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Load halancing Direction strategies in star network configurations
Kyung Soo Lim*, Soo Jeong Kim't and Chong Gun Kim*™*!

ABSTRACT

Optimal static load balancing in star network configurations is considered. Three kinds of load
balancing direction strategies are considered. First, a job arriving at the peripheral nodes may
be processed either where it arrived(origin node)or transferred directly to central node. Second,
a job arriving at the central node may be processed there, or transferred to lightly loaded pe-
ripheral nodes. A nonlinear optimization problem is formulated. Using the optimal solution, an
optimal load balancing algorithm is derived for the second load balancing strategy. Third, a job
arriving at the central node or a peripheral node may be processed either at origin node or
transferred to another lightly loaded node (central or peripheral). A load balancing algorithm is
derived for the third load balancing strategy. The effects of these three load balancing strategies
are compared by numerical experiments. During the conduct of these in numerical experiments,
several interesting phenomena were observed. The third load balancing strategy improved per-
formance more than the first two other strategies. The second load balancing strategy, as a
whole, resulted in only slightly improved performance. Finally, if the central node has larger
processing power than the peripheral nodes, the first and third load balancing strategies produce
equal performance improvement.

1. Introduction . .
configurations where a central node such as

) . a workstation, is connected by communication
In this study, we consider star network . .
links to heterogeneous peripheral nodes. In

this model, by balancing loads from overload-

BERR
Z- .l_ll \_’t > 3 Al 2 20 .

Mg N Sute BTG Epa ed node to lightly loaded node, the user of a
=R 01994 719%, AASER 1994+ 1149199 heavy loaded node will be able to draw upon



428 BHRYSBXISBHE =2X 1A HAZ (94 11)

unused capacity residing elsewhere in the
system and favorably feel that processing
power and storage capacity of the node are
increased. The overall purpose of load balanc-
ing, In this study, 1s to minimize mean job
response time of the system.

Load balancing may be either dynamic[1,
6] or static. At first, it would appear that
dynamic load balancing is more effective than
static load balancing. However, upon closer
examination, there are many costly, built—in
drawbacks, e.g. realtime system information
exchange and implementation in most cases.
Static load balancing strategies, on the other
hand, are based on the average behavior of
the system[2, 3, 4, 5, 8].

There have been many studies on load bal-
ancing In star network configurations. But
most of them have focused on flow control
which is improving system performance by
transferring overflow jobs on overloaded pe-
ripheral nodes to central node only[1, 2, 3].

An approximation for numerical analysis
by the queueing theories for dynamic load
balancing has alsoc been studied[1]. This
showed adaptive control techniques for con-
trolling the flow of real time jobs.

In this paper, we consider three distinct
load balancing direction strategies : First,
where jobs arriving at an overloaded periph-
eral node are transferred only to the central
node. (Flow Control algorithm 1 : FC 1). Sev-
eral studies of load balancing in star network
configurations are considered under this strat-
egvf1l, 2, 3]. Second, jobs arriving at the
central node are transferred to lightly loaded
peripheral nodes. (Flow Control algorithm 2 :
FC 2). In this strategy, we formulate a

nonlinear optimization problem and derive an

optimal load balancing algorithm which mini-
mizes the mean response time. Third, jobs
arriving at either the central or a peripheral
node are transferred to any node(central or
peripheral) when the origin node is overload-
ed. (Load Balancing algorithm : LB){8]. In
this strategy a new load balancing algorithm
is derived. Performance comparison of three
proposed load balancing strategies, and the
effects of changing system parameters on

system behavior are also examined.

node 2

(Fig. 1) A star network configuration

2. System model

The model is a star network configuration
which consist of a set of n heterogeneous pe-
ripheral nodes connected to the central node.
The central node and the peripheral nodes
may contain a number of resources such as
CPU and Input/Output devices. Nodes may
have different job arrival rate and processing
power. Mathematical notations and key as-

sumptions are as follows:

