theround robin pol-
icy used in uniprocessor systems that allocates an equal
share of the processing power to each process in the multi-
processing system is not good as the processing power dis-
tributionis proportional to the number of precessesinajob
[14]. TheRR_processpolicy studiedin[14] allocates afixed
guantum sizefor each process. Recall that thegoal istodis-
tribute the processing power uniformly independent of the
the number of processesin ajob. Thus, ajob with alarge
number of processes (typicaly implying a large job when
there is correlation between the number of processes and
job service demand) tends to get more share than ajob that
is small, which contravenes our basic principle of fairness
What is needed is a policy that shares the processing power
equally (more or less) among the jobs on atempora basis.
Majumdar et al. [14] have suggested such a policy, called
RR_job, and its performance has been reported in [13]. In
this policy, the quantum @ is varied depending on the num-
ber of processes in the job. For example, assuming that the
number of processesin ajob 7' is bounded by the number

2 Granularity of schedulingrefersto thenumber of instructionsexecuted
by processes between communications[8, 13].

processors in the system P, the quantum size @ for the pro-
cesses of ajobiscaculated as@ = % x g, whereq isabasic
guantum size.

2.3 Hybrid Policy

It has been reported that a combination of space-sharing
and time-sharing policy performs better than either one of
these policies[3, 22]. In such a hybrid policy, the system is
partitioned as in the static policies. However, unlike in the
dtatic policies, each partition is not exclusively alocated to
asinglejob; instead, a set of jobsisallocated to a partition.
The set of jobs mapped to a partition share the processorsin
the partition in a round-robin fashion as in the time-sharing
policies. The set size (i.e, the number of jobsin the set) is
a design parameter.

We have implemented one space-sharing policy, one
time-sharing policy and the hybrid policy. A detailed de-
scription of thepoliciesimplemented isgivenin Section 5.1.

3 Experimental Environment
3.1 Hardware Description

The Transputer system used consists of sixteen T805
transputers, each with 4AMB of local memory and has four
communication links. The sixteen processors are hardwired
into four pipelinesof four processorseach of whichiscalled
anap (see Figure 1). The other links can be used to connect
to processors in the same nap or in the adjacent nap using
INMOS C004 transputer switches. By using these switches,
almost all commonly used network topologies can be con-
figured.

We have implemented four topologies: linear array, ring,
mesh, and hypercube. The size of each of these networksis
varied from 1to 16 in powersof 2 (i.e, 1, 2, 4, 8, 16). Be-
cause onetransputer isrequired to providealink to thefront-
end, host workstation a 16 processor hypercube topology is
not possible. Note that when the number of processorsis 1
or 2, thereisno distinction among the four topologies. Sim-
ilarly, when the network size is 4, ring, mesh and hypercube
topol ogiesare equival ent.

The T805 transputer has hardware support for multipro-
gramming. It supports two priorities by maintaining two
ready queues. High priority processes run to completion or
until blocked for 1/0, IPC, or timer. Low priority processes
aretimeshared and each has afixed quantum of 2ms. A low
priority process must yield control to a high priority process
whenever a process in the high priority queue is ready and
the unfinished quantum of the preempted low priority pro-
cessislost as aresult. We have used these ready queuesto
implement the static and time-sharing policies.
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Figure 1: Layout of the Transputer system used in the experiments (from PARAstation User Manual, Transtech Parallel Sys-

tems, 1992)

3.2 Software Description

We have used a hierarchical approach to implement the
scheduling policies. There are three schedulers: a super
scheduler, a partition scheduler for each partitioninthe sys-
tem, and a local scheduler for each processor. The su-
per scheduler is global and manages the system-wide ready
gueue. A job submitted to the system ishandled by the super
scheduler and it is dispatched to one of the partition sched-
ulers. The partition scheduler is responsible for managing
the processors in the partition allocated to the job. The par-
tition scheduler then notifiesthe local schedulers that man-
age the local ready queue of each processor. Depending on
the scheduling policy, the partition scheduler can accept one
or morejobsin one partition. Local schedulers support time
sharing by using their own preemption control (for details,
see [4]).

