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Adaptive Load Balancing based on Consistency

Jun Hyung Kim', Ha Ryoung Oh'* and Jae Moon Lee'!!

ABSTRACT

Load balancing attempts to improve the performance of a distributed computing system by
transferring some of the workload of a congested site to others. A load balancing scheme that
supports both the source-iutiated and the server-initiated load balancing is proposed in this
paper. It can model bota .he m/m/1 queue(no load balancing) and the m/m/n queue(perfect
load balancing) as the extreme cases. State variables are replicated into every site, and copy
consistency constraints sre relaxed more weakly. We propose weak copy consistency constraints
which correlate the outdated state information to that of the current state. We also derive suffi-
cient conditions under which each scheduler can guarantee the load balancing without communi-
cation. Using this model, the problem of load balancing is converted to that of maintaining the
consistency of states and communication overhead becomes less than that of the bidding algo-
rithm. The scheme is simulated by event tracing, compared to the two exireme cases and the
bidding algorithm. The results show that the mean response time and the number of messages
are reduced by 0-35% and 40-100% respectively, compared with the bidding algorithm. Finally
the effects of some system parameters are described.

some of the workload of a congested site to oth-

Load balancing attempts to improve the per-
formance of a distributed computing system
(DCS) by smoothing out the periods of high con-
gestion at each site. This is done by transferring
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ers. To balance workload between a congested
site(C-site) and lightly-loaded site(L~site), the
two sites have to establish a migration agree
ment. The procedure to establish an agreement is
called task bidding[1]. Task bidding can be done
in three possible ways[2]: @ A C-site sends re-
quests to L-sites(source-initiated). @ An L-site
sends available messages to C-sites(server—initiat-
ed). @ A third party, called an arbitrator, ob-
serves and notifies sites to establish a bidding



agreement. In fact source-initiated or server—initi
ated task bidding can be implemented by distrib-
uted or centralized control strategies[3]. But one
with an arbitrator is essentially a centralized con-
trol strategy. A drawback of centralized ones is
that the arbitrator can be overloaded and the
system can be vulnerable.

A load balancing strategy consists of three
component policies[4, 5]. The information policy
specifies the amount of load and job information
made available to the job placement decision
makers, and the way by which the information is
distributed. The transfer policy determines the eli-
gibility of a job for load balancing based on the
job and the loads of the hosts. Finally, the place
ment policy decides the hosts to which the eligible
jobs should be transferred. The load balancing
algorithms can be classified into siaiic or adapiive
ones according to the policies used. Static algo-
rithms[ 6, 7] may be either deterministic or proba-

Numerous deterministic algorithms have been
proposed[8]. Typically the goal was to find a

¥ technique to allocate tasks to sites deter -
ministically so that the total time to schedule all
tasks can be minimized. Several algorithms for
probabilistic load balancing have been proposed[9,
10, 11]. These can reduce the communication
traffic since broadcasting is much seldom done
compared to the average arrival rate of jobs.
However, they fail to adjust to the fluctuations in
the system load since they use only the informa-
tion on the average behavior of the system.

Adaptive algorithms are to probe the state of
other sites when necessary. Livney and Melman
[12] showed, using simple queuing network mod-
els and simulation, that there is a high probability
that at least one site is idle while tasks are
queued at some others. It indicates the potential
benefit of adaptive load balancing. One of the
adaptive algorithms is the bidding algorithm.
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Major advantages of the bidding algorithm are
its generality and extensibility. But the cost of
making and acquiring bids may become excessive,
and the factors to be used in making bids have
not been studied extensively. However many algo-
rithms have been proposed which reduce the
costs[ 13, 14, 157

In an adaptive load balancing, a scheme which
enables the schedulers to obtain a consistent and
identical view of the global state of the system
should be provided without a unique centralized
database. But, since the message passing is the
only means of communications(i.e., no global
memory), message propagation time is unpredict-
able and each scheduler has only a limited view
of the global state, a considerable communication
overhead is required to deduce the global state
from partial state informations distributed over
the system and to guarantee the consistency of
the state. Thus it is important to keep the extra
traffic as little as possible.

