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LOAD BALANCING IN DISTRIBUTED SYSTEMS
WITH MULTIPLE CLASSES AND SITE CONSTRAINTS

Abstract

In this paper we consider a distributed computer system formed by heterogeneous computer sites
commected by a communication network and supporting multiple job classes. Jobs arriving at a site may be
processed locally or sent to a remote site for execution. Restrictions may apply in the remote dispatcher,
so that a class of jobs may be allowed to run only in a subset of all sites in the network. In our study, we
assume that the communication network as well as each of the computer sites can be modeled as product
form queueing networks. Our goal is to find the optimum assignment of jobs to sites so that a weighted
sum of response times over classes is minimized. We propose an efficient algorithm for finding the op-
timum load balancing strategy. The algorithm is based on a downhill procedure to search for the global
minimum. We show that the steepest descent direction (a key step in the downhill procedure)} can be easi-
ly calculated using the Mean Value Analysis Algorithm. A numerical example is presented.



1. Introduction.

The past few years have witnessed & increasing mumber of distributed computer system imple-
mentations based on local area networks. In these systems a number of resources (CPU's, file servers,
disks, etc.) are shared among jobs criginating at different computer sites. An example of successful imple-
mentation is the LOCUS operating system [POPES1]. Under the LOCUS system, processes generated by

users at one site in the network are allowed to run on other sites.

In general, in a distributed system environment it is desirable to equalize the usage of resources
(balance the load) in order to reduce the respanse time of jobs and improve the utilization of the

Tesources.

The load balancing problem in a distributed resource system is not new and can take different
forms for different problems. For example, in a long haul packet computer network (where the resources
are the channels), load balancing becomes the routing problem. The goal there is to find optimum paths
on which to distribute the packets, so that some well defined performance criterion (overall delay, for in-
stance) is optimized.

In a distributed computer system, the load balancing problem may be formulated as the problem
of distributing the execution of processes throughout the network in order to minimize overall user
response time. This load balancing problem is in general more complex than the routing problem for the
following reasons:

(a) Optimal selection of the execution site and optimal routing from the originating site to the execu-
tion site must be simultaneously accomplished (although the routing problem may become trivial if

a bus or ring network is used).

(b) Multiple job classes must be considered (e.g., interactive, batch, etc.) with drastically different
resource usage characteristics. In particular, some classes behave as "dosed” classes, in that their

population remains constant during the life of the system (e.g., the number of batch jobs in a mul-



tiprogrammed system). Other classes are best modeled as "open”, in that the number of users in
the class fluctuates statistically due to random inputs (e.g., database inquires originating from a
very large terminal population).

(c) Some classes may be restricted to run on a subset of sites,

Most load balancing problems can be formulated as non-linear, multicommodity flow problems.
Downhill search techniques can be effidently used for their solution. If the system includes only open
classes and does not pose site restrictions, then any of the methods available for routing optimization in
computer networks can be successfully used. In particular, the Flow Deviation method, a downhill search
method specially designed for open queueing networks may be employed [FRAT73), [KLEI76]. If the dis-
tributed system has a spedal structure (namely, there is only one class of customers and the local network
can be modeled by a single queue) the optimal equilibrium point may be cbtained directly by solving (nu-
merically) a set of non-linear equations, rather than using an iterative procedure such as Flow Deviation.
An elegant "direct” solution method for this spedial structure was presented in [TANTS4). Unfortunately,
the direct solution does not easily extend to muitiple classes, site constraints, and general interconnecting

networks.

If the distributed system under consideration includes only closed chains (i.e., closed classes), then
a recent extension of the Flow Deviation method due to Kobayashi and Gerla [KOBAS3] can be efficiently
used. One must bear in mind, however, that the routing problem with multiple closed chains typically

leads to local minima. Thus, a further search for the minimum of the local minima is required.

In this paper we consider the more general situation of multiple mixed classes of customers. The
open classes may correspond to interactive jobs submitted at terminals or work stations. These jobs may
be permitted to execute remotely. At issue is the opt:mal selection of the remote site, and the optimal
path to it. Restrictions may apply in the remote dispatcher. The closed classes may correspond to batch
jobs running locally on a computer site or to interactive users running local application programs. The

computer site is itself modeled as a network of queues (central server model). Our goal is to minimize a



weighted sum of delays (over open and closed chains). Note that only the open chains need to be rerout-
ed for load balancing. Routing is fixed within the closed chains. It can be shown that this guarantees the

existence of only one local minimum, which is also the global mimmum.