The transputer system uses a poi nt-to-point communica-
tionscheme. In thisscheme messages from one processor to
another (if they are not adjacent) are required to passthrough
intermediate processors using store-and-forward switching.
The channd package provided by the transputer’'s soft-

ware library supports communication only between adja-
cent processors. We have implemented a mailbox-based
asynchronous communication system that facilitates com-
munication between any pair of processors. Because com-
munication is store-and-forward, each intermediate node on
path from the source to destination processor must reserve
buffers to store the message. A memory management unit
(MMU) has been implemented to manage the shared mem-
ory inaprocessor. One of the functionsof the MMU, which
is present in every processor, isto alocate buffersfor mes-
sage storage (i.e., for mailboxes). Note that a message can
suffer delay if an intermediate processor delays all ocation of
memory for themailbox. In Section 5 wewill show that this
has an impact on the performance of the scheduling policies.

4 Experimental Workload

We have used three applications to drive our experi-
ments: matrix multiplication, sort application, and a syn-
thetic generic workload. The next section gives details on
these applications. Section 4.4 givesadescription of thetwo



softwarearchitectures, fixed and adaptive, used in the exper-
iments.

41 Matrix Multiplication

A matrix multiplication application is chosen to repre-
sent the programs that exhibit fork-and-join type of struc-
tureas shown in Figure 2a. The matrix multiplicationappli-
cation performs multiplication of two matrices. The appli-
cation can be speeded up by distributing the work to differ-
ent processors. For example, in asystem with 4 processors,
each processor isresponsible for calculating only 1/4 of the
resulting matrix. The application has the software structure
showninFigure2binwhichthefork aswell asthejoinfunc-
tions are performed by a single coordinator process.

The coordinator process performs multiplication of two
matrices A and B by distributing work to worker processes.
The coordinator process is aso responsible for assembling
the parts of the result matrix returned by the worker pro-
cesses. We want to use this application to represent awork-
load with low communi cation among the worker processes.
For thisreason, we haveimplemented a specific matrix mul-
tiplication algorithm in which the second matrix (matrix B)
isdistributed to all p worker processes. Matrix A isdivided
into p parts with each part consisting of R/p rowswhere R
is the number of rows in Matrix A. Each part is sent to a
different worker process. Once the required data has been
sent to aworker process, it can compute part of thefina re-
sult matrix without further communication with the coordi-
nator/other worker processes. Notethat the coordinator pro-
cess, after distributing the work, aso performs multiplica-
tionjust likethe other worker processes. The shaded bubble
in Figure 2b represents a single process that acts as the co-
ordinator process aswell astheworker process. Thus, when
p worker processes are required, coordinator process creates
only p — 1 additional worker processes.

4.2 Sorting

Implementation of divide-and-conquer algorithms on
parallel system has received significant attention (for exam-
ple, see [12]). Large numbers of paralel programs have
been devel oped using this strategy. The parallel implemen-
tations of divide-and-conquer agorithms exhibits a parti-
tioning structure shown in Figure 3a. The processes cre-
ated by thistype of program perform one of the following
three operations: DIVIDE that splitstheinput, WORK that
performs the actual computation desired, and MERGE that
combines the output produced by WORK processes.

We have used sorting as arepresentative example of this
important class of applications. The software structure of
this application follows the divide-and-conquer structure.
Typicdly, the divide and merge phases are done by a sin-
gle coordinator process as shown in Figure 3b. For the

sorting example, the divide phase involves splitting the ar-
ray into sub-arrays and sending these sub-arrays to other
worker/coordinator processes; the same processesisalso re-
sponsible for merging the sorted sub-arrays returned to it.
As in the matrix multiplication application, a coordinator
processes, after performing the divide operation, assumes
the role of aworker process and sorts a sub-array. For ex-
ample, the coordinator process at level 1 also acts asthe co-
ordinator at level 2 and the worker process at level 3 (shown
lightly shaded in Figure 3b). This example creates a total
of four processes (two of which play multipleroles and are
shown shaded).