In this paper a load balancing scheme with
fully distributed control strategy is proposed. The
approach to reduce the communication overhead
is to replicate the partial informations referred to
frequently, relax the copy consistency constraint
resulting from the replication, and make each
scheduler deduce the global state from the repli-
cated informations[16, 17, 18, 19]. In order to
treat the distributed load balancing theoretically,
we review the consistency and specify the uncer-
tainty of the global state[20, 21]. Based on the
uncertainty, a weak copy consistency is proposed
which requires less communication overhead to
maintain the copy consistency and correlates the
outdated state information to that of the current
state. And sufficient conditions are described
unider which each scheduler guarantees the con-
sistency without communication. Finally, we dis-
cuss the simulation results and the effects of
some system parameters. ‘
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2. Model of Load Balancing

We deal with the coordination of processes
which cooperate and compete to achieve a
systemwide common goal in DCS's. At first a
general model is formalized which can be applied
to several distributed controls and then it is ap-
plied to the distributed load balancing.

21 Model of Distributed Control

Definition-1 : Associated with the systemwide
common goal G there is a set of consistency con-
straints In the form of predicates on the states of
G. A consistent state of G, S, is an n-tuple sat-
isfying the set of consistency constraints. This is
denoted by Bg(S;)=1, where B; denotes a con-
sistency predicate(Boolean function) for G.

Definition-2 ; The DCS for G is described as
a tuple, G(P, X), where P is a set of processes
cooperating to achieve the goal and X is a set of
state variables.

Definition-3 ; A state variable X € X is the
information variable of site N. Associated with
each X%, a set Dom(X';) represents the domain
of X¥;, which consists of all possible values taken
by X'..

For example, X, may represent length of a
b queue in the case of load balancing model
and Dom(X';) is the set of all non-negative inte-
gers in that case. According to Definition-3, a
global state is an n-tuple ;€1 ey Dom(X';)
where n is the number of sites. Since a state
variable is only a partial state of global state,
each site can not check the consistency of the
global state from state information known to it.
That is, the consistency of global state is depen-
dent on the state variables of other sites.

Definition-4 : X’; is said to be dependent on
X if the consistency of global state can not be

determined without the information of X°,. Since
B is given as a boolean function of the depen-
dent state variables, it is called dependency con-

straint.

X' and X'; can be no longer updated indepen-
dently since X', is constrained by X% and vice
versa. If it is found to be inconsistent, the sites
cooperate to make it consistent. As a result,
when the rate of state changes is relatively high,
the communication overhead is considerable and
degrades system performance critically. Therefore
the following problems are to be solved : @ How
can we make the sites to execute more autono-
mously in order to reduce the communication
overhead required to maintain the consistency? @
How can we maintain the consistency constraint
with increased autonomy?

Definition-5 : X, is a duplicate of X, stored
at(ie. copied to) N; where X', is a state variable
of N: (i, j=1, »+=ee- , n). Then X% is called the
primary copy of the state of N, X’ Is called the
secondary copy of X'; stored at(copied to) N;

The communication overhead can be reduced by
replicating the state variables into every site, even
though the secondary copies may be outdated. The
replication of state information imposes another
problem called copy consistency. The constramnt is
called a strict copy consistency constraint if all secon-
dary copies should be always identical with their
primary copy. It is hard to achieve such strict
copy consistency n a DCS and a great deal of
commurication traffic is required to keep it. So, in
a distributed database, a weak copy consistency
has been suggested such that it is only required
that multiple copies must converge to the same
final value once all access activities cease[22].
Such a weak constraint is still not enough when

the rate of state changes is high.
Definition-6 : X’; and X, are said to be



weakly copy consistent, or simply w-consistent if
X'y € Egy, (X')),whereEg; (X';) C Dom(X";)
is an estimalion function and represents the un-
certainty of state in DCS’s. ‘