¢; External job arrival rate to node ¢,

i=0,1,..,n
B; Job processing rate (load) at node i,
i=0,1,..,n

A; Link traffic at link ¢, i=0,1,..,n
xy Job flow rate from node i to j



B8 [Bo,By,..,04]
"4 [¢O,¢l, .y ¢n]

X [xo00,xa,..., Xon, X10, X1, X1y ey X0, Xind,y oy X )

O Total external job arrival rate

(¢ = i%@i)

F (3 ) Mean node delay of a job processed at
node : — We assume that it 1s a
differenuable, increasing and convex
funcuon

G (4 ) Mean communication delay of a job
between node ¢ and the central node-
We assume that it is a differentiable,

nondecreasing and convex function

Jobs arrive at each node according to time
-invariant Poisson distributions. This job 1s
then processed at the node or, if the node is
overloaded, 1s transferred to a lightly loaded
node which can be the central node or a pe-
ripheral node according to one of the strate-
gies covered above. All jobs are processed er-
ther locally or remotely.

Nodes are classified as follows:

A. Idle (Rd) : The node does not

process any jobs and sends all its incom-

source

ing jobs to another node. That is, #.=0.
B. Active

node sends a part of the arriving jobs to

source(Ra) : If overloaded, the
other nodes, but does not receive jobs
from other nodes.

C. Neutral(N) : The node processes jobs local-
ly without sending or receiving jobs to or
from other nodes.

D. Sink(S) : The node receives and processes
jobs from other nodes but does not send
any jobs out to other nodes.

The problem of

minimizing the mean
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response time of a job i1s expressed as fol-

lows :
minimize  D(B) = -0 3-8:Fi(B) +

l; AiGi(M)] (1)
subject to

;20 1=01,..,n

Formula (1) can be easily obtained by
using the Little’s result that [a mean number
of jobs in the system = total job arrival rate
X mean response time][7]. 1, i1s the traffic
flow of communication link i Mathematically
1 is expressed as the difference between ex-
ternal job arrival rate and job processing rate
at node & We assume that G.(2,) includes
two communication delays :a delay caused
by sending a job to a remote node and a
delay caused by receiving the response back
to the node of origin. A, is expressed as fol-

lows,

M=o, -84 [(=12..n

We also define the following two functions.
f.(3) is incremental node delay and g(21) is

incremental communication delay.

ab:Fi(B:)

fi(ﬂi) = aBi ,

(2)

akG().) 3
(h) = — DT R (3)
LilAg I3y .

We may assign the flow rate from node i

to node j as follows :
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(B; - 0;)
S (d;-B0),
T kERQRg .
Xy = | € Ra,Ra jES,
0, in all other cases.

3. The optimal solutions and optimal
load balancing algorithms

3.1 Load balancing from peripheral nodes
to central node (FC 1)

Tantawi and Towsley[2] proposed an opti-
mal load balancing strategy which determines
the optimal load at each peripheral nodes by
balancing overloaded jobs from peripheral
nodes only to central node. A constrain, 3.<
¢, 1=1,2,,n, 1s added to formula (1) for
the first strategy. They also derived the opti-
mal load balancing algorithm. Theorem 1 is
optimal solution derived by Tantawi and
Towsley[2], but the formula is changed for

convenience.

Theorem 1. The optimal solution to problem
(1) satisfies the following relations when the

first load balancing strategy is considered.

fi(B)) 2 a+ gi(hp) Bi=o,

({eR4),
fi(B:) = a+ gi(Xp) 0<B: <9
(lERa):
fi(By) < a+ gi(X;) Bi= 0,
(i€Rs), 1=12..,n
and )
fo(Bo) = g, (4)
subject to
Flata)+ ig.f‘fli(ﬂ+gi()~i)) + .%:Ntb" = ¢

(5)

where « is the Lagrange multiplier.

Proof. (See [2],[3])

Under the same model and the same as-
sumptions as Tantawi & Towsley[2], Kim
and Kameda[3] derived three properties from
the Theorem 1. On the basis of these three
properties, they derived an load balancing al-
gorithm[3] that is easily understandable and
more straightforward than that of Tantawi
and Towsley[2]. We used Kim and Kameda’'s

algorithm[3] for our experiments.