4.3 Generic Workload

Thethird workload used isasyntheticone. Therationae
for using such a model is to exercise control over various
workload parameters to answer “what if” questions. The
generic workload proposed by Nanda et a. [18] is used
to emulate the behaviour of different programs in order to
represent various workload patterns. The generic workload
generator receives aset of parametersto identify the charac-
teristics of a specific workload and emulates the execution
of the workload. The structure of the generic workload is
based on the divide-and-conquer model used in the sort ap-
plication. Theimportant input parameters of thismodel are:
comp, comm, proc, B. The parameter comp specifies the av-
erage time to be spent in computation by each process; the
computation time of each process can be different to pro-
vide variance among process service times. The parame-
ter comm represents the average communication time. The
parameter proc, which represents the number of processes
to be used, can be used to control the number of processes
so that both fixed and adaptive software architectures (dis-
cussed next) can beimplemented. Another parameter — the
branching factor B — controlsthe number of processes that
can beforked from oneprocess. For example, in the sort ap-
plication, we have used a branching factor of 2.

The generic workload has a structure similar to that of
the sort application discussed in Section 4.2. Instead of dou-
bling the number of processes at each level, theincrease in
number of processes depends on the branching factor B such
that the number of processes at level i is B*~'. The number
of levels n depends both on the number of processes proc
and the branching factor B and isequal to logs (proc).

The computation time of worker and coordinator pro-
cesses can be specified separately. For example, to mimic
the sort application of the last section, we can use O(n?) for
theworker process computationtimeand O(n) for the coor-
dinator processes, whereisn isthe array size. More details
on the thisworkload model can befoundin [4].
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4.4 Software Architecture

We consider two types of software architectures in our
experiments: fixed and adaptive. In the fixed architecture,
the program structure is independent of the number of pro-
cessors alocated to the job. The number of processes cre-
ated by the jobisdetermined at thetimethe programiswrit-
ten or at compilationtime. In the adaptive architecture, the
number of processes created by the program isdependent on
the number of processorsallocated toit. Thusthe number of
processes can be varied by the application at run time.

There are at |east three reasons why a software structure
would have many more processes than the number of pro-
cessors alocated to it. First, by using alarge number small
processes we can achieve better |oad sharing. Thisispartic-
ularly important in multiprogrammed, time-shared systems.

Second, there may be applicationsfor which there is benefit
in partitioning the problem into large number of small work
units. Sort is an example of such an application. We will
elaborateon thisin Section 5.3. Thethirdreason isthat some
applicationsmay not lend themselves well to partitioning at
runtime. Theseformtherationa efor investigatingthefixed
software architecture.

In the absence of the above conditions, the adaptive soft-
ware architectureisbeneficial [27]. Inthe adaptive software
architecture, the number of processes created by ajob is
equal to the number of processorsallocated toit. Of course,
this information is available only at run time. In order to
implement adaptive partitioning of a problem, we need a
run time function that can give us the number of proces-
sors allocated to it. Such functions are available in current
distributed-memory systems (e.g., in Intel and Ncube sys-



tems).

5 Experimental Resultsand Discussion

This section presents the results of the experiments con-
ducted on a 16-node Transputer system. We use the mean
responsetime as the performance metric. The responsetime
of ajob isthe waiting time to get processors allocated plus
the execution time. Due to lack of space al results are not
presented. For details, the reader isreferred to [4].

5.1 Implementation Details

We have conducted several experimentsto assessthe per-
formance of the three policies. We have used a batch of
16 applications. Each batch consists of 12 small jobs and
4 large jobsin order to introduce variance in service times.
We use the generic workload to study the impact of higher
variances in service times (see Section 5.4). In the fixed
software architecture, each job consists of 16 processes; the
number of processes in the adaptive architectureis equd to
the partition size alocated to the job.

Asstated in Section 2, sharing processing power equally
impliesequal partitionsin staticand hybridpolicies. For this
reason, the 16-processor Transputer system is equally parti-
tioned. The number of partitionsin the system depends on
thepartitionsize. For apartitionof sizep, thenumber of par-
titionsinthe systemis16/p. Inthe static scheduling policy,
onejob is assigned to each free partition and the job is run
to completion. Other jobswait in a FCFS queue until a par-
tition becomes available. Because of the use of equal par-
titionsand the homogeneous job characteristics, thereis no
difference between the static and some semi-static policies
(such as FCFS, firgt fit, best fit policies).