The main contribution of this paper is to provide an efficient algorithm for the optimum solution
of a very general class of load balancing problems. The algorithm can be viewed as an extension of the
approach in [KOBAS3).

In the following, in section 2 we describe in detail the problem to be solved. In section 3 we
present the model. Section 4 contains the development of the solution and section 5 gives the proposed al-
gorithm. In section 6 we present some examples. Section 7 concludes the paper.

2. Problem Description.

We consider a distributed system as shown in figure 1. In this system each site is composed of a
number of resources (CPU’s, disks, etc), which are used by processes that run in that site. Sites may not

be identical, i.e., they may have different resource configurations and resources with different capacities.

Each site is connected to a large number of terminals. These terminals generate jobs that may
have different processing requirements. For instance, some jobs may request mﬁre CPU time than others.
Furthermore, a class of jobs may be restricted to run only in a subset of the sites in the network. This res-
tricion may arise from security considerations, or from the fact that a site may not possess all the

resources required by the class.

We assume that a job may run until compietion in its "local” site (which is defined to be the site
connected to the terminal that generated the job), or may be transferred via the communication network
to a "foreign" site. Once transferred to a foreign site, the job runs until completion and no further

transfers are allowed.



This type of configuration may arise in a database application such as an airline reservation system
where the requests of hundreds of terminals connected to different sites may also be processed at fareign
sites. In addition, some or all of these sites may also be processing local application programs. We assume
that these latter programs cannot execute in a foreign site. We refer to this type of programs as the "back-
ground load” of a site.

Our goal is to balance the load in the computer network, so that the overall delay is minimized.
As a byproduct, the model will permit us to investigate several performance issues. For instance, we will
be able to study the influence of the background load at a site on the assignment of database requests to

sites, the effect of the speed of the communication network, ete.
3. The Model.

Wemodeladimibutedsystunasawﬂecﬁonof"cmu‘almermodds”,oneforeachsite, plus a
queueing model for the communication network. This representation was first proposed by Goldberg et al
[GOLDS3] to model the LOCUS distributed system.

Localapplicaﬁonprogams,orbackgroundload,mmodaledbyacloseddmhfmeachsite,as
indicated in figure 2. (In this figure we assume that these local jobs are interactive.) We assume that the
remaining jobs are generated by a large number of terminals, and so can be modeled as open chains with
Poisson arrivals and total throughput A°. Upon arrival at site i a request r, can be cither executed locally,
orimmediatalytransfexredtooneofthcothasitainthesystcmthatbelongtothesetofsituwhmr,

can be executed.

We assume that the service demands at each queue in the network are exponentially distributed,
Each queue is either processor sharing (PS), or first-come-first-serve (FCFS) with fixed capacity, or "infin-
ite server” (IS) (at FCFS queues it is assumed that different classes of jobs have the same service
demands). Furthermore, the dedision of transferring a job to another site is independent of the state of the
network. In summary we have a product form mixed queueing network modst.



Wedeﬁnethefoﬂowm;mtaﬁm,whuenmmaipncmdouprmdmedmdcpendmin
respectively (whenmempascﬁpthonﬂﬁedmﬂwtablebdow,ﬂnpm’mmmaymfamdthamopm

or closed chain).
K = total number of closed chains representing background jobs at computer sites.
K° = total number of open chains.
J = wml)mnnbaofserﬁcemtminthencmk(indudingthemunicaﬁmm-
work).

N, =  population of the closed chain at site k.
N =  population vector = (Ny,....-Npa)-
¢N) = mean throughput of the closed chain at site k for population N.
=  mean throughput of open chain v.
0y =  visit ratio of a chain k to service center j.
Iy =  mean service request of a chain k job at center j.
]Lu = 1/1.'”.
ay = relative utilization = 8,,x,,.
Py = total utilization of open chain jobs at center j.
A =  throughput (or flow) of open chain v at center j (= A\787).
A? = total open throughput = 3\J.
L, = mean number of chain k jobs at center j with population (V).
Li() = total mean number of closed chain jobs at center j.
L) =  total mean number of open chain jobs at center j.
é, =  yunit multidimensional vector in the direction k.