Estimation of X*; from X', can be represented
as a mapping from X', to the range of states, m
which X?; would be included. Thus, the estimation
function of X% maps Dom(X';) to the power set
of Dom(X';). By using the function, the true
value is not known exactly, but it is known that
it is in some range. In fact, if X’; and X; are w
—consistent, then X', can be treated as approxi-
mate information about X’; known to N In
other words, X, can be estimated from X';, and
X’; is said to be estimable from X°;. Thus, the w
—consistency is another form of consistency con-
straints. The global state is w-consistent, if each
pair of the primary and secondary copies are w-
consistent. Notice that the strict copy consistency

in database is a special case of the w-consisten- -

cy such that Eg; (X)) = (X5} ={X’;}.

The w-consistency may give us a chance to
make each site estimate the global state more
precisely from outdated information. It also reduc-
es the communication overhead required to main-
tain the consistency. One of our main ideas is to
replicate state variables into every site, and relax
copy consistency constraints more weakly. The
other is to make each site have a deduction
mechanism which can deduce the global state
and guarantee the consistency of the global state
from the outdated informations.

Definition-7 : The global deduction mechanism
M consists of a set of local deduction mechanism
M, at each site. M; at N; is defined as a Carte-
sian product of estimation functions,

M(XY) = X‘IZX'ESf(X’}) (Eg. 1)
where X' represents the global state known to
the site N.
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Definition-8 : A possible global state s, s€
M{(X"), is called an estimated global state. And
s is said to be consistent if and only if it satisfies
B;. If the true global state is in M{X"), then M;
is said to be correct.

Lemma-1 : If each state information X’; (1<
<n), X;€X is w-consistent with its primary
copy X’; at N, then the local estimation M; of
global state is correct.

Proof : If X', is w-consistent with X’;, then
X', €Est(X";) for all 1<i<n So the true global
Stat‘e(Xlly Xzz, """ y Xﬂu)e X‘I-é[X‘ (X‘;)

Lemma-2 : The global state satisfiess B; when
M is correct and all its estimated global state s
EM(X?) are consistent.

Proof : Suppose all s&eM (X% are consistent.
From Lemma-1, the current global state & is in-
cluded in the local estimation, ie., Sc&M (XY, if
the estimation is correct.

In practice, when a state variable is changed
and a site does not have informations about oth-
ers dependent on it, it has to communicate all
other sites to check the consistency. However, if
it has some informations on dependent state vari-
ables, it can check the consistency of the new
state by communicating only with the sites whose
state variables are suspicious to be inconsistent.
Furthermore, if all estimated global states are
consistent, then no communication may be re-
quired. In the next section, we will apply the esti-
mation mechanism for the load balancing. Also,
we will find sufficient conditions under which
each site can find the consistency of the global
state with less communication overhead.

2.2 Model of load balancing

We at first describe the model of load balanc-
ing over two sites and then extend it to the case
over arbitrary n sites.
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Definition-9 : A load balancing system over
two sites N, and N,(LB2) is described as a
tuple(S, X), where S is the set of schedulers §
and S, X is the set of state variables composing
the global state such as load indices X% and X%.

The estimation of load index is so difficult that
there is no completely satisfactory solution. Some
load indices are discussed in [15, 23]. But the
time average of the queue length has a correla-
tion of nearly 1 with the job response times of
CPU-intensive jobs[24]. So it is used as the load
index in this paper. Therefore X' represents the
queue length of the site N,

Definition~10 : Two sites N, and N, are load
balanced or consistent if the \following inequality
satisfies between the load states of the sites:

| X', -X% | <D (Eq. 2)

where D is load imbalance factor which can be
tuned according to the system parameters. We
call(Eq. 2) the global consistency constraint(GCC)
of LB2.

Since X and X% are constrained by GCC,
they can not be updated independently. There-
fore, when a state change occurs due to the
arrivals and/or departures of jobs, the commit

action for the state change must be deferred

until the new state proves to be consistent. If it
is found to be inconsistent, the schedulers cooper-
ate to make the state consistent. Consequently,
the problem of LB2 is converted to that of main-
taining GCC.