A puretime-sharing policy is implemented by consider-
ingthewhole system asasinglepartitionand al 16 jobsina
batch are assigned to this partition. Thus the multiprogram-
ming level is 16.

In the hybrid policy, the system is partitioned into 16 /p
partitionsand &l 16 jobs in a batch are distributed equally
among the partitions. This automatically determines the
multiprogramming level of a partition. For example, when
the number of partitionsis 2, the multiprogramminglevel is
8 aseightjobsareallocated to each partition. Noticethat the
pure time-sharing policy is aspecia case of the hybrid pol-
icy withasingle partition. Thus werefer to these two types
of policies astime-sharing policiesin the following discus-
sion. Since we use equa partitions and jobs in fixed soft-
ware architecture have 16 processes, there is no difference
between RR_process and RR_job policies when there is no
variancein service times of processes of ajob (whichistrue
in majority of our experiments).

The performance of the static policy isinfluenced by the
order in which the 12 small and 4 large jobs are executed.
Thereasonisthat if the large jobs are executed first, the re-
sponse times of other jobswill increase. To ensure fairness
in comparing the performance of static and time-sharing
policies, theresponsetimeinthe static policy istaken asthe
average of best and worst response times. Notethat the best
response times are obtained by giving priority to smaller
jobs and worst times are obtained by executing the larger
jobsfirst.

5.2 Matrix Multiplication

As stated, each batch consists of 12 large and 4 small
jobs. A small job multipliestwo 50x 50 matrices and alarge
job multiplies two 100x 100 matrices®. Two job sizes are
used aswe want to introduce some degree of varianceinjob
service demand.

Figure 4 showsthe result for the fixed software architec-
ture. In thisarchitecture, each job consists of 16 processes.
The X-axis represents the partitions size p. The letter fol-
lowing the partition size indicates the interconnection net-
work topology used in each partition. We useletter ‘L', ‘R’
‘M’,and‘H'’ torepresent linear array, ring, mesh, and hyper-
cube networks, respectively. For example, label ‘8L’ means
that there are 16/8=2 partitionsand each partition has 8 pro-
cessors configured asaliner array. Figure5 showsthecorre-
sponding results when the adaptive software architecture is
used. Notethat, in adaptive software architecture, the num-
ber of processesinajob isequal to the partition size.

We should cautionthereader to notethat the performance
of the pure time-sharing policy is shown in these plots only
when the partition size is 16. That is, time-sharing perfor-
mance correspondsto‘16L", ‘16R’ and * 16M’ TSlines. The
other TS lines in these plots actualy represent the perfor-
mance of the hybrid policy. It can be clearly seen fromthese
two plots that the hybrid policy performs much better than
the true time-sharing policy. However, it does not do well
when compared to the static policy. In the rest of the paper,
for convenience sake, weusetime-sharingto refer to theper-
formance of the hybrid policy as well.

These results show that time-sharing aways performs
worse than the static policy for this application. One char-
acteristic of this particular workload is that the variance in
job sizesis not high enough to show the time-sharing pol-
icy in abetter light*. Wewill show in Section 5.4 that when
thereishigher variance in service demand, time-sharing ac-
tually performs better than the static policy. Another signif-
icant factor contributing to the performance difference be-

3 The sizes of the matricesis restricted by the size of the memory avail-
able at each processor such that the maximum multiprogramming level of
16 can be achieved when the number of partitionsis one.

4 Recall that the sizes of the matricesis restricted by the size of memory
available at each processor.
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Figure 5: Mean response time for the matrix multiplication application — Adaptive software architecture

tween the static and time-sharing policiesis due to the con-
tention for the memory and message congestion. Thisis be-
cause the time-sharing policy loads and starts execution of
all 16 jobswhereas the static policy executes only anumber
of jobs that is equal to the number of partitionsin the sys-
tem. Thus, for our workload, when there are 16 partitions
of 1 processor each, both policies behave the same way. In
this case, thereis no communication and each job runson a
single dedicated processor.

Aswe increase the partition size, the multiprogramming
level in the time-sharing policy increases. At the other ex-
treme, for example, when there is only one partition, the
multiprogramming level in time-sharing policy is 16. In
such a system, the static policy executes the jobs in a se-
rial fashion by dlocation all 16 processors to each job.