We define the overall delay D(N) as the following weighted sum of all chain delays:

X X
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where: (1) DI(N) and D(N) represent the response time of open chein v and closed chain &, respectively;
(2) AN rcprwuthe”nommal"thrwghmuofadoseddminkobtainedwhmaﬂopmchain
throughputs are set to zero; (3) w° and w* are arbitrary constant weighting factors for open and closed
chains, respectively. Note that if the nominal throughput for a closed chain is replaced by the actual
throughput, and the weights are set to 1, the expression above gives the totai average delay. However, us-
ing total average delay as the objective function leads to unfairness to closed chains, since an increase in

opmchainuﬁlizaﬁonatasitcmmanincreaseinlomlchaindelay.,lmtalsoadeaenscinlocalcbain



throughput (the product remains constant by Little’s result), This implies that at heavy load the impact of
dmeddﬁnddnysmtheobjecﬁveﬁnwﬁmbmamgﬁgiblcwimmpeammeopmmddm. For
this reason, we chose to assign a fixed coefficient, the nominal throughput, to cach closed chain. In addi-
tion, we introduced the weighting factors {w} to reflect the relative importance of open and closed chains
in the model. Without loss of generality we assume w® = w* = 1 throughout the rest of the paper.

From Little’s result:
3 L,
A 1) (.2)

whcrexf,htheaveragethinkﬁmeofmimuacﬁvedosedchﬁnkjobnthetumiml,andki(ﬂ)xf,giva

thewmgemmbaofdoseddminkjobsatthctanﬁmk(fmbﬂdljpbs,xf,=0).

Substituting (3.2) into (3.1),
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trafficamongthevaﬁoussitu.MheqtﬁvalmttoopﬁmizingD(N)withmpecttotheopenchninﬂows
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4. The Solution Approach.

We define our load balancing problem as follows: -

Given:
- The service demands of jobs from all chains at all service centers in the network.

. The visit ratios of the closed chain jobs (background jobs) of a site at each service center at that
site, as well as the visit ratios of open chain jobs at centers of a site.

- The number of background jobs at each site.



- The throughput rate of each open chain v.

. The set of sites where open chain v jobs can execute.

- The "local” site of each open chain job.
Minimize: The overall delay D(N).

With respect to: The open chain flows at each service center {AJ}.

The solution method we use is a downhill technique based on the "flow deviation” method
[FRAT73], [KLEI76]. The development we present below parallels the approach used by Kobayashi and
Gerla [KOBAS3] to find the optimum routing in a closed queueing network. In this paper we restrict the
developm:nttoaﬁngledosedchainpusiteahdimtedinsecﬁml}iomu,theapproachmbe
directly extended to multiple closed chains at each site.

Towmpummeswepmdmdirecﬁonfm{h:downhiﬂwdnﬁquewemdmmmthe
(partial) derivatives of the overall delay function with respect to each open chain flow at each service

center.

First, we should observe that a mixed product form queueing network with PS, FCFS fixed rate
service centers and IS service centers can be reduced to&nequivalent dosed queueing network where the
s&rviccrequutsx,’dofdoseddminkjobsatc:ntuj(I;SorFCFS)isgivcnbythefo]lowing:xprusion

[LAVES3]:

. Xy ;
XH = 1~ of (
P ; (4.1)

|
Second, we note that in our model, closed chain jobs (background load) at a site do not interfere
with closed chain jobs from another site. Therefore, we can decompose our model into X* independent
mixed network models each with one closed chain, plus the queueing model of the communication net-

work,



Fmally.wmﬂthﬂhamkedmmkmeopmchﬁnmﬂaﬁmnmi,w,mbau-
prusedintetmsofﬂ:edoseddminby[l’AVEBS]:

pf
1-pf
[+] = .
LiNy pf i « site k or communication network, i = IS centers. 4.2)

11+ Ls(N] i ¢ site k or communication network, i # IS centers.

whmethevmmtaﬁmwasdroppedememathepOMmmx'+lhdmdmmgle

chain mixed networks.