3.2 Load balancing from central node to
peripheral nodes (FC 2)

The second load balancing strategy deals
with overloaded jobs arriving at the central
node which may be transferred to lightly
loaded peripheral nodes. The optimal solution
can be obtained by solving the following opti-

mization problem:

minimize D(P) = Tf[%g,-piw,.) . 3B,
i i1
0)Gi(Bi-0:)] (6)
subject to
gﬂi = ¢,
B;2¢;, [(=12..,n
B; 20, i=01,..,n

The following Theorem 2 is derived by

using the Kuhn- Tucker conditions.

Theorem 2. The optimal solution to problem

(6) satisfies the relations,

fo(Bo) 2 q, B, =0,
(0 2Ra), (7.a)
fo(Bo) = q, 0 < Bo < ¢,
(02R.), (7.b)



a - gi(k) S fi(By), Bi=0,
(iEN), (7.c)

a - gi(A;) = fi(B;), Bi > 0
(i€8), (7.d)

subject to the total flow constraint,
flo@ + T f1i(a - gih)) +
=
iEZN¢l » (8)
where a is the Lagrange multiplier.

Proof. By ‘multiplying the objective function
D(8) by the constant @ and combining it
with the constraints of problem (6), we ob-

tain the Lagrangian function,

L(B,a,7,0) = 8D(B) + a(® - .>_"ZOB.-> .
2B -0 + Zoma (9)

The optuimal solution satisfies the Kuhn-

Tucker conditions.

aL

B, =fi'Bi) + giBi-0) -a+ 7+
0:i=0, (=12.,n (10)
S =fuBo)-areo=0, D

AL e 3. - 12
aa - ¢ EE)BI 0' ) ( )

(B; -9:) 20, Yi(Bi-9)=0, v:<0,
i=12 .,n (13)
Bi20, 08,=0, and 0<0, i=1,2,..n
(14)

From condition (13), we note that (8.¢.)
=1, 2,n

We consider each A, case separately.

may be either zero or positive.

Case 1. 8, = ¢,
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It follows from conditions (13) and (14)
that 7,<0 and ¢ ,=0, respectively. Thus equa-

tion (10) becomes
filBi) 2 a - gi(B; - 0,),

Case 2. 3, ) ¢.
It foliows from conditions (13) and (14)

Bi=¢:;. (15)

that 7,=0 and ¢ =0, respectively. Thus equa-

tion (10) becomes

filBi) =a - gi(Bi -0, B;i> 0. (16)

Case 3. 3» = 0.
It follows from condition (14) that ¢, < 0.

Thus equation (11) becomes

fo(Bo) 2 g,

Case 4. 3, ) 0.
It follows from condition (14) that ¢ ,=0.

0 < Bo< ¢o (17)

Thus equation (11) becomes

folBo) =a, 0< By <ty

which may be written as 3,=f 'o(a). (18)

The Lagrange multiplier ¢ may be obtained

from the total flow constraint,

iﬁi =¢
i=0

Once the node partition is determined, we
derive equation (8) by substituting equation

(16) and (18) into the above equation.

If B 1s the optimal solution of problem (6)

and

a = fo(Bo) (19)

then, we can get following three properties
from Theorem 2.
Property 1.

fo(0) 2 q, g Bo=0
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foldo) > a > fo(Q), 0 < Bg < g,

a-gi()\l‘) Sfi(@l'), l,lf ﬁi: mi,

a-gilh) > filo)), o B > 0,
1=1,2..n (20)

Proof. From our assumptions, f(3.,) 1s a n-

creasing function and g.(2) s a
nondecreasing function. It is clear from the
relation (7) that a=min, f.(8.)

i=1, 2,---,n, which is the same as (19).

