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Abstract

The assignment of independent applications in a distrib-
uted system in conjunction with resequencing is studied
in this paper using simulation techniques. Three schedul-
ing policies are studied and compared. A probabilistic
policy, and two policies that use an estimation of job
service time, one deterministic and one adaptive. Their
performance is examined for a variety of workloads. The
impact on performance of resequencing delay is also ex-
plored.

1. Introduction

Distributed computing systems are composed of
several loosely-coupled processors communicating over
a network. The area of distributed systems has been the
focus of a tremendous amount of research in the last
decade. Distributed computer systems have many ad-
vantages, including the capability to share processing of
tasks in the event of overloads and failure, transpar-
ency, and modularity.

In a distributed system a job might wait for service
at the queue of one processor while at the same time
another processor capable of serving the job is idle. It is
therefore desirable to achieve a uniform distribution of
the workload among the processors in such a way that,
there will be no idle processors while some processors
are overloaded.

In a distributed system, it is required that relevant
information for the assignment decision, such as proc-
essor loads, must be automatically available to the op-
erating system on all processors.

Load distribution is necessary in a distributed sys-
tem for better utilizing its computational power. Vari-
ous load balancing and load sharing algorithms appear
in the literature. In general, the purpose of the load bal-
ancing operation is to split the work evenly among the
processors, whereas the approach of load sharing algo-

rithms is to ensure that no processor stays idle loaded
when there are heavily loaded processors in the system.
Under sender-initiated algorithms, load-distributing
activity is initiated by an overloaded node (sender) try-
ing to send a task to an underloaded node (receiver). In
receiver-initiated algorithms, load distributing activity
is initiated from an underloaded node (receiver), which
tries to get a task from an overloaded node (sender).

Scheduling policies that only use information about
the average behaviour of the system, ignoring the cur-
rent state, are called static policies. Static policies may
be either deterministic or probabilistic. Policies that
react to the system state are called adaptive policies.

The principle advantage of static policies is their
simplicity. There is no need to maintain and process
system state information. Adaptive policies, by con-
trast, are more complex, since they employ information
on the current system state in making transfer decisions.
This information makes possible significantly greater
performance benefits that can be achieved under static
policies.

In this paper we study the effects of job scheduling
and resequencing on system and program performance
of a distributed system which consists of two identical
processors each equipped with its own queue. The
model can represent a distributed computing system
which is composed of two loosely-coupled workstations
communicating over a network.

We study a probabilistic policy, and two policies
that use an estimation of job service time, one determi-
nistic and one adaptive. The results are obtained using
simulation techniques.

In the probabilistic case the scheduling policy is de-
scribed by state independent branching probabilities.
The job dispatcher chooses one of the two processors
based on the outcome of an independent trial in which
the ith outcome has probability pi.

In the deterministic case the routing decision is
based on the system state. An arriving job at the proc-
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essing unit is assigned by the scheduler to the processor
which is expected to provide the shortest response time.

In the adaptive case an arriving job is dispatched
randomly to one of the two queues with equal prob-
ability. When a processor becomes idle and there are
jobs waiting at the other processor queue, then a job
migrates from that queue to the idle processor. This
policy is triggered when a job departs and the processor
becomes idle. We have considered migration of non
executing jobs. We assume that a job being executed is
not eligible for transfer because of the complexity of the
mechanism required in order to migrate the job in exe-
cution. The obvious disadvantage of preemptive migra-
tion is the need to transfer the memory associated with
the migrant process; thus, the migration cost for an ac-
tive process is much greater than the cost of remote exe-
cution.

Scheduling algorithms involve overhead which is
attributed to two factors: (1) the scheduling algorithm’s
execution time and (2) the number of task migrations
the scheduler produces.

In this paper we assume that the overhead for the
scheduling algorithms is negligible. This is a reasonable
assumption, given the simplicity of the algorithms and
the small number of processors considered here. We
assume though that when a job is transferred for remote
processing, the job incurs a communication cost.

In our system after processor service, resequencing
of jobs takes place which ensures that jobs leave the
processing unit on a first-in-first-out basis. Jobs who
arrive at the system should depart from the system in
the same order as their arrivals. Therefore, after the
completion of their services, jobs who go out of order
are forced to wait in a special buffer0 the so-called re-
sequencing buffer[] in order to rearrange their se-
quences, i.e. until the overtaken job of the same class
completes its service. The delay due to resequencing is
called resequencing delay.