Therefore, equation (3.3) can be rewritten as:

. 2k

- -

D(N) = =

Ar+ S ANy (4.3)
k=1
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The independent variables in our optimization problem are the {\3}. Recalling that pf = T\,
we note that we can also use the {pf} as independent variables. In the following, for convenience, we take
the derivative of D(N) with respect to the total utilization of open chain jobs at center j (p7)- In this com-
putation we exploit the fact that: (1) the performance measures of site (or communication network) u are
not altered when we vary the open chain throughput at a center j in site (or communication network) k,
k # u; and, (2)mctotalopenmroughputrcmaimmmtmtasdothenonﬁnaltMOughp\mdmedosed
chains. For convenience of notation, we label the centers belonging to the same site (or communication

_ petwork) as center j as l,....L.
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CIALO) Lo L) _ o MEWON, ONOY)

1 - o) i=i1=97 9¢f (M) 3] .
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~
where

x
A*WN) = k§1 MWL)
and

. 1 J € communication network
30 =10 otherwise

It remains to find the derivatives of the closed chain
the utilization of open chain jobs at center j.

throughputs and queue lengths in relation to

To this end, we first introduce the normalization constant for the corresponding closed network

with service requests given by (4.1). Therefore, for site k [BASK73]:

L aﬁ &
avy= 311 |2 xae
A= (o TP
where
t o)
()= i:[II il A, = (ny,ee0my), Al =m+ -
X AT

and the equilibrium probability of the state 7, is:

(4.5)
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Gi(NY) Iy 1-pf (4.6)
ow, taking the derivative of (4.5) with respect to p?, gives:
SGIN) _ 1 2 K .
W 1-of wiow,” ;,I,-I,g [1 - vf] A e @7
GiNY) .
= (1)
1-vf i “8)

The summation on the right hand side of (4.8) is by definition the average queue length of closed
chain jobs at service center j, therefore:

G | G .
apf T 1- Py (4.9)

Equation (4.9) is similar to one obtained by Kobayashi and Gerla [KOBAS3].

In order to proceed with the development we need to take the second derivative of (4.5) with

respect to pf,
F*GI(N GL(N, . Gi(N,
a(:;): - (1 k—( pk}’)z t»r.xz- F) + -( k°))2 2,
Gi(NJ)
= ————ee (LN, S5(N,
a -pj’)z(’( 0+ 500) (4.10)

where S5(N,) is the second moment of queue lengths of the closed chain jobs at center j of site k.

Similarly, taking the derivative of (4.7) with respect to p?, ¢ # j, t # IS:

10
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1
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Gi{(NY
= J" N
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whaer,(Nt)htheﬁmmoqulmgdnofﬂwdmeddninjohnmjmdr.

The second derivative of G5(IV,) with respect to p7 and the derivative of 3G{(N,Yap} with respect

to p? can also be obtained by taking the derivative of equation (4.9) with respect to pf and p?, respective-

ly. We obtain:
*G{(N,) _ 1 1 3GINY Fe 1 - 3 ;e
3(9}’)2 = a- 0)2 Gi(NJLiNY) + T Li(N) + 1-of Gi(Ny) ap}’“‘f(Nh)
_ GiNY [L" ]
= O ey + (o)) + (- —LN
et ) + () + (= en e a1
FGN) _ 1 GV . 1 3 ye
oot T st 00T T ANt
- Gi(Ny) [ LN ALEN 1 — N ]
a = o) — o7 FINJLING) + ( §(V.) @13
Now, equating (4.10) with (4.12) we obtain:
L) + S50 = o) + (o) + @ - o1
J'
iy =(Q1 - P}’) Lj(Nk)
apj (4.14)

-

where V§(N,) is the variance of the queue length of closed queue jobs at center j of site k.

11
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Similarly, equating (4.11) with (4.13) we obtain:

FND = LENJLN) + (1 = p:’);i%Lfava
Vi) = (1 = p) =L

P (4.15)
whueV;(Nk)isdeﬁmdmthewvmimofqumlmgﬂnofdmedquﬂwjohsnmjand:ofsite

k.

Wenotethatasimﬂardcvdopmentcanbeusedmobtainhighﬂmomentsoqulengthsasa
ﬁnmﬁonofthzdmivaﬁveoflowumomenﬂwimmpeawmhpmpammmdthcsysm. Expres-
sim:ssinﬁlarto(4.14)canalsobeobminedforanetworkwithmﬂﬁpledoseddmins.