Since one matrix isdistributed to each processor in a parti-
tion, time-sharing with high multiprogramming level leads
to memory contention. Also, asthemultiprogramming level
increases, severa jobs are simultaneously in partial execu-
tion state and possibly exchanging massages. Remember
that messages typically go through several intermediate pro-
cessors where there is contention for communication links;
furthermore, since the Transputer uses a store-and-forward
switching, there is also demand for memory to store mes-
sage copies a these intermediate processors. Thus, as the
number of partitionsdecreases (i.e., aswe move fromleft to
right in Figure 5), the performance difference between the
two types of policiesincreases.

The fixed architecture exhibits dightly different (in that
the difference is adso larger when two partitions are used)



due to the presence of a fixed number (16 in our case) of
processes. Note that a process sending a message to itself
will aso go through the same store-and-forward communi-
cation mechanism placing demands on memory for buffers
etc. Precisely for the same reasons, the adaptive software ar-
chitectureis better than the fixed architecture for thisappli-
cation. Notethat when the number of partitionsis one, both
software architectures are equivalent and produce the same
results (see Figures 4 and 5). For reasons discussed before,
the time-sharing policy also exhibits more sensitivity to the
type of software architecture.

Performance of both policies is affected by the net-
work topology. Because of the contention and congestion
problems associated with increasing the multiprogramming
level, the time-sharing policy is more senditive to the net-
work topology. In particular, the low degree, long diame-
ter networks (as exemplified by the linear network) cause
substantial performance deterioration when time-sharing is
used. Network topology, however, does not change the rel-
ative performance of the two policies. It can be expected
that the use of wormhole routing can significantly reduce
the need for buffers at intermediate processors. Wormhole
routing, by eliminating the need for store-and-forward, can
also significantly reduce the performance sensitivity of these
policiesto the network topol ogy.

5.3 Sorting

We have conducted experiments similar to the ones de-
scribed for the matrix multiplication application. Asin the
previous experiments, each batch consists of 16 jobs: 12
small jobsand 4 largejobs. A small jobinthese experiments
sorts 6000 el ements whilealargejob sorts 14000 € ements’.
Theresultsare shownin Figures6 and 7.

In general, the observationsmade about the matrix multi-
plicationapplicationa so holdfor the sort application. How-
ever, there is one significant difference between the fixed
and variable software architecturesthat is specific to the sort
application. First of al, the software structure of the ma-
trix multiplicationisthat of fork-and-join structurein which
there is one synchronization phase at the end. The software
structureof the sort applicationisdivide-and-conquer asdis-
cussed in Section 4. Thiskind of software structureinvolves
work in three phases: a divide phase, a work phase, and a
merge phase. The divide and merge phases are done by a
single process. For the sorting example, the divide phase
involves sending the sub-array to aworker/coordinator pro-
cess; the same process is also responsible for merging the
sorted sub-arrays returned to it. The complexity of this

5 Asin the matrix multiplication application, the sizes of the arraysis
restricted by the size of memory available at each processor such that the
maximum multiprogramminglevel of 16 can be achieved when the number
of partitionsis one.

phase is O(n) where is n is the size of the sub-array in-
volved. Theworker phase involvessorting the sub-array re-
ceived. The complexity of this phase can be O(n?) for sort-
ing a gorithms such as insertion sort, selection sort etc. and
O(n logon) for merge and heap sort algorithms. We have
used the selection sort for sorting the sub-arrays. There-
fore, the complexity of the worker phase is much more than
that of the merge phase. Asaresult, if the size of the sub-
arrays given to the sort processes is smaller, the execution
time decreases substantially. Because of this characterigtic,
software architecture has a significant impact on the perfor-
mance.

In the fixed software architecture, the number of pro-
cesses isfixed at 16 independent of the number of processes
allocated to the job. Thus, in this case, each sub-array to
be sorted is approximately 1/16 of the origina size. On the
other hand, inthevariabl e software architecture, the number
of processes is equal to the number of processors allocated
tothejob, whichisat most equal to 16 whenthereisasingle
partition. Thusthe adaptive architecture exhibitssubstantial
speedups. It isalso clear from this discussion that fixed ar-
chitectureis better suited to this type of applications.