The resequencing delay in multiserver queues has
been studied by many authors as [4], [11], [13] and [14].
Load balancing in a system of two queues with rese-
quencing is studied by [5]. All these works study open
queuing networks and exponential CPU service times.

Load balancing with resequencing in a distributed
system is studied in [8]. In that work, a probabilistic
policy and the “joint the shortest queue” policy are
compared. It is considered that once an arriving job is
routed by the job dispatcher to one of the parallel proc-
essors it cannot be reassigned and must be processed to
completion by that processor. A closed queuing net-
work model is considered in that work and estimation
of job execution times is not used.

Load balancing with task transfer is studied in [10].
Receiver-initiated and sender-initiated load sharing is
studied in [2]. In [1] the task of scheduling dynamic ap-
plications that consist of single process tasks on a non-
shared memory multicomputer is examined. Each task
of the application is assumed to (1) require execution on
a single processor, (2) have an estimate of its maximum
execution time, and (3) not wait on communication
with other tasks. In no one of these works resequencing
is required. However, the resequencing problem can be
found in several system contexts such as distributing
computing systems and computer communication sys-
tems.

Sender-initiated and receiver-initiated adaptive load
sharing with resequencing is studied in [6] and [7].
Transfer of non executing jobs is considered and the
transfer decision is based on a threshold value of the
queue lengths. No a priori information about job exe-
cution times is assumed.

In [3] a measured distribution of process lifetimes
and a trace-driven simulation are used to investigate the
benefits of preemptive migration.

Generally there have been numereous scheduling
disciplines proposed for distributed systems, the evalua-
tion of which has, for the most part, been based on
workloads having a relatively low variability in the
processing requirements of jobs. However, high per-
formance computing centers have reported that the co-
efficient of variation of service times can in fact be
greater than 1. Most of the models which have been
studied are open and resequencing is not required.

In this work our intention is to examine the impact
of job resequencing on the performance of three sched-
uling techniques for various coefficients of variation of
the processor service times and for different degrees of
multiprogramming. The first scheduling technique is a
probabilistic which we use for comparison purposes.
We examine if the other two techniques, which have an
estimate of information about job service times, result
in shorter response time at the cost of increased rese-
quencing delay and to which extent, depending on sys-
tem parameters.

This paper is theoretical in the sense that the results
are obtained from simulation studies instead of from
measurements of real systems. Nevertheless, we believe
that the results we present are of practical value. All
three algorithms we study are practical in that they are
simple. Although we do not derive absolute perform-
ance predictions for specific systems and workloads, we
study the relative performance of the three algorithms
across a broad range of workloads and analyze how
changes in the workload affect performance.
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2. Model Description

We consider a queuing network model of a ho-
mogeneous distributed system. It consists of the proc-
essing unit and the I/O channel. The processing unit
consists of two independent processors each serving its
own queue (memory). Distributed memory systems in
which processor/memory pairs are linked by an inter-
connection network are scalable since all requests need
not use a single bus.

Since we are interested in a system with balanced
program flow, we have considered an I/O channel
which has the same service capacity as the processing
unit.

The model is closed as the degree of multipro-
gramming N is constant during the simulation experi-
ment. Neither arrivals nor departures are permitted
while the system is under observation. The configura-
tion of the model is shown in Figure 1.

In this work, jobs examined are highly independent.
Specifically, once a job commences execution not a job
ever idly waits for communication from another job,
nor employs synchronization to ensure its concurrent
execution with another job. An estimate of job execu-
tion time is known.

Each processor in the system contains a local sched-
uler to maintain local scheduling information and to
control the local job multiplexor. The local multiplexor
executes jobs in a First-Come-First-Served (FCFES) or-
dering. The local scheduler maintains a list of the jobs
in the processor queue with associated execution times.
At every moment also it can give information about the
remaining processing time of the executing job and also
about the total remaining processing time of queued
and executing jobs.

Distributed system scheduling algorithms can be
classified according to (1) the amount of information
they require about jobs, and (2) the extent to which
they reallocate processors among jobs.

We study a probabilistic policy, and two policies
that use an estimation of job service time, one determi-
nistic and one adaptive. We assume no overhead for the
execution of the scheduling policy.

In the Probabilistic Scheduling (PS) case the sched-
uling policy is described by state independent branching
probabilities. The job dispatcher chooses one of the two
processors based on the outcome of an independent
trial in which the ith outcome has probability pi. The pi
are assumed fixed and proportional to the processing
power of processor i, i=1,2. Since one of the two proc-

essors must be chosen it holds: Y%, p; =1 In our model
the processors are homogeneous, so p1=p>=0.5.