In order to find the derivatives of the closed chain throughput of site k (A{(N,)) with respect to
the open chain utilization at center j in k (p}’),weexprushi(Nh)intermsofthenormaﬁzaﬁonmtant,
[LLAVES3]:

G‘i(Nt = 1)
Gi(Ny (4.16)
Now, taking the derivative of (4.16) with respect to pf and using (4.9),

aN(N) _ GV, = 1)/ 39} _ GIN, — 1) 3G
30} Gi(NY) D ]2 ap}

= Gi(Nk = 1) x Lf(Nk - 1) _ GE(NI. - 1) < Lf(Nk)

GY 11— GN) 1=
= MO (1w, - 1) - L) )

197 (4.17)

whcresaﬁmmtujisassumndtobeinthzsamzsiteofdosedchaint.

12



Finally, substituing (4.14), (4.15) and (417) imo (44) and noting that

aD(N) 1 aNG = (Uugy)aD(N) / 3pf, we cbtain:

M
arg,

1+L®) | eV o VB %N&[Lj(m) - Li(N, - 1)

. - py 1 = pf A
1-pf 1~ pf :-‘;,ti-ts (2] £ I8
sy (L = pf) (A% + A%Q)
1 .
= IS (4.
RE(A + AV () J (4.18)
\

Equation (4.18) is given in terms of mean values of throughputs and queue lengths, variance and
_ covariance of queue lengths. In the appendix we show that this equation can be easily obtained using

mean value analysis (MVA) recursion.

5. The Algorithm.

The key to the flow deviation method is to assodate a length or weight for an open chain job to
each queue, given by:

L, & 20 =t
Ny (4.19)

However, due to the particular characteristics of our problem, we can further simplify the solution
by noting that, once a job is assigned to a site, its behavior is preestablished by the routing probabilities
given as input parameters. In other words, the "route” of jobs within a site is fixed. This observation al-

low us to define a "site” weight, as:

Isit,, & 3, 891,
Jek (4.20)

where the index k represents the site and index v, a particular open chain. In the same way, the weight of

the communication network (Iret,) can be defined.

13
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The weight given by (4.20) represents the linear rate at which D(N) increases with an infinitesimal
increase of the flow of open chain v at site k. We also define lsit;, 2 = if jobs of chain v-are not allowed

to visit site k.

We outline a flow deviation algorithm for load balancing (FDLB) in a distributed computer net-
work of the type described in section 3. The algorithm is similar to the ones described in [KLEI76] and
[KOBAS3).

We define the assignment matrix A where clement A, gives the percentage of jobs of type v as-
signed to site k. Similarly we define the network vector £ where element F, gives the percentage of jobs

of type v assigned to a foreign site, i.e., F, = S A,
k» howe size of v

Weassumethatwehaveaniniﬁalfeasibleassignmmn,i.e.,iﬁﬁalvaluufmjsothatpj'<lfor

all service centers in the network which are not IS centexs.
FDLB algorithm (*):
Step 1: let n = 0 and let A be an initial feasible assignment.

Step 2: Compute weights [, using MVA and equations (A.3) and (A.4). Compute the weights of each site
(1sit, ) and the weight of the network (lnet,) using equation (4.20).

Step 3: For each class of open chain jobs, find the cheapest way to execute the job, i.e., find the matrix

A" so that element A}, = 1if isit,, + net,, < lsit, + net,, for all # # k, where

A 0 if k is the local site for a job of class v
ety 2 \inet, otherwise
Find F as defined above.

Step 4: Compute the incremental delay ™ and b° for the assignment A®) and cheapest assignment 4",

(*) The description of the algorithm follows similar descriptions. given in {KLEI76] and [KOBAS3).
However, in the implementation, we deviate the flow for one chain at a time, since it was observed that
this equivalent approach tends to reduce the overall number of iterations.

14



respectively:

pM = 2[2 Ln'tb)(AE) + bm,,xF‘t;ﬂ)]
v | k
=3 [2 Isit,, XAy, + bm,,xr;]
v | &

Step 5: Stopping rule:
if |b™ = b*| < ¢, where « > 0 is a properly chosen tolerance, stop. Otherwise go to Step 6.
Step 6: Find the value a in the range 0 s a1 such that the assignment A = (1 — a)A®™ + ad”
minimizes D(N).