Definition-11 : The estimation function for
LB2 is defined as follows : -

Est(X* (1) ={xx | xxEDom( XY ),
| X% (D)-2« | <D}, and

Est( X", (1)) ={xx | x4&Dom(X% ),
| X (1)-xx | <D}, where D+D,=D. (Eqg. 3.b)

(Eq. 3a)

Definition-12 : The weak copy consistency
constraints(WCC’s) of 1B2 is defined as fol-

lows :

| X\ -X% | <D, (Bq 4.2)
| X%, -X% | <D, where Di+I,=D. (Eq. 4b)

In order to estimate X’; from X°,, X; and X',
must satisfy WCC’s. By the replication of the
state variables and WCC's, each scheduler has a
partially correct view of the global load state. As
a result, it can estimate the current global state
from the outdated information known to itself,
but it is not able to make a decision whether
GCC is satisfied or not.

Definition-13 : The local copy comsistency con-
straints (LICC's) of 1B2 is defined as follows :

| Xll —X—lz [ SDI at M arld (Ekl. 5.3,)
| X3 -X% | <D, at N, where
D+ D,=D. (Eq. 5.b)

Each scheduler may estimate the global state
more precisely under LCC’s. We can derive the
conditions which can be used in LB2 by relaxing
the strict copy consistency to WCC's and replac-
ing GCC with the above four inegualities.

Lemma-3 : GCC always satisfies, if(Eq. 4.a),
(Eq. 4b), (Eq. 5a), and (Eq. 5.b) satisfy.

Proof . If we add both sides of(Eq. 4.2) and
(Eq. 5b), it becomes the sufficient condition to
meet GCC. And if we add both sides of (Eq. 4b)
and (Eg. 5.a), it also becomes the sufficient con-
dition to meet GCC.

When copies are w-consistent, any stafe
change at a site can be committed immediately
without violation of GCC if the new state satis-
fies LCC at the site, similarly with the safety
conditions in lower-upper bound’ couples[lg].
LCC makes each scheduler communicate only
when the consistency of the global state is suspi-



cious. Consequently, the problem of load balanc-
ing with GCC can be decomposed into those of
maintaining WCC's and deducing the current glo-
bal state. from the outdated state information by
using LCC's.

The technique used in the case of two sites
can be extended easily to the case over n sites(n
>2). In case of arbitrary = sites, when a state
change occurs at a site, the scheduler at that site
can check the consistency of the global state by
communicating only with the schedulers whose
secondary copy does not satisfy LCC's.

Definition-14 : In the case of load balancing
over arbitrary n sites(LBn), GCC(Eqg. 2), uncer-
tainty(Eq. 3), WCC-s(Eq. 4) and LCC's(Eq. 5)
defined in the case of LBZ2 can be extended
respectively to the following inequalities :

| X~X; | <D, where 1<i j<n, /i (Eq. 6)
Est{ X (1) ={xx | xe€Dom(X";), | X (D)-xx |

T <D, 121 R

| X',-X’; | <D, where 1<, j<n,

J*i and (Eq. 8)

| X%-X'; | <D,; where D;+D;;

=D, 1<, j<n, j*i (Eq. 9) -

We call the inequality(Eq. 6) global consistency
constraint of load balancing over the correspond-
ing two sites. Thus, the global state is said to be
load balanced or consistent only when GCC holds
for any pair of sites. Lemma-3 can be extended
to LBn.

Theorem-4 : When the global state is w-con-
sistent, the global state is always load balanced if
LCC holds at each site.

Proof : For a parr of sites N; and N; they
must be load balanced, by Lemma-1, if the load
information of the two sites are w-consistent
and LCC-s hold at both sites. Therefore, when
the global state is w-consistent, if LCC holds at
each site, then any pair of two sites are load bal-
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anced. This proves the theorem.