In the deterministic case, upon arrival at the proc-
essing unit, the algorithm schedules a program on the
processor which will complete the program earliest
given the current system state. This is the processor
which has the smallest sum of execution times of the
queued jobs plus the remaining time to completion of
the executing job. We call this policy Shortest Response
Time Scheduling (SRTS). The additional overhead of
maintaining load information exists for this type of al-
gorithm.

In the adaptive policy case an arriving job is dis-
patched randomly to one of the two queues with equal
probability. When a processor becomes idle and there
are jobs waiting at the other processor queue, then a job
migrates from that queue to the idle processor. If the
system consisted of more than two processors, then a
job from the most heavily loaded processor would mi-
grate to the idle processor. We call this policy Migration
Scheduling (MS). We have considered migration of non
executing jobs. We assume that a job being executed is
not eligible for transfer. The reason for this assumption
is that during mid-execution process migration both the
target and originating processors incur overhead. The
originating node consumes processing time when it de-
allocates and sends the tasks while the target node uses
processing time during task reception and allocation.
This makes preemptive migration consuming useful
processing time.

When a job is transferred for remote processing, the
job incurs a communication cost. In this model only
jobs in the queue are transferred. We believe that the
average transfer cost for a nonexecuting job, although
nonegligible, can be expected to be quite low relative to
the average cost of job processing. The communication
channel is modelled as a single server queuing system,
whose service time is an exponentially distributed ran-
dom variable with mean a to deal with the effects of
communication overhead Co. We assumed a Co of 10%
of the mean job service time.

An additional assumption is that the cost to migrate
a job is independent of job size. The scheduler migrates
the largest job in the queue of the busy processor to the
idle processor. In our model we have bound the num-
ber of task migrations by assuming that a job whose
service time is less than Co is processed locally. For the
MS, load information is required only when a processor
becomes idle after the departure of job. However, com-
pared with SRTS, MS has the additional overhead due
to job migration.

From all three scheduling policies examined PS is
the simplest as the scheduler creates a small amount of
overhead consisting of a random number generation.
SRTS and MS develop schedules based on global in-
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formation. The collection of global information re-
quires a non-trivial amount of overhead, but it is essen-
tial to develop a moderately effective scheduler. The
schedulers operate optimally when no processing over-
head is used with both formulating a schedule and mi-
grating jobs. In this paper we assumed that the system
overhead to execute a scheduling algorithm itself is con-
sidered part of job execution time.

The following abbreviations appear throughout the
remainder of the paper:

PS  : Probabilistic Scheduling.
SRTS : Shortest Response Time Scheduling.
MS : Migration Scheduling.

In order to implement the SRTS and MS policies, it
is required that job execution times (job sizes) are
known in advance. In practice, only an estimate of job
execution times can be obtained. In this study we have
considered an estimation error E. Job sizes estimated is
assumed to be uniformly distributed within +E% of the
exact value.

The important requirement of the model is that jobs
must leave the processing unit in the order of their arri-
val. For this, each job enters the resequencing buffer
after completion of its service, where it eventually waits
until all jobs that entered the system before it have been
served. We furthermore assume that the time taken by
its resequencing process is negligible: if this job has no
one to wait for, it leaves instantaneously the system. On
the other hand, it leaves as soon as the last customer it
has to wait for enters the resequencing buffer.

We also investigate the impact of the variability in
job service demand on system performance. A high
variability in job service demand implies that there is
proportionately a high number of jobs in the system
with small service demand and a comparatively low
number of jobs with very large service demand. When a
“large” job enters the system and is served by the proc-
essor, it will occupy the processor for a long time and
depending on the scheduling policy applied it may in-
troduce inordinate queuing delays for the other jobs
waiting for service by the processor. When the MS pol-
icy is performed, jobs may be transferred during that
time to the other processor.

We examine two cases of processor service time dis-
tributions:

1. Processor service times are independent and identi-
cally distributed (ITD) exponential random vari-
ables with mean m at each processor.

2. Processor service times have a Branching Erlang
distribution [12] with two stages and are IID. The
coefficient of variation is C, where C > 1 and the
mean is 7 at each processor.

With all three scheduling policies examined, the
FCFS queuing discipline is assumed in each processor
queue.

A job, after leaving the processing unit, requests
service from the I/O unit. The I/O queuing discipline is
FCEFS. The /O service times are exponentially distrib-
uted with mean &k and are IID.