Let A"+ = 4,

Step 7: Leta = n + 1 and go to Step 2.

This algorithm finds the global minimum for D(N) due to the convexity of D(N) with respect to
the open chain flows and the convexity of the space of the feasible flows. The convexity of D(N) can be
deduced from the fact that the function D(V) in (3.3) is a sum of convex functions over the open chain
flows. An intuitive (but not rigorous) explanation for that can be given as follows: we observe that equa-
tion (3.3) can be decomposed into a weighted sum of the number of open chain jobs in a site plus the
response time of the closed chain jobs in that site. We can verify that both the number of open chain jobs
in a site and the response time of closed chain jobs in that site are increasing without bound (and with a
non-decreasing rate) as a function of the open chain flow at that site. Thus, the delay of each site is a con-

vex increasing function over the open chain flows, and the weighted sum of these delays is also convex.

Convergence is guaranteed by the fact that each iteration provides an improvement in the objec-
tive function. It is worthwhile to note that if the background load is reduced to zero (no dlosed chain jobs)
this algorithm is identical to the flow deviation algorithm reported in [KLEI76], adapted for our load bal-

ance problem.

15
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Tbemmdmpmaﬁmrequh'edbyead:imaﬁmoftheFDIBdgoﬁﬂmisonly
O(#isites X #open chains) for Step 3; since the computation of the "cheapest path” is trivial, and O(3, (#
die t
cenm-safsi:u‘)x(#back;gromd]bbsofm:‘)+wm.m.)fortheWAalgoriﬂm.sinmﬂ:emoddmn-
sistofx'indepmdmtsingledmedchaimphnﬂnmodelofthemmmicaﬁonmtwmh Note that in
Step6deVAalgoﬁthmkrepeatedwvudﬁma,mdtheMVAmpmﬁmbewmaﬂwdomim

termi.

6. Examples.

hﬂiswcﬁmmapply&ePDLBﬂgoﬁthmacﬁsuihmdmputssysmmkﬁngoﬂﬁm
linked by a slotted ring, as illustrated in figure 3. For the slotted ring, we used the closed chain model
proposed by Bux [BUXB81].

There are 2 classes of open chain jobs ol and o3 arriving at sites 1 and 3, respectively. Class ol
cznreqtutsu-viccfmmanyofthc:Ssim,bmdasso3canon1yrequstsavicefromu’m2mdlor3.
Situlanthavebackgrmmdload,moddedasdmeddnimdmchmpecﬁvdy. Table 1 shows the

visitraﬁosandservimrequixementsforeadndassofjobatead:mﬁceminmemtwork,aswenm

other input parameters.

As an illustration, let us consider the behavior of jobs o1 and c1 at site number 1. A job of class

ol spendsanavaageofmmsecatth:CPchforeissuinganIIOrequat. The service time of each I/O
device is 50 msec. On the average, a job of class o1 visits the CPU § times and the /O devices 4 times
before completion. On the other hand, a background job of class c1 spends an average of 90 msec at the
CPUandSOmsecatead:Idecvice,mditvisitstheCPUandIdecvim10timesb=foreavisitt0the

terminals.

Figure4showsthcpercentageoffordgnjobspmmsedatsitez(afterbalandngtheload)when
the number of background jobs at site 2 (N) varies from 0 to 20. When N, = 0, site 2 processes 80% of

the jobs of class o1 and 36% of the jobs of class 3. When N, = 20, site 2 processes only 37% and 4% of
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the jobs of class ol and 03, respectively. It is interesting to mention that when jobs of dass 03 are al-

jowed to be processed at site 1, and-load balancing is applied, 22% of these jobs are processed at site 1
and 15% at site 2 (when ¥, = 0). Furthermore, all jobs of class o1 are sent to site 2.

Figure  shows the effect of load balancing on overall deiay as a function of the number of back-
ground jobs at site 2. The effect is illustrated by plotting the relative difference between the delays when
load balancing is not used and when it is used (*). For instance, when N, = 0 and load balancing is used
the average overall delay is .95 sec in contrast with 9.2 sec when load balancing is not used (the relative

dﬁffmi&ﬂO%inthiscase).
7. Conclusions.