54 Generic Workload

As indicated in Section 4, the generic workload alows
us to vary the various workload parameters to study “what
if” typeof questions. We have model ed the matrix multipli-
cation and sorting applications by using our generic work-
load model in order to validate the model. For the sake of
brevity, these results are omitted. We have aso conducted
severa experimentsusing the generic workload moddl. Due
to space restrictions, we will present only a subset of these
results here (for details on this, see [4]).

The impact of communication on the performance of the
scheduling policies as a function of network topology is
shown in Figure 8. The communication factor (CF) is de-
fined as the ratio of communication to computation time
[16]. The case CF = 0 represents negligible communication
(wecdl suchjobsas*“compute-intensive’ jobs) and CF = co
represents negligiblecomputation time (we call suchjobsas
“communication-intensive” jobs). From the data presented
in these two plots, the following observations can be made:

e When there is little communication, the static policy
performs substantially better and thisimprovement in
performance increases with partition size. The dif-
ference between the performance of the static and
time-sharing policies decreases as the communication
among processes increases. This can be explained as
follows: A message sent from a source processor to
a destination processor typicaly goes through several
intermediate processors. In static scheduling only one
job per partitionis alowed to be executed at atime and
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the processorsareidleuntil the communicationiscom-
pleted. In time-sharing, aprocessor can be switched to
another job, which may inturninitiateanother message
transmission. Thus, time-sharing not only allows effi-
cient utilization of processors but also causes message
to be transmitted in a pipelined fashion. Due to these
factors, the static policy suffers much more in perfor-
mance than the time-sharing policy as the communica-
tion factor increases.

e When the network topology is linear, the time-sharing

policy performs better than the static policy as shown
in Figure8(b). Thisis because of the message pipeline
phenomenon discussed before. Note that, anong the
four networks considered, the linear array topology
presents the maximum average inter-processor dis-

tance as measured by number of hops. Therefore, the
message pi peline has the most effect with thisnetwork

topol ogy.

e Another interesting point to note from the datain Fig-

ure 8(a) is that the time-sharing performs better than
the static when the partition is small (2 or 4). This
is so even when there is negligible communication
(and therefore not due to the pipeline phenomenon dis-
cussed). Thisis explained as follows. Firgt, the par-
alelism of the divide-and-conquer type of software
structure varies over the lifetime of a job. For exam-
ple, consider a job allocated to a partition of 16 pro-
cessors. When the all 16 sort worker processes are ac-
tive(i..e, during job’s maximum parallelism phase), all
processors in the partition are busy. But during the
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next merge phase, only 8 processors are busy merging.
If we are using the static policy, the remaining 8 pro-
cessors are idle until the completion of the job. Dur-
ing the second merge phase, only 4 of the 16 proces-
sors are busy leaving an additional 4 processors idle
for the remainder of the job execution time. Thus the
static policy causes under utilization of processors. In
time-sharing, such processor under utilization can be
reduced by switching to another job. Second, alarger
number of partitions keep the number of jobs per par-
tition small enough such that the overheads and con-
tention introduced by time-sharing isless than the ben-
efit gained from multiprogramming.

e For the data presented in Figures 8, the optimal parti-

tionsizeis4 for compute-intensivejobsand reduces to
1 when the job are communication intensive. Thisis
the case whether the system uses the time-sharing or
gtatic policy. Although not shown here, the optimum
partitionsizeis2when CF =1 (i.e., for “balanced” jobs
having equal computation and communication times).
These results, which are intuitive, indicate that the par-
tition size should be reduced as applications become
more communi cation-dominant.

We conclude this section by presenting the impact of

variance in process service times. Figure 9 shows the im-
pact of high process servicetimes (we have introduced a co-
efficient of variation of 15 in process service times) for bal-



anced jobs(i.e, CF=1). Whenthevarianceislow, the static
policy performs better than time-sharing for partition sizes
greater than 4 (data for CF = 1 when the service time vari-
anceislow are not shown, see [4]). However, when thereis
high variance®, time-sharing performs better i ndependent of
the partition size and network topology. When thereishigh
variance, the utility of preemption becomes more important
for performance.