Processor 1

|
S — (o)

Processor 2

Resequencing 1/0
buffer

Figure 1. The queuing network model, probabilis-
tic case.

3. Performance Parameters

We define:

Response time of a random job as the interval of
time measured from an arrival of this job at the proc-
essing unit to service completion of this job (time spent
in a processor queue and in service in addition to a pos-
sible communication delay incurred due to job trans-
fer).

Cycle time of a random job as the time between two
successive service requests of this job from the process-
ing unit. So in our model cycle time is the sum of
queuing and service time at a processor, communication
delay, resequencing delay and queuing plus service time
at the I/O unit.

We also denote the following:

RT . mean response time

D : mean resequencing delay

WSD : mean waiting and service time, communica-
: tion delay and resequencing delay

K : mean cycle time

R : system throughput rate
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Ucpy - mean processor utilization
Uy . utilization of the I/O channel
N : degree of multiprogramming

The external performance of our model is indicated
by the mean cycle time (program performance) and
the system throughput rate (system performance). The
internal efficiency is primarily determined by the mean
processor utilization because it represents the level of
contention for the most critical resources in the system.

We use PS as a comparison measure of the perform-
ance of the SRTS and MS scheduling policies. So, when
the model works first with the PS policy and then with
one of the other two scheduling policies examined, we
define the relative performance parameters calculated
on a percentage basis as follows:

Dgp : relative decrease in RT

Dygp : relative decrease in WSD
Dy : relative decrease in K
Dp : relative increase in R

4. Model Implementation and Input Parame-
ters

We simulated the queuing network model with dis-
crete event simulation models [9] using the method of
independent replications. For every mean value a 95%
confidence interval was evaluated. All confidence inter-
vals were less than 5% of the mean values.

We considered a balanced system with m=1.0 and
k =10.5. We chose a mean communication delay a=0.10.
The system was examined in cases of exponential proc-
essor service times (C = 1) and Branching Erlang for C
= 2, 4 and 6. The degree of multiprogramming N was
taken as 2, 4, 6, 8, 10.

In the SRTS and MS cases, we have considered an
estimation error E= +10%.

5. Simulation Results and Discussion

Due to space limitations, only a few results will be
presented, but these will be representative of the per-
formance of the model.

In Tables 1-3 performance parameters of the C=1
case are presented.

In Tables 4-7, relative performance parameters for
the C=1 and C=2 cases are presented.

In Figures 2-9, mean cycle time and system
throughput rate are plotted versus N in all cases ex-
amined.

Our results show that:

For N=2, MS performs the same as PS as there are
not opportunities for job migration. SRTS for all N and
MS for N>2 although yield higher resequencing delays
then PS they outperform PS. This is due to the fact that
SRTS and MS yield much lower response time then PS,
resulting in lower WSD, lower mean cycle time and
higher system throughput.

In all cases SRTS yields lower response time than
MS. However, the resequencing delay is higher with the
SRTS case. As a result, SRTS and MS do not differ
significantly for N>2.

For all N, Dpp increases with increasing C. How-
ever, the superiority of SRTS and MS over PS decreases
with increasing C. At C=6 all three methods perform
very close. This is due to the fact that the bigger C is,
the more the CPU service times vary from the mean
service time m. Furthermore more service times are
produced that are much shorter than m and fewer ones
which are much longer than m. The very small jobs, no
matter whether they are served using the PS or one of
the other two scheduling policies, have a long delay at
the synchronisation buffer when a large task is proc-
essed. During that time it is most probable for the I/O
unit to be idle, but afterwards it is supplied with many
tasks which are forced to delay in its queue.

For all C, from low to moderate loads, Dgp in-
creases with increasing N. This is due to the fact that at
moderate loads there are more opportunities to exploit
the SRTS and MS abilities than at low loads. However,
from moderate to high loads, Dy values differ less
significantly with increasing N as most of the time proc-
essors are busy with the PS policy.

The largest values of Dy and Dy were at C=1 and
N=4 with the SRTS policy. In this case, SRTS per-
formed about 10% better than PS. With PS mean proc-
essor utilization (Ucp,) was 0.62, whilst SRTS increased
Ucpy 10 0.68.

6. Conclusions and Further Research

In this work we studied the assignment of independ-
ent programs in a distributed system in conjunction
with resequencing. We used simulation as the means of
obtaining results.