We have presented an efficient method for balancing the load in a distributed system with hetero-
geneous computer sites and multiple classes of customers. Jobs of a particular class may be restricted to

run only on a subset of the sites in the network. Each site, as well as the communication network, are

represented as product form queueing networks.

We took into consideration the effect of the background load at each site, modeled as closed chain
jobs. The effect of the communication delay incurred when a job requests service at a foreign site was

also considered.

Our approach is based on a downhill search technique known as the Flow Deviation method. We
have defined weights for each site in the network which allow the computation of the assignment which
will recuce the overall delay D(N). The parameters necessary for the computation of these weights can be

easily obtained using the MV A algorithm.

(*) We define relative difference of the delays as: (Delay without load balancing - Delay with load
balancing) / Delay with load balancing.
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Ihedeﬁniﬁmottheddnyﬁmaimpmmmdinequaﬁm(ll)hmblefmmdyhgthe
behavior of the network under different minimization requirements. In particular, by setting w® = 0
(w‘=0)wec:nmdytheeﬁeaoflowbdmdngwhmthcobjeaismnﬁxﬁnﬁmthedehyofthsopm
(closed) chain jobs only.

’Ihemcthoddzvelopedinthispaperisnotmtrictedtotheﬁmcﬁondeﬁnedin(3.1),andmbe
used to minimize other objective functions as well. Furthermore, more complex communication network
suumamnbemﬁdaed.mparﬁmlu,dmdgoﬁﬁmbeutmdedmmumfmbbstqum
service in more than one site before completion. Another application being investigated is the routing of
pad::nthroughgatewaysofintmectedpxkasﬁuﬁngmh.
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Appendix.

We show that equation (4.1s;énuasﬂy solved recursively. Heffes [HEFF32] has already ob-
served that moments of queue lengths can be obtained recursively in terms of lower moments. To demon-
strate that, he used the recursive formula for the marginal probability distribution given in [REISS0].
Below, we show that the recursion for calculating the variances in equation (4.18) can be obtained directly
from the MVA equations, We prove the result for single closed chain networks, but the same approach
can be used for multiple chain networks.

The well known MVA equation which relates the mean queue lengths of closed chain jobs at a ser-
yicet:rmammﬁmofqumelmgthsofdmeddminjobswithomlmdoseddminjobinthemtwmk

becomes, for mixed networks:

L(N) = M¥)—[1 + L,V = 1]
Y| (A.1)

where the superscript ¢ was dropped to simplify the notation, and j is a PS or FCFS service center.

Taking the derivative on both sides of equation (A.1) with respect to p{ gives:

LMN) ANy 4 1y -1y + —1—-1 LV = 1)] + an—2— & = 1)
a0¢ % 1-p [ + j( )] + AN) )z[ + j( )+ (N)l-pj aPZA.Z)

Now, using (4.14) and (4.17) in (A.2):

= A(V)—L— -1 - - -n)
Vi) = [t + Lo - 1) - LI + L,V = D] + V¥ - 1) s

Similarly an expression for the covariance V,,(V) can be obtained:

V) = N¥)—=— (L&Y = 1) = LI + LV = D] + v,V = 1) P #
1~ pf

(A.4)

where V;(0) = V;(0) £ 0.
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Clearly, equations (A.3) and (A.4) cxn be solved recursively in N.
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Figure 3. Example. A distributed computer system with 3 sites.

JOB SITE CENTER | TYPE | VISIT SERVICE
CLASS ' RATIOS | TIMES (msec)
ol 1 cpu PS 5 30
6 jobs/sec disk(1 or 2) | FCFS 2 50
2 cpu PS 5 2
disk FCFS 4 15
3 cpu PS 5 30
disk(1 ... 4) | FCFS 1 140
com. net. PS 10
03 1 PS 5 50
3.5 joby/sec (") disk(1 ar 2) | FCFS 2 50
2 T PS 5 35
disk FCEFS 4 15
3 cpu PS 5 50
disk(1 ... 4) { FCFS 1 140
com. net PS 10
cl 1 terminal IS 1 4000
5 jobs cpu PS 10 90
disk(1 or 2) | FCEFS 5 50
c2 2 terminal IS 1 3000
X jobs cpu PS 10 40
(variable} disk(1 or 2) | FCFS 10 15

(*) To illustrate the case where class 03 is not restricted to run at site 1.
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