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Abstract

Distributed computer systems can share job processing
in the event of overloads. Load balancing involves the
distribution of jobs throughout a networked computer
system, thus increasing throughput without having to
obtain additional or faster computer hardware. Load
balancing policies may be either static or dynamic.
Static load balancing policies are generally based on
the information about the average behavior of sys-
tem; transfer decisions are independent of the actual
current system state. Dynamic policies, on the other
hand, react to the actual current system state in mak-
ing transfer decisions. This makes dynamic policies
necessarily more complex than static ones, and truly
optimal dynamic policies are known only for special
systems. This study focuses on performance compari-
son between static and dynamic load balancing policies
in a distributed computer system where truly optimal
solutions of both dynamic and static policies have been
characterized. The system consists of two types of ser-
vice facilities, a Mainframe node and an unlimited num-
ber of Personal Computer nodes. The results suggest
that, in the model examined, the dynamic policy out-
performs the static one in the mean response time, at
most about 30 percent and for the range of parameter
values such that the arrival rate is near the processing
rate of the Mainframe.

1 Introduction

One of the advantages of distributed systems over the
stand-alone systems is that balancing the workload of
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the system among the nodes can improve the perfor-
mance of the system. Load balancing policies are often
used for balancing the workload of distributed systems.
The purpose of load balancing policies, either static or
dynamic, is to improve performance by redistributing
the workload among nodes. Dynamic load balancing
policy reacts to the current system state, whereas static
load balancing policy depends only on the average be-
havior of the system in order to balance the workload
of the system. This makes dynamic policy necessar-
ily more complex than static one. But, dynamic load
balancing policies have been believed to have better
performance than static ones [3].

In this paper, we consider dynamic and static overall
optimal policies whereby job scheduling 1s determined
S0 as to minimize the system mean response time. The
goal of this paper 1s to examine to what extent the op-
timal dynamic load balancing policy outperforms the
static one by an exhaustive numerical investigation on
a model for which both policies are analytically studied.
Optimal static policies have been analytically studied
in a variety of models for distributed computer systems
[4,5,6,7,9]. On the other hand, as far as we know, op-
timal dynamic policies have been studied only in very
specific models: one is that of using an M/M/m queue-
ing model [2], and another is what we use here and is
analytically studied in [1]. That is, the model studied
here consists of a Mainframe node and an unlimited
number of Personal Computer nodes. The objective of
both policies is to minimize the overall mean response
time. The model allows us to have exhaustive numeri-
cal investigations to gain insight into the problem. The
results suggest that, in the model examined, the dy-
namic policy outperforms the static one in the mean
response time, at most about 30 % and for the range
of parameter values such that the arrival rate is near
the processing rate of the Mainframe node.

Meanwhile there have been some studies of perfor-
mance comparison of dynamic vs. static policies in
more sophisticated models where overheads are con-
sidered but the truly optimal dynamic policy is not
accurately obtained than ours [3, 9].



This paper is organized as follows. Section 2 describes
the system model of this paper. Section 3 presents two
optimal load balancing policies: static and dynamic.
Section 4 describes the results of numerical examina-
tion. Finally, Section 5 summarizes this paper.

2 The System Model

We consider a distributed computer system. The sys-
tem consists of two types of service facilities, a Main-
frame node (Qur) and unlimitedly many Personal
Computer nodes (@pc¢), both of which are connected
by a communication network. We call this system
model an MF-PC network model. We assume that the
expected communication delay between the MF node
and each PC node is negligible. Jobs arrive at the sys-
tem according to a time-invariant Poisson process, i.e.
inter-arrival times of jobs are independent, identically
and exponentially distributed with mean 1/A. Simul-
taneous arrivals are excluded. A job arriving at the
system may be processed either by the MF node or by
a PC node according to load balancing policies. We
assume that the service rate at Qarp 1s p and that its
service discipline is processor sharing so that the ser-
vice intensity for each job equals v(n) = p/n, where
n is the number of jobs in Qup. Every Qpc offers
a fixed expected service time 6. In each Qpc ser-
vice starts immediately upon admission, and thus the
sojourn time is identical with the service time. We as-
sume that at both Qup and Qpc, service times are
independent, identically and exponentially distributed.
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Figure 1: A model of an MF-PC network system

3 Two Optimal Load Balancing Policies

In the following two subsections, we describe optimal
static and dynamic polices and present their solutions.