6 Conclusons

Processor scheduling policies for distributed-memory
systemscan be broadly dividedinto either space-sharing and
time-sharing policies. In order to study the relative per-
formance of these two types of policies, we have imple-
mented a stati c space-sharing policy and around-robintime-
sharing policy on a 16-node Transputer system. In addi-
tion, we have also implemented a hybrid policy that com-
bines space-sharing and time-sharing. Most previous stud-
iesinthisarea have used either an analytical model or asim-
ulation model. In contrast, we have implemented the poli-
cieson areal system in order to evaluate their performance
sengitivity to various system and workload parameters. We
have used three applications — matrix multiplication, sort-
ing and a synthetic application. For each application two
softwarearchitectures— fixed and adaptive— wereinvesti-
gated. In additionwe have conducted experimentswith four
types of interconnection network topol ogies— linear array,
ring, mesh, and hypercube. Because our study is based on
the implementation of the policies rather than simulation,
our results show the sensitivity of the performance to such
system factors as the communication link congestion, con-
tention for memory, size of memory etc.

The important conclusions that can be drawn from the
dataare summarized here.

Effect of memory contention, synchronization, and over-
heads

e \We have shown that limited memory is a serious prob-
lem with time-sharing because thispolicy tendsto exe-
cute morejobsin agiven partition as opposed to asin-
glejob per partition in the static policy. Synchroniza-
tionamong different processesinadistributed-memory
system is achieved through message passing. Because
all jobs share the same partition, pure time-sharing
givesriseto performance degradation because of com-
munication buffer and link congestion problems. On
the positive side, for time-sharing we have identified a
communi cation pi peline phenomenonthat can improve
the performance of the time-sharing policies.

6 M easurementsat some supercomputer centersindicatethat the service
time variance can be very high [1, 20].

e Time-sharing introduces context switching overhead.
Because of these and other overheads introduced by
time-sharing, for large partition sizes (that is with
higher multiprogram level for a partition) a static pol-
icy ispreferred.

Effect of communi cation factor

e For agivenworkload, the optimum partition size tends
to decrease as the communication factor increases.
For communication-intensive applications, the parti-
tion size should be as small as possible provided there
are enough jobsto keep the system busy.

Effect of software architecture

e The adaptive software architecture is observed to be
better for applications having the following character-
istics:

1. Speedup improveswiththe number of processors
but no additional benefit is gained by spawning

processes more than the number of processors al-
located to the job.

2. There is no communication among worker pro-
Cesses.

The fixed software architecture is preferable if the ap-
plication’s speedup depends on the number of pro-
cesses spawned as well as the number of prcessors al-
located.

Effect of the topol ogy of the interconnection network

e \We have shown that the network topology can affect
system performance but, in most cases, therel ative per-
formance of the time-sharing and static policiesis not
affected by the topology. The use of other, more effi-
cient switching techniques such as wormhole routing
will further reduce the performance sensitivity to net-
work topology.

Impact of process and job variance

e The tatic policy performs poorly when there is vari-
ability in the service times of the processes in agiven
application. For example, if the software architec-
ture exhibitsvariable parallelism, asin the divide-and-
conquer type of software structure, time-sharing pro-
vides a significant benefit over static space-sharing.

¢ When there is variance in the total service demand of
jobs but no variance in the process service times of a
job, the static partitioningisbetter in most cases. For a
single class workload in which there is small variance
in either total service demands of jobs or service de-
mands of processes, static partitioning is expected to
perform even better.
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The work presented here can be extended in several di-
rections. Investigations of both time-sharing and space-
sharing policiesin the context of larger distributed-memory
systems forms an important direction of future research.
Study of the impact of hierarchical interconnection net-
works is aso important as many large distributed-memory
systems are based on a hierarchy (e.g., the Stanford Dash).
Performance of a hierarchical scheduling policy has been
studiedin[3] for shared-memory systems, whichisbased on
ahierarchy of process queues proposed in [6]. It isinterest-
ing to study the performance of this policy in the context of
distributed-memory systems. Experimenting with systems
in which the multiprogramming mix contains a variety of
different programs is also worthy of investigation.
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