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ABSTRACT - State information in dynamic load sharing obvious disadvantages of this type of policy are diminished fault-
policies can be maintained in one of two basic ways: distributetblerance and potential for performance bottleneck. Centralized
or centralized. Two principal types of distributed policies are thepolicies are suitable for load distribution within a cluster of work-
sender-initiated and receiver-initiated policies. In the centralizedtations. A comprehensive review of several commercial load
scheme, a central coordinator node is responsible for collectindistribution packages (such as Loadleveler from IBM, LSF from
system state information. Distributed policies do not perform a®latform Computing, Codine from Genias Software, and NQE
well as the centralized policy. Distributed policies, however, ardrom Cray Research) and research packages (such as Condor) i
scalable whereas the centralized policy can cause bottleneck agiven in [1].

fault-tolerance problems for large systems. An adaptive distribu- pygtribyted policies eliminate the disadvantages associated with
ted policy has been proposed that dynamically switches betwe§Re centralized policy; however, distributed policies may cause
sender-initiated and receiver-initiated policies depending orherformance problems as the state information may have to be
system state. A global hierarchical policy has been proposed ,nsmitted to all nodes in the system. Previous studies have
minimize the drawbacks associated with the distributed andpown that this overhead can be substantially reduced by
centralized policies while retaining their advantages. This pap&ampling only a few randomly selected nodes [6]. A further
provides a performance comparison of these policies in heterQsoplem with the distributed policies is that the performance of
geneous distributed systems. such policies is sensitive to variance in service times as well as
1 INTRODUCTION inter-arrival times [2, 4, 5]. Distributed policies are, however,

Dynamic load sharing policies use the current or recent systel%calabIe to large system sizes.

state information to make load distribution decisions. These To overcome these problems, we have proposed local and
policies react to system state changes dynamically and providgobal hierarchical load sharing policies that combine the merits of
substantial performance improvements over no load sharing. Twidie centralized and distributed policies while minimizing the
principal types of dynamic policies are tsemder-initiated and ~ disadvantages of these policies [3, 8, 9]. In this paper, we focus
receiver-initiated policies. In sender-initiated policies, congested on the performance of the adaptive and global hierarchical policies
nodes attempt to transfer work to lightly-loaded nodes. Irn heterogeneous distributed systems. The results reported her
receiver-initiated policies, lightly-loaded nodes search for heavilysuggest that both policies perform well in heterogeneous systems
loaded nodes from which work may be transferred. They both provide performance close to the centralized policy.

Adaptive load sharing policies change the load sharing polic%;e hierarchical policy provides better performance than the

and/or parameters of the policy in effect depending on system al aptlvg pollcy. u_nder certaln_cpndlt!ons. ]

workload conditions. Typically adaptive policies use a repertoire _Location policies can be divided into two basic classes: sender-
of two dynamic policies: sender-initiated and receiver-initiatedinitiated or receiver-initiated. It has been shown that, when the
dynamic policies. For example, at low to moderate system load, fist-come/first-served scheduling policy is used, sender-initiated
sender-initiated policy might be used; at high system loads, theolicies perform better than receiver-initiated policies at low to
load sharing policy is switched to a receiver-initiated policy. Wemoderate system loads [6]. This is because, at these system load
will describe an adaptive policy in Section 2. the probability of finding a lightly-loaded node is higher than that

. : : f finding a heavily-loaded node. At high system loads, on the
Two important components of a load sharing policy are 0 s Siruese A )
transfer policy and a location policy. The transfer poIicyaOther hand, receiver-initiated policies are better because it is muct

determines whether a job is processed locally or remotely and t OSI%rSt:dﬂtrg)d_Falcté?aglrlgileo?k(‘jeed ggéj?é ::[d?gg\g? Bglt'ﬁ'fﬁeggveo?i%rl
location policy determines the node to which a job, selected f 1p12 W ('j pb this ad 9 i l.” in Section 2 policies
possible remote execution, should be sent. Typically, transfer-+ 12]- We describe this adaptive policy in Section 2.

policies use some kind of load index threshold to determine Mirchandani et al. [10] consider the impact of delay on the
whether the node is heavily loaded or not. CPU queue length gerformance of heterogeneous distributed systems. They conside!
found to be the most effective load index [7]. two types of heterogeneous systems: in type | systems external