The scheme for LBn is very similar to that of
LB2, except the multiple candidates for job mi-
gration. Thus in the case of arbitrary n sites,
only placement policy becomes more complex.
Also, the likelihood of concurrent state changes
may cause thrashing that a lightly loaded site
may become heavily loaded due to the jobs mi-
grated from multiple sites to that site. This diffi-
culty may be cleaned by some reservation
scheme.

3. Experiments
3.1 Simulation model

In this section the model of simulation is de-
scribed. Our measures of performance are mean
response time and average number of messages
exchanged during a negotiation as a function of
various parameters such as job arrival rate A the
average communication cost Ty, the average cost of
b transfer 7,, and the imbalance factor D.

The comparison is potentially difficult because

of a large number of parameters involved and

the non-deterministic behavior of the scheme. So,
the performance comparison is studied by event-
tracing simulation. We assume that jobs arrive at
each site according to the Poisson distribution
with arrival rate 4 and job service time is
Gaussian distributed with average service time S
=1 and its deviation ¢=0.5. 2000 jobs are simu-
lated for each scheme with parameters(Ts, T, A
D) where the number of sites is 16. The arrival
rate is varied from 0.01 to 0.9. For simplicity, Tc
and T, between any two schedulers is assumed
to be constant values(T:=0.001S, 0.01S and T,,=
0.01S, 0.1S). Job transfer costs higher than 10%
of average service time would be infrequent. We.
can expect that in any practical implementation -
of load balancing with a relatively high ratio of
processing cost to transfer cost would be selected
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for migration. One can easily imagine more effi-
cient protocols. The advent of systems based on
file servers or networkwide file systems{e.g., NFS
and RFS) will further decrease the cost of job
transfer. It is assumed that the communication
network is reliable and each site processes the
jobs as they arrive at the site one by one
(FCFS).

3.2 Simulation results

In this section the performance of our scheme
is analyzed and compared to the two extreme
cases : no load balancing and perfect load balanc-
ing with no cost. Our scheme is represented by
LB(T, T,), where Ty and T, is normalized to
the mean service time(S=1), the no load balanc-
ing by 16 independent m/m/1 queues and the
perfect load balancing by an m/m/16 queue
respectively. (Fig. 1) shows the mean response
time versus job arrival rate 4 where the number
of sites is 16. It shows that the mean response
time is heavily dependent on T¢ and 7,. When
they are negligible or the sites are lightly loaded,
the result is almost close to that of m/m/16. As
A increases, the load state at each site changes
more frequently and the informations on other
sites would be outdated. As a result, the probabil-
ity that LOC's are satisfied decreases, and the
communication traffic increases in order to gath-
er global load state information. Also, the fre-
quent state changes increase the probability of
load imbalance during a short period, and thus

= mimyiE

-

—— 1B 001.5601) D=2
—=— B(0.001.0.1) D=2

; § ’ e

Mean Responsa Time
O~ M WaANE®N®B O

0 ('R 02 02 04 95 06 ' 07 08 0g 1
Arival Ratls
(Fig. 1) Comparison of mean response time vs.
arrival rate(n=16)

the probability of job migration. Consequently, as
A increases, the communication overhead increas-
es abruptly, and the performance degrades. How-
ever, one remarkable result is shown in(Fig. 2)
which shows the average response time versus
ob arrival rate in the case that jobs arrive at
only 8 sites among 16 sites. In this figure, even
though 7, is relatively large, the mean response
time can be dramatically decreased compared to
m/m/1. We expect that our scheme can be
adapted to the DCS's such as a lot of work-
stations interconnected by a LAN.