Different scheduling policies were studied and com-
pared for various degrees of multiprogramming N and
coefficients of variation C of job execution times. The
simulation results reveal the following:

o  From the three policies the PS performed worst.
o For N=2 and for all C, MS performs the same as

PS. In all other cases SRTS and MS do not differ
significantly.
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o  The advantages of SRTS and MS over PS are not Table 3. C=1, MS case

completely exploited due to the resequencing de-

lay. Ucpu| Uno | RT D | WSD K R

. The superiority of SRTS and MS over PS de- 0.466 10.469 [1.275 | 0.145 [ 1.420 | 2.134 [0.937

creases with increasing C. The greatest difference 0.654 10.658 [1.537 | 0.314 | 1.851 |3.041 [1.315

in performance was achieved with SRTS at N=4 0.761 {0.771 | 1.829 | 0.372|2.201 |3.892 | 1.542

IR NS

and C=1, where SRTS performs about 10% better

0.826 [0.836 |12.250 [ 0.370 |12.620 [4.783 | 1.673
than PS.

10 {0.865 |0.874 [2.690 | 0.396 [3.086 |5.720 |1.748

In the cases where SRTS and MS offer performance
advantages over PS it should be taken into account that
this is obtained at the cost of an increased overhead, Table 4. C=1, PS versus SRT
such as load information management, load informa-

tion distribution, transfer decision making, and task N | Der | Dwso| Dx | Dr
transfer delays. This overhead can seriously impact sys-

tem performance when considering large systems. In 2 | 22.00) 1246] 6.69) 7.17
this work we do not model it as the number of proces- 4 130.36| 21.23] 9.19( 10.13
sors is small. As a future research we plan to consider a 6 | 31911 24.43] 897] 936
larger system and to count the cost of scheduling asso-

ciated overhead. We expect that at large systems and at 8 |32.26]26.23] 9.00] 939
high C the PS policy should be used. 10 | 30.85| 26.44| 7.83| 8.49

Table 5. C=1, PS versus MS
Table 1. C=1, PS case

N | Drr |Dwsp| Dk | Dr
2 ( 0.001 0.00( 0.00] 0.00
4
6
8

Ucru| Uvo | RT D |WSD| K R

0.466 [0.469 [1.275|0.145 | 1.419 |2.134 {0.937
0.620 [0.624 [1.828 |0.265 |2.093 |3.205 [1.248
0.711 [0.717 [2.396 |0.329 |2.724 |4.194 | 1.431
0.767 [0.771 [2.99510.363 |3.358 |5.186 [1.543
10 (0.808 |0.813 |3.602 |0.389 [3.991 [6.152 |1.625

1593 11.55| 5.11| 5.38
23.66( 19.22| 7.20( 7.76
24.85] 21.96( 7.77( 8.43
10| 25.30( 22.66| 7.02( 7.55

|| alo]=

Table 6. C=2, PS versus SRTS
Table 2. C=1, SRTS case

Drr | Dwsp| Dk | Dr

23.64( 7.98| 4.20( 4.39
37.99( 14.03| 5.70 6.05
42.75] 17.03| 5.28| 5.58
45.11( 21.21) 5.75( 6.10
10 | 45.78] 23.46| 5.53| 5.85

Ucru| Uvo | RT D |WSD| K R

0.499 [0.502 [0.994 | 0.249 | 1.243 | 1.991 | 1.004
0.683 [0.688 [1.273 | 0.375|1.649 |2.910 | 1.375
0.781 [0.786 [1.631 | 0.427 |2.059 |3.817 [ 1.572
0.842 [0.848 [2.029 | 0.449 |2.477 |4.719 [ 1.695
10 [0.877 |0.882 |2.490 | 0.445[2.935 [5.671 | 1.763

OOO\LNZ

|| alo]=
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8,9

7,9

6,9

Table 7. C=2, PS versus MS

Drr | Dwsp| Dk | Dr
0.00] 0.00( 0.00] 0.00
18.47( 7.04| 297 3.06
27.52( 13.30| 4.94( 5.19
29.89( 17.44| 5.77( 6.12
10 | 34.35] 21.31| 6.28] 6.70

ooox-hlvz

< PS —+SRTS —+~MS

Figure 2. Kversus N, C=1

-~ PS —+SRTS -+MS

Figure 3. R versus N, C=1

8,9

7.9

--PS —+SRTS -~MS

Figure 4. Kversus N, C=2

- PS +SRTS -+MS

Figure 5. R versus N, C=2

--PS —+SRTS -+MS

Figure 6. Kversus N, C=4
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