Coad s plie el eher  cenvaze o syloh ST i at s difer g ntpe I sysiems the
buted location policy. In a centralized policy, state information isP nsid rtﬁ tWwo t f heterogeneous tem y:
collected by a single coordinator node and other nodes consdfiP"s19€ e_se 0 types ot he _e oge epus systems. ]
this node for advice on the system state. In a distributed policy, The remainder of the paper is organized as follows. Section 2
system state information is distributed across the nodes in tiéiscusses the three load sharing policieentralized, adaptive,
system. In this type of policy, in order to locate a target nodeand hierarchical policies. Section 3 describes the workload and
individual nodes would have to gather the required state informesystem models that were used to conduct the simulation
tion from other nodes. Centralized policy has the advantage d#xperiments. The results for type | and type Il heterogeneous
providing near perfect load sharing as the coordinator has thgystems are discussed in Sections 4 and 5, respectively. Conclu
entire system state to make a load distribution decision. Thgions are given in Section 6.
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2. LOAD SHARING POLICIES other two lists are scanned tail to head in the hope that using the
This section describes the three load sharing policies: centralizedost out-of-date information, the state might have changed to the
single coordinator, adaptive, and hierarchical policies. Wesender. We use the receiver list only if the sender and OK lists are
assume the first-come/first-served node scheduling policy. Jobmpty as a node previously in OK state will have a better chance
transfers are assumed to be done on a non-preemptive basis. of becoming a sender than the one that was in the receiver state.

When the probe message is receivedpy it is a sender, it
ansfer a job t& and informsR of its state after the job transfer.
Sis not a sender, it movésto the head of the receiver list and
formsR whetherSis in receiver or OK state. On receiving this

2.1. Single Coordinator Policy
In this policy, there is a single node (called the coordinator) that i
responsible for collecting the system state information. Whenev

the state of a node changes, it informs the coordinator f ) - h
updating purposes. A node can be in one of three states: gﬁ)ggtaté%%g]odrimsg, tFli ?;ﬁg%}o the head of either receiver or

 itisinreceiver state if the job queue length of the node is less
than T (low threshold); 2.3. Global Hierarchical Load Sharing Policy .
« itis in sender state if the job queue length of the node is greate}? this policy, instead f°f adsmgle node r;]]_alntammg ?Q.‘?_ ent|rr(]e
than or equal to J(high threshold); System state, a set of nodes is given this responsibility. The
Rtinaind. system idogically divided into clusters and each cluster will have
* otherwise, itis in OK state. a single node that maintains the state information of the nodes
: e within the cluster. The state information on the whole system is
where T, 2 T;. In this paper we assume tHat="T, = 1. Note that  aintained in the form of a tree where each tree node maintains
T, =1 implies that load distribution is attempted only when a nodestate information on the set of nodes in the sub-tree rooted by the
is idle. The motivation is that a node is better off avoiding loadree node. The state information maintained in tree nodes depend:
distribution when there is work to do. Furthermore, severabn the type of location policy used. Figure 1 shows an example
studies have shown that a large percentage (up to 80% dependingrarchical organization for 8 nodes with a branching fetir
on time of day) of workstations are idle. Thus the probability oR. The state information given in this figure is useful for
an idle workstation existing in a system is high. implementing the receiver-initiated type of policy.

The load distribution is initiated by a receiver node (i.e., a As shown in Figure 1 the hierarchy maintains state information
node that is in the receiver state). Typically, at job completiorabout two states only: the sender state is indicated by a 1 and the
times, if the state of the node changes to receiver, it consults t@n-sender state (receiver or OK) is represented by a 0. Thus, the
coordinator node for a node that is in the sender state. If a sendgg@mantics of the state information kept in the tree nodes are: if
node is found, the coordinator informs the sender node to transféitere is at least one sender in that branch, a 1 is stored to indicats
a job to the receiver node. If no sender is found, the receivehis fact; otherwise a 0 is stored. For example, the first value in
waits for a reinitiation period and initiates another loadQ3 is 1, which represents the fact that the left sub-tree has at leas
distribution request (if it remains in the receiver state during th@ne sender.

reinitiation period). We now describe how the hierarchy-based receiver-initiated

22 Adaptive Load Sharina Poli policy works. For reasons explained in Section 2.2, we assume a
<. Adaptive L oa aring rolicy - thresholdT of 1. That is, whenever a node idle, it consults the

The adaptive policy proposed in [11] has sender-initiated angjierarchy (explained next) for a sender node from which the

receiver-initiated components. This policy behaves like theecejyer can get a job. When a job is completed at a node, if there
sender-initiated policy at low to moderate system loads and Iikg ¢4 iops in its local job queue, it sends a message to its paren
the receiver-initiated policy at moderate to high system loads oo queue (i.e., to the processor node that is responsible for

This policy is also adaptive in the sense that it does not seleflainaining this tree node) for a sender node. If the tree node
random nodes for probing. Instead, each node gathers staj

. . ! g > bes not have any sender nodes in its sphere, it forwards the
information from the previous probes and uses this information t essage to its parent tree node. This process is repeated up th
select a most likely target node. The state information is gathergeh,"nil either a tree node with a sender node is encountered ol
at each node by maintaining three lists: senders list, receivers ligha"rq6t node is reached. If the root node does not have a sende
and an OK list. Initially, all nodes are considered as receivers, e implying that there is no sender node in the whole system, a
This default assumption is corrected by state information g_atheretlfo job” message is sent back to the receiver node that initiated
by probing. Thus, at every node, the receivers list is initializedyo equest. If a tree node with at least one sender branch is
with all nodes except the node itself and the other two lists arg) \nq the message follows a “downward” path along this branch
empty. At each node a node other thamrmay belong to only one '

of the three lists, representing the perceived state of that node by
nodei. Membership of a node changes from one list to another in
response to the information received by probing. We now
describe how this is accomplished for the sender-initiated and
receiver-initiated components. The sender-initiated component is
invoked when a node becomes a sender. When a node becomes a
receiver, the receiver-initiated component is invoked.