(Fig. 3) shows the mean probability of negotia-
tion between schedulers and the average number
of tested sites when a negotiation occurs due to
an event such as job arrival and/or departure. It
shows that only about 40% of jobs arrived at
each site are assigned through negotiation even
when the b arrival rate A is up to 0.6, and
that the rest of them are directly assigned to
that site without negotiation, that is, without com-
munication. Even though A is higher, about 20%
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(Fig. 2) Comparison of mean response time vsarmivdl rate
when job arives at only 8 sites among 16 sites

80
]
70 4 —a—— Prab of nega. {errivel)
60 1 ——e—— Prob of nego. {departre)
21 . ——a— Norm.no testad
£ 40 nodes(emival
30 1 ——e-— Norm no. tested
nodes(deperture)
20 4
10 4
0
0 01 02 03 04 05 05 07 08 os 1
Arrival Aate

(Fig. 3) Mean probability of negotiation and
mean number of tested sites(n=16, D=2)



of jobs are directly assigned without negotiation.
As a result, our scheme could reduce the over-
head compared to the bidding algorithm.

It also shows that about 7 sites, not all, are
tested when A=0.6 due to an arrival of a job. It
is a little more than 40% of all the sites. It
shows that more sites are tested as the job
arrival rate increases and the average number of
tested sites due to an arrival of a job is smaller
than that due to a departure of a job.

(Fig. 4) shows the probability of job migration
when a new job arrives/departs at a site. It im-
plies that the probability of load imbalance during
short period increases when A is high. The proba-
bility of migration of an already assigned job in-
creases abruptly, when A exceeds some threshold.
It implies that when A is relatively high, the serv-
er-initiated scheme is more desirable than the
source-initiated scheme. From the results, the
load balancing scheme which can support both of
the source-initiated and the server-initiated
schemes is desirable, especially when A is relative-
ly high.

‘We can expect that a large D reduces the com-
munication overhead, since it increases the probabili-
ty of satisfying LCC's and WCC's for each load
state change. As a result, a larger D will give bet-
ter performance when all sites are heavily loaded
and T; and T, are relatively large(ie DCS with
relatively slow communication channel). However,
since a larger D allows more Ioad imbalance, it will
decrease the performance when the b arrival rate
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(Fig. 4) Mean probability of job migration
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is lew or Tz and T, are relatively small(Fig. 5)
and(Fig. 6) prove our observation.(Fig. 5) shows
an effect of tunable parameter D with respect to
system parameters such as T and 7,. When T
and T, is relatively large and arrival rate is high, i.
e. communication subnet is relatively slow, a large
D is desirable. That means large imbalance with
less communication is desirable in such an environ-
ment.(Fig. 6) shows that when a job arrives, the
probability of negotiation decreases and the negotia-
tion requires smaller number of tested sites as D in-
creases, D can be tuned according to the system
parameters such as T, T, and n. Futhermore, 1t
can be accommodated adaptively according to the
system workloads.

In fact, the no load balancing is one end of
the spectrum of our scheme where D is infinite,
and the perfect load balancing is the other end
where D=1, and T and T,, are zero.

3.3 Comparison with the bidding algarithm

In this section, the performance of the pro-
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(Fig. 5) Effect of system parameters such as
D, Te, Tm on response time
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posed algorithm is compared with that of the bid-
ding algorithm with respect to the mean response
time, the mean number of messages per b and
the mean probability of migration. The model of
simulation is the same with the previous section but
T; is fixed to 0.001S. The results are summarized
in (Table 1), (Fig. 7) and (Fig. 8), where the defi-
nition of gain is given in(Eg. 10).

(Table 1) Results of performance comparison
with the bidding algorithm

Bidding algorithm Proposed scheme(D<2)

rate [T=0001S, Ta=0.01S| Tc=0.0015, Tue=0.1S {T=0.001S, Tw=001S{ T=00015.Ta=0.15

MRT | MNM | MPM | MRT | MNM | MPM | MRT | MNM | MPM | MRT | MNM | MPM

0010 | 1.005 | 300 [0.006{1.005 300 |0000]1.004] 00 {000071.004] 00 |0.000

0.048 | 1032 { 300 {0002 ] 1032| 300 | 0002|1028 | 01 {0002[1029| 0.I|0002
0103 | 1.078 | 300 o012} 1078 300 |0013}4073{ 05 {0012 [1.075| 04 {0012