The necessity .| We can get easlly from re-

lations (7).

fo(0) 2a, if Bo=0,
foldo) > a>fo(0), if 0 < Bo< 0o
a - gilh) < filen), if Bi=0;
a-gilhi) > filds), if Bi> 0
1=1,2..n

The sufficiency : It is proven by contradic-
tion. For example, assume that 3.)0 when f,
(0)=«. Then from the above necessity, cen-
tral node may be a)f(0) in this case, which

would contradict the assumption.

Property 2. If 3 is the optimal solution of

problem (6), then we have

Bo = 0, 0€ Rg
Bo= flo(a), 0€ R,
Bi = 04 [ € N,

Bi= fila-gilh)), €S, i=12..,n

Proof. This is clear from theorem 2.

Property 3. If 3 is the optimal solution of

problem (6), then we have

Xo = Xs.
where
ho = [Bo - fo(a)], (21)
= X[ lita - gih)) -0, (22)

Proof. Equations (21) and (22)
from equation (7.b), (7.d) and (8).

Remark that equation (8) is equivalent to

are clear

the equalty A,=4,

On the basis of these three properties, a
load balancing algorithm satisfying the prob-
lem (6) is proposed as follows:

ALGORITHM 1 : An algorithm for obtaining
optimal solution of problem (6), (FC 2).

STEP 1. Order nodes.
Order nodes such that f1(®1) < fa(dz)
S S fa(0a).
If fo(do) ~ g1{r1) £ fi(B1), then no

load balancing is required.

STEP 2. Determine «
Find a such that A.(a)=4,(«)
(by using, for example, a binary search),
where, given a , each value i1s calculated

in the following order,

s(a) = {ila - gl hi(a)) > filo:)),
Ms(a) = ggt Flita - gilhi(a)) - 64,

ho(a) = [0 - flo(a)].

STEP 3. Determine the optimal load.

Bo =0, for 0 € Ra(a),
Bo= fola), for 0 € Ra(a),
Bi = 0, for i € N(a),
B, = flita - gi(Xi), fori € S(a),
1=1,2,...,n

33 Load balancing from any overloaded
node to any lightly loaded node (Cen-
tral or Peripheral) (LB).

As another solution to problem (1), we



consider the third load balancing strategy.
This is where a job arriving at an overloaded
source node (either central node or a periph-
eral node) is transferred to any lightly load-
ed node (again either central or peripheral).
It is more difficult to fomulate and to solve
an optimization problem for this model than
that of FC 1 or FC 2. [8] shows a load bal-
ancing algorithm which can obtain optimal
solution. We also derive a simple load balanc-
ing algorithm in which the FC 1 and FC 2
algorithms are used for subalgorithms. In this
algorithm, ¢’ do the same role of ¢, in FC 1
and ¢7 do the same role of ¢, in FC 2.

Since the objective function is convex by
the assumption and the feasible region is a
convex set, any local solution point of the

problem is a global solution point.
ALGORITHM 2 : An algorithm for optimal
solution of preblem (1), (LB).

STEP 1 Let L=0. (L: iteration number)

Bi=0, (=012..n
STEP 2 L=L+1.
0 =8, = 0,12 ..n

[FC1 algorithm]

0 =8, (=012..n
[FC2 algorithm]

STEP 3 (Stopping rule) Compare D(f.-1)
and D(A4.).

If | D(BL)-D(fi-1) | (¢, where €)0 is a prop-

erly chosen acceptance tolerance, then STOP.
Otherwise go to STEP 2.