Sender-initiated component: When a node (say no& becomes

a sender, it probes the node (say n8Jeat the head of the
receiver list. When the probe message is receivdy] liyipdates
the state information fo® to sender and replies with its state
information. WherSreceives the reply, it transfers a jobRdf

R is a receiver; otherwis® is moved from its current list to
either the sender or OK list depending on the reply.

Receiver-initiated component: When a node (s&y) becomes a
receiver, it probes a node (say ndgehat is selected by first
scanning the senders list, then the OK list, and finally theé~igure 1 An example hierarchical organization for an 8-node
receivers list. The senders list is scanned head to tail as we waystem with a branching factBrof 2 (S = sender, R = receiver,
to use the up-to-date information on possible sender nodes. Ti@K = normal load)

S



until it reaches the sender node. If the tree node has more than 4. PERFORMANCE OF TYPE | SYSTEMS
one sender branch, one is selected at random. This section presents the simulation results for type | hetero-

When the message reaches the sender node, if that node is SJfiN€ous systems. Unless otherwise stated, the following default
a sender, it transfers a job to the receiver node. If, on the oth@Arameter values are assumed. The distributed systeh-ha2
hand, the node is no longer a sender as it might be in the procéﬁ%des- The number of class 1 nodlgss 6 and the number of
of updating its entry in the hierarchy (we refer to this as the fals&lass 2 nodeBl,is 26. Section 4.2 discusses the impact of node

sender scenario), the search process continues by back trackffigtribution between class 1 and class 2. The average job service
until a “true sender” is fourid time is one time unit for both classes. Thatuis u, = 1. The

R . . . CPU overhead to send/receive a probe mes$ggg is 0.003

. When a“no job” message is received by the receiver node anfine units and to transfer a jay is 0.02 time units. The load
if the node is still in the receiver state (i.e., there were no local joRjstribution reinitiation period when a “no job” message is
arrivals since the request) it updates it entry in the hierarchy (tgaceived is fixed at 1. Job transfer communication overhead is
receiver state) and waits for the corresponding reinitiation penoqmifo”my distributed betweeh;, = 0.009 andJi, = 0.011 time
and initiates another load distribution request (if it remains in thgynits (j.e., average job transfer communication overhead is 1% of
receiver state during the reinitiation period). the average job service time). Since we consider only non-

Since load sharing can be done at various levels of the tree, taecuting jobs for transfer, 1% is a reasonable value. The thres-
root node does not have to handle requests form all nodes in theld T is set at 1. Probe limR, is 3 for the adaptive policy.

System. Furthermore, it Ca_n a_lSO be See['l that the set of nodes thah batch Strategy was used to Compute confidence intervals (at
form the tree can all be distributed to different system nodes S@ast 30 batch runs were used for the results reported here). This
that no node is unduly overloaded with maintenance of systergrategy produced 95% confidence intervals that were less than
state information. For a system wibth nodes, the maximum 194 of the mean response times when the system utilization is low

number of tree nodesi¢1) will be required when the branching to moderate and less than 5% for moderate to high system
factor B is 2. Since there amf¢ system nodes thesbl{1) tree  tilization (in most cases, up to about 90%).
he '

nodes can be distributed uniformly across the nodes in t
system. 4.1. Basic Performance Comparison
Figure 2 shows the mean response time as a function of offered
3. SYSTEM AND WORKLOAD MODELS system load on class 2 nodes. Note that the offered system loac

In the simulation model, a locally distributed system is reprefor classi is given byAi/pi. Sinceu; = pp = 1, offered system
sented by a collection of nodes. We model the communicatiolbad on clas$ nodes is equal t&. In this experiment we have
network in the system at a higher level. We model communicatiofixed A1 at 0.9 and\, is varied to see the performance impact of
delays without modelling the low-level protocol details. Eachsystem load. The results in Figure 2 correspond to an inter-arrival
node is assumed to have a communication processor that @V (Cy) and service time CVJg) of 4 for both classes. These
responsible for handling communication with other nodesCV values are reasonable and supported by empirical data. For
Similar assumptions are made by other researchers [10]. Thexample, the Berkeley data collected by Zhou [13] indicates that
CPU would give preemptive priority to communication activities the coefficient of variation of inter-arrival times is 2.65 and that of
(such as sending a probe message) over the processing of jobsservice times is 12.83! Due to lack of space, we have not

The CPU overheads to send/receive a probe and to transfeiigluded the results for other values of inter-arrival and service
job are modelled by rone and Ty, respectively. Actual job Vs. However, Section 4.3 discusses the performance sensitivity
transmission (handlecf by the communication processor) time # variance in inter-arrival times. The impact of service time
assumed to be uniformly distributed betwelyy andLj,. ~ Variance is given in [9].