0207 | 1.138 | 300 [0029]1.145] 300 j0030] 1127 | 10 |0026]1132) 1010077

0303 | 1204 | 300 {0066} 12171 300 (00591188 | 24 | 005412001 250057

0334 | 1252 300 [0106 1277 300 |0.115] 128 | 45 {0097 |1254; 470104

0509 ] 1321 300 {0156}1.360] 300 [0163§120] 69 (0148|1332 720155

0668 11422 300 [o29] 1572} 300 02871378 | 116 ;0251 | 14841 125 } 0284

0829 {1705 | 300 | 03153057 300 [ 0350|1504 | 152 |0323]12.243] 167 | 0365

0907 | 2760 | 300 | 0354 {8362 300 (0383|2114 | 166 | 0368 |5510! 181 | 0405

MRT ; Mean response time
MNM : Mean number of messages per job
MPM : Mean probability of job migration

GAIN(%) = Perfornwn;z:f,g— ZTGW propand

X100 (Eq. 10)

We can observe that the mean response time
of the proposed algorithm is comparable to that
of the bidding algorithm when A is low but the
proposed algorithm outperforms the bidding algo-
rithm as A increases. The comparable performanc-
es at low arrival rate is due to the fact that it is
very hard for a site to be overloaded and so
load balancing schemes have almost no effects at
Iow arrival rate as shown in (Fig. 1). But when
A becomes high, the overhead of messages be-
comes critical, so the gain of the proposed algo-
rithm becomes large because the number of mes-
sages is much smaller than that of the bidding
algorithm. The gain will be much greater when
T becomes larger by the same reason.

By using the replication of state information

and deduction mechanism, the proposed algorithm
reduces the number of messages considerably
compared to the bidding algorithm as shown in
(Fig. 8). Finally (Table 1) shows that the mean
probability of job migration is lower than the bid-
ding algorithm when A is low but it becomes
higher as A increases. It is because our scheme
permits more load imbalance than the bidding al-
gorithm and source-initiated scheme is dominant
when A is low. But the probability of migration
becomes higher as A increases since the proposed
scheme can support both the source-initiated and
the server-initiated Joad balancing.

4. Conclusion

Load balancing attempts to improve the per-
formance of a DCS by smoothing out the periods
of high congestion at each site. This is done by
transferring some of the workload of a congested
site to others. A load balancing scheme that sup-
ports both the source-initiated and the server—niti

Q a1 02 03 04 oS 08 0? oe o8 1
Arrivel Rute

(Fig.7) Gain of mean response time over the
‘ bidding algorithm

100 }
"
"

70 4
e TmeG 01

GAIN(X)

so ——— Tm=01
S0

0

30
0 0.3 0.2 03 0.4 L2} .6 07 08 09 1
Astivel Rete

(Fig. 8) Gain of mean number of messages
per job over the bidding algorithm



ated load balancing is proposed in this paper. It
can model both the no load balancing and the per-
fect load balancing as the extreme cases. By defin-
ing the global copy consistency, the problem of load
balancing is converted to that of maintaining the
global state consistent between schedulers. State
variables are replicated into every site, and copy
consistency constraints are relaxed more weakly.
We propose weak copy consistency consirainls
which correlate the outdated state information to
that of the current state. We derive the sufficient
conditions under which each scheduler can guar-
antee the load balancing without communication.
The scheme is simulated by event tracing, com-
pared to two the extreme cases and the bidding
algorithm. And the effects of some system pa-
rameters described. We have shown that our
scheme requires less communication overhead and
shorter mean response time than the bidding al-
gorithm, by estimating the global state from the
outdated state information. The simulation results
show that the mean response time and the num-
ber of messages of the proposed algorithm are
reduced by 0-35% and 40-100% respectively,
compared with the bidding algorithm. We expect
that our scheme can be adapted to the distribut-
ed systems such as a lot of workstations inter-
connected by a local area network. The problem
of tuning and/or adaptation of D with the pa-
rameters Te T, n and A should be studied fur-
ther. :
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