Numerical experiments may show hatf the
minimum of D(#) can be obtained by using

the above proposed algorithm.
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4. Numerical experiments

4.1 The models used in numerical experi-

ments

As before, our model is a star network
configurations in which a central node is con-
nected to n heterogeneous peripheral nodes.
Each node 1s modeled as an M/M/1 queueing
system that i1s a differentiable, increasing and
convex function[7]. Mean response time at
each node is given as follows,

1

Fi(By) = TN

Bi < u; (23)
where u, 1s the mean service rate and £, is
the mean arrival rate at node |

Substituting the equation (23) into the
equation (2), f.(3,) may be expressed as fol-
lows,
o,

W B <y (24)

fx'(ﬂi)z
Each communication link 1s modeled as an
M/G/oc to simplify the experiments. Mean
response time at each link can be expressed

as G (A)=tg(iA)=L

(Table 1) The set of parameter values of
system models

| node 0 node | node 1 node 3 node 4

Coser b .}v.l.msm, . LA '.0 oL )
| CASE 2 | :: ‘L15° - ’30 10']>4° '70 190

CASE 3 ::: ke v_,.lg e 1;’ L 110 . 170 .. 1°'9>4° i

CASE 4 :: 10;40 : 1;)”___' 110 o ,1“0 _ 150 .
G(he) 0.1 | 01 0.1 . 01 0.1

(Table 1) shows the set of parameter val-
ues of system models. In this experiments,
We set that processing capacity of each node
1s 10, while the job arrival rate of each node

1s different. To see the effect of changing
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processing capacity, processing capacity of
the central node(i.e. node 0, CASE 1 and
CASE 4), lightly loaded peripheral node(i.e.
node 2, CASE 2), and overloaded peripheral
node(i.e. node 4, CASE 3) is changed from
10 to 40.

4.2 Experimental results

Performance should be favorably improved
by any load balancing strategy. (Table 2)
shows the number of iterauons and the
system wide mean job response times at each
iteration steps by the ALGORITHM 2. L is
the number of iterations for the algorithm,
FC 1 1s result of applying the first load bal-
ancing Kim &
Kameda[3] and FC 2 is the result of apply-
ing the second load balancing algorithm pro-
posed in 3.2 which are used in ALGORITHM
2 as subalgorithms. In (Table 2), as the

algorithm proposed by

number of 1terations increases, the system
wide mean job response time decreases grad-
ually, proving that the minimum of D(3) can
be obtained by ALGORITHM 2.

(Table 2) Mean job response times at each step
of algorithm iterations

(o =15, w; =10, i=1,2,..,n)

ALGORITHM 2 Subalgorithm |Mean job respor:nse time
NOLB 0.494921
L=1 FC1 0.216797

FC2 0.209276
L=2 FC1 0. 205956
FC2 0.205057
L=3 FC 0.204576
FC2 0.204525
L=4 FC1 0.204505
FC2 0.204497
L=5 FCl1 0.204494
FC2 0.204493
OPT IMAL 0.204491

c.” T T T T | E—
> NOLB ;
) o FCI i
08 v FCz S
v LB I
o5 °

qg’ - M -

2 0. N

c

3

a

N

S oozb e 4

[~

g v\

: o2r \;\‘\‘\‘\‘ |
ok —
0oL L

= 10 15 2C 28 30 35 45 (3]

processing pcwer of node 0

(Fig. 2) The effects of changing central node
processing capacity (CASE 1)

(Fig. 2) shows the effects of central node's
processir.g capacity on the behavior of system
wide mean job response time when all three
load balancing strategies are applied. The ef-
fect of no load balancing is shown for com-
parison. In (Fig. 2), it is observed that FC 2
has little performance improvement over that
of No Load Balancing(NOLB), while FC 1
shows considerable performance improvement
over that of FC 2. LB shows significantly
more performance improvement than FC 1
when central node and peripheral nodes have
the same processing capacity. However, LB
shows little or no performance improvement
over that of FC 1 when central node has
larger processing capacity than peripheral
nodes. Therefore, FC 1 is sufficient load bal-
ancing strategy to improve system perform-
ance when central node’s processing capacity
1s larger than that of peripheral nodes.