3.1 Optimal Static Load Balancing Policy

In this policy, the decision by the policies of transfer-
ring a job does not depend on the state of the system,
and hence is static in nature. Also, we assume that a
job transferred from one node to another receives its
service there and is not transferred further. In this
section, we consider an optimal static load balancing
policy that determines the optimal load at each node
so as to minimize the mean job response time in our
system model.

We use the following notation:

e Gy Job processing rate (load) at node MF

o Fyr(Byur) Expected node delay of job pro-
cessed at node MF

1 .
—— if Pur <u,
= Bur

00 otherwise.

Fyr(Bur) =

The problem of minimizing the system mean job re-
sponse time is expressed as

minimize D(fupr)
1
X[BMFFMF(BMF) + (A= Bur)0' (1)
with respect to Gyrp such that 0 < By < A.
Define Gy (0 < By < p) such that

H _p-1
(N—ﬁo)z =0

The optimal Garp is given as follows:

6 _ 60 Zf60<Aa
MEZU A if A< Bo

3.2 Optimal Dynamic Load Balancing Policy

By this policy, each arriving job may observe the cur-
rent load, and then choose whether to join the shared
mainframe or to remain at a PC node. Also, in this
policy the overall optimization problem 1s considered,
where the goal is to minimize the expected average so-
journ time per job. Observing that this social or overall
system cost does not depend on the service discipline
in Qurr (PS, FCFS, etc.), the problem reduces to that
of a standard queuing control. We use [L,q] thresh-
old rule as a dynamic policy. In this rule, an arriving
job will go to the MF node with probability of, respec-
tively, 0, q, and 1, if the job finds that the MF node
has, more than, equal to, and less than, I jobs. We
consider a formula F [W[Lyq]] for the expected sojourn



time of the system with respect to [L, q] threshold rule
and minimize F [W[Lyq]]. The expected sojourn time
of a job arriving at the system with threshold [L,q],
E [T/V[Lyq]], 1s obtained as follows:

EWypg = PO 4+QA,
where, if p £ 1 (i.e. A # p),
P = Py(l—q+aqp)p*,
—(L4+Dp") (1 —p)+ (1 = ptt?
Q0 = pp DA p)z( )
(1-»)
+(L + 1) Pogp™t,
I1-p

Py =

L—ptti(1 —q) — gp™**’
and if p =1 (i.e. A= p),

1 Q_(L—l—l)(L—l—Qq)
S L+1+4q¢ Y 2(L+1+4gq)

(For the derivation of the above, see Appendix A.)

We obtain numerically the values of L and ¢ that give
the minimum response time for each combination of
the values of A, u and 6.

4 Results and Discussion

We estimate the mean response time of the MF-PC
network system for each combination of the values of
job arrival rate A to the system, job processing rate
1 at node MF, and job processing rate § at node PC.
Since we have only three system parameters A, y and
f, we scale down # to 1 and thus we have only two
independent parameters. We denote by Tp and Tk,
respectively, the mean response times of the dynamic
and static policies. Figures 2 and 3 show the mean re-
sponse time of the system by the static and dynamic
policies, respectively, for various combinations of the
values of A and u. We examined the ratio of improve-
ment in the mean response time by the dynamic policy
over the static policy. Figure 4 shows the ratio of im-
provement for various combinations of the values of A
and p. Figure 5 shows the maximum ratio of improve-
ment with respect to u for each given value of A. The
results naturally confirmed our forecast that dynamic
load balancing policy is more effective than static one.
On the other hand, we see that the mean response time
is improved by the optimal dynamic policy over that
of the optimal static one at most about 30% in the
range of parameter values examined. Figure 6 shows
the corresponding value of u that gives the maximum
ratio of improvement for each value of A. From this
figure, we see that the maximum ratio of improvement
is achieved for the cases where A ~ p for rather large
values of both A and p.

These three figures, 4, 5 and 6, show seemingly peculiar
behaviors concerning the ratio of improvement as the
values of system parameters change. It would need
much argument to understand this peculiarity, but here
we only indicate that the peculiar behavior may be
related to the dependence of the mean response time
by the dynamic policy on the values of the threshold-
rule parameters L and ¢ as exemplified by the Figure

7.

5 Conclusion

We have studied two optimal load balancing policies,
static and dynamic, for a system consisting of a single-
server central(@Qarr) node and an infinite-server satel-
lite (@pc) node connected by a communication net-
work. By numerical examination, we have estimated
the difference in the effects on the mean response time
between an optimal dynamic load balancing policy us-
ing threshold [L, q] and a static optimal load balancing
policy. We have observed that the ratio of improve-
ment in the mean response time by the dynamic op-
timal policy over the static one is at most about 30%
in the model examined. The difference is of a certain
magnitude for the cases where A ~ pu for rather large
values of both.

Appendix A: Derivation of F [W[Lyq]]

We derive here the expected sojourn time of a job ar-
riving at the system with threshold [L,q], F [W[Lyq]].
Let P be the probability that the number of jobs in the
MF node is k. The state transition diagram is shown in
Figure 8. With this state transition diagram we have
the following equations:

APy = ub
APy = uhPs
o (A1)
APy = pbPp
AqPL = uPry.

Let p = A/p. From (A.1), we can easily have the re-
cursions:

P = pR
P, = pPh
e (A.2)
P = PEPO
Pryn = pttlepy,
and if p = 1,
P1:P22~~~IPLIP0, PL+1IqP0. (A3)
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Figure 3: The mean response time Tp by the dynamic
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for the case of A = 1.4142135 and p =
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From (A.2), we have

P4+ P4+ Pp Po(p+p*+ - +p")

_ L+l
L= (AA)
I—-p
L+1
Note that ZPZ' = 1. We have
i=0
il ifp£1, (A5)
if p , .
— LI — ) — g Lt
p=4 170 (L—q)—qp
_— if p=1.
L+1+4¢ nr

Substituting relation (A.5) to (A.2) or (A.3), we can
have the probability that the number of jobs in the MF
node is k, Pr(0 < k < L). With the above relations,
we proceed to calculate the expected sojourn time of
a job arriving at the system. Let P be the probability
that a job arriving at the system goes to the PC node.
With [L, q] threshold rule, the arriving job will go to a
PC node with probability of 1 if the job finds the MF
node with states L +1,L + 2,---, and with probability
of 1 —q if the job finds the MF node with state L. Then
P is expressed as

PI(l—q)PL+PL+1. (AG)

The expected sojourn time of a job that goes to PC
node is 71, Let @ be the expected number of jobs
(which includes the jobs in service) in the MF node
from state O to state L + 1 in the state transition dia-
gram. By the Little’s Law, the expected sojourn time
of a job arriving at the system goes to the MF node is

Qv

where, V is the actual load rate to the MF node, and
is given by V. = A(1 — P). Therefore, the total ex-
pected sojourn time of a job arriving at the system

with threshold [L,q], E [W[Lyq]], Is

EWgrgl = PO +(1-P)QV™" (AT)
POt 4+ QXL

From (A.4), @ can be calculated as follows:

L
Q=) iPi+(L+1)Pry (A.8)

i=1

By substituting relations (A.6) and (A.8) into (A.7),
we obtain the expected sojourn time of a job arriving
at the system with threshold [L,q], E [W[Lyq]]. The
relation is as follows:

E W] = (1=)PL+Pre)f™ +QA7", (A9)
where, if p # 1,

P o= phh,
Py = ¢t Ry,
L
Q = D> iPi+(L+1)Prys
i=1
(=(L+1)p")(1 = p) + (1= p"t
= POp 2
(1-p)
+(L + 1) Pygp™t,
1—p
P, =
’ 1—ptH(1 = q) — qp"+?’
and if p = 1,
P = P,
Pry = qPb,
L
Q = Y iPi+(L+1)Piy
i=1
L
= (Zi—I—(L—I—l)q) P,
i=1
L(L+1
= %—I—(L—I—l)q) Py
_ L+ DT +29)
2AL+14q)
1
P = —.
0 L+1+gq
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