(Fig. 3) shows the effects of changing the
processing capacity of lightly loaded peripher-
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(Fig. 3) The effects of changing lightly loaded
nodes’ processing capacity (CASE 2)

0.4

C.3 -

R

0.2

mean response time

oo i, 1 i3 1 L i i
5 10 1 26 25 30 35 40 45
processing power of node 4

(Fig. 4) The effects of changing overicaded
nodes’ processing capacity (CASE 3)

al node on the behavior of system wide mean
job response time in CASE 2. FC 1 shows Iit-
tle improvement, while LB and FC 2 show
some improvement on system performance.
(Fig. 4) shows the effects of changing the
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processing power of node 0

(Fig. 5) The effect of changing central node pro-
cessing capacity (CASE 4)

c.8 T T T T ; T T
[ o NOLB (CASE 1) |
o7 L } e LB (CASE 1) |
| v NOLB (CASE 2)
. v LB (CASE 2)
0.6 r i o NOLB (CASE 3) ]
v { = LB (CASE 3) ’
E O 5 L -3 T A4 : - v v v . _J
: . ° © -0 o - -0 o i
: |
Q
a 0.4 + j\
¢
]
§ 0.3 F =
13 !
0.2k ‘
0.1+
00 1 b i 1 1

5 10 15 20 25 30 35 43 45
processing power of nodes

(Fig. 6) The comparison of CASE 1, CASE 2 and
CASE 3 in NOLB and LB

processing capacity of overloaded peripheral
nodes on the behavior of system wide mean
job response time in CASE 3. It is observed
that application of FC 1 and FC 2 show little

effect, but LB shows considerable perform-
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ance improvement. An additional interesting
phenomenon is that increasing the processing
capacity of heavily loaded node shows appar-
ent performance improving when applying
NOLB.

(Fig. 5) shows the effects of central node’s
processing capacity on the behavior of system
wide mean job response time in CASE 4. It
is observed that FC 2 and LB show the
same performance improving when central
node and peripheral nodes have the same
processing capacity, while FC 1 and LB show
the same performance improving when cen-
tral node’s processing capacity is larger than
that of peripheral nodes.

(Fig. 6) compares CASE 1, CASE 2 and
CASE 3 on the system wide mean job
response time only for LB and NOLB. It is
shown that increasing the central node’s or
overloaded peripheral node’s processing capac-
ity i1s to Improve the system performance ef-
fectively.

LB may show remarkable performance im-
provement when the central node and periph-
eral nodes have similar processing power and
some lightly loaded peripheral nodes exist.
But, since the central node's processing ca-
pacity is generally the more powerful than
that of peripheral nodes and LB strategy is
more complicated than the others. LB is not
recommended except in the special case men-
tioned above. System performance can also
be improved by not only balancing overloaded
jobs but also improving overloaded node’s

processing capacity.
5. Conclusion

Three load balancing strategies were con-

sidered: 1) a job arriving at the overloaded
peripheral nodes is transferred only to central
node, 2) a job arriving only at the central
node is transferred to lightly loaded peripher-
al nodes, and 3) a job arriving at an over-
loaded source node(either the central or pe-
ripheral nodes) is transferred to another node
(also the central or peripheral nodes). The
first strategy was considered in the several
previous load balancing studies in star net-
work configurations. Nonlinear optimization
problem was formulated and from that an
optimal load balancing algorithm was derived
for the second strategy. An optimal load bal-
ancing algorithm was also derived for the
third strategy. Performance comparisons of
all three load balancing strategies, and that
of no load balancing were also studied.

The third strategy is more effective than
the first strategy when central node and pe-
ripheral nodes have similar processing powers.
When the central node’s processing capacity
1s greater than that of the peripheral nodes,
the first and third strategies show equal
system performance, and both are superior to
the second strategy. However it must be kept
in mind that the first strategy 1is simpler
than the third, and therefore can be imple-
mented more easily and cheaply. In special
parameter cases, second and third strategies
show the equal best performance improving.

This study has shown that system perform-
ance, In general, can be improved by any
load balancing direction strategy. Of the
three strategies considered, in this study, the
third strategy works best all the time. How-
ever again keep in mind that the third strate-
gy have worst complexity. Hopefully, this
study will aid system designer to decide



which is the best strategy to apply to the
practical condition of future star network

configurations.
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