Probing is assumed to be done serially, not in parallel. The results in Figure 2 suggest that the adaptive policy

The system workload is represented by four parameters. THeerforms marginally better than the hierarchical policy for low to
job arrival process at each clas®de is characterized by a mean Moderate system loads. For example, performance of the adaptive
inter-arrival time 1 and a coefficient of variatioB,;. Jobs are  Policy is marginally better than the hierarchical policy up to an
characterized by a processor service demand on aiateste offered system load on class 2 nodes of about 50%. In fact, at
(with mean 14;) and a coefficient of variatioB. We study the ~ Very low system loads (for example, at load 40% in Figure 2),
performance sensitivity to variance in both inter-arrival times andhe performance of the adaptive policy is even better (though
service times (the CV values are varied from 0 to 4). Sensitivity
to service time variance is given in [9]. We have used a two-stage 10
hyperexponential model to generate service times and interarrival
times with CVs greater than 1. Adaptive

As in [10], we consider two types of heterogeneous systems. 1 0 Hierarchical
In type | systems, the nodes are homogeneous (i.e., have the Bl single coordinator
same processing rate) but the job arrival rates at nodes are
different. To reduce the complexity of the experiments, we
consider two node classes as in [10]. In type Il systems, the node
processing rates are also different. We consider two node classes
in type Il systems as well. Nodes in each class in type Il system %_H
have different job arrival rates and service rates. a—ﬂ

As in most previous studies, we model only CPU-intensive ﬁm . ﬁ_ﬁ m . i i
jobs in this study. We use the mean response time as the chief 0.4 0.5 0.6 07 08
performance metric to compare the performance of the three load
sharing policies.

Mean response time

O |

o

9
Offered system load

Figure 2 Performance sensitivity to offered system lo&d=(
32 nodesN; = 6,N> = 26,11 =up=1, G = Co=4,11= 0.9,
1 Unless there is no sender node in the entire system; in this casde,is varied to vary class 2 system load; €C,,=4,B=8,T,

the root tree node sends a “no job” message to the originator efT,, = 1 for both classe®, = 3, transfer cost = 1%)
the request.




marginally) than the single coordinator policy. This is becauseideal in this scenario in locating a heavily loaded node. For
the single coordinator policy is implemented as a receiver-initiateéxample, whem is 26, the relative performance deterioration
policy as opposed to a symmetric policy (as in the adaptivérelative to that of the single coordinator) of the adaptive policy is
policy) that incorporates both sender-initiated and receiver9.6% and that of the hierarchical policy is 1.5%. The correspon-
initiated policy. Since our interest is in moderate to high systending values increase to 19% and 5.2% wNeiis 31. The main
loads, we have not focussed on this minor aspect of the policiesteason for the performance deterioration of the adaptive policy is

The performance of the hierarchical policy is better than the adhat the state information has to be gathered in a distributed
aptive policy at moderate to high system loads. The performandBa@nner. Thus, as this activity takes some time, the policy is not
of the adaptive policy deteriorates rapidly relative to the singléPle to respond to quickly to the state changes in the system.
coordinator policy as the system load increases. On the other The hierarchical policy experiences performance deterioration
hand, the hierarchical policy provide performance very close tas it would require more update messages as the system loac
that of the single coordinator policy even at high system loadsncreases. This is because Ngsincreases, the system moves to
For example, the relative performance deterioration of the adag higher system load state as the class 2 nodes are at 90% offere
tive policy is approximately 14% and that of the hierarchicalsystem load. At these system loads, the additional delay associ-
policy is about 2% when the offered system load on class 2 nodeged with querying the hierarchy for a sender node increases. This
is 80%. The corresponding values, when the load is 90%, amdditional message delay is a function of the branching factor.
31% for the adaptive policy and 6% for the hierarchical policy.Although not shown here, we have conducted experiments with
The main reason for this is that the adaptive policy is a distributedarying branching factors and shown that the performance of the
policy and it is sensitive to clustered arrival of jobs (i.e., highhierarchical policy for practical branching factor values (e.g.,
inter-arrival variance) and degree of heterogeneity as discussedéqual to a cluster size) is superior to that of the adaptive policy.

the next two sections. 4.3. Sensitivity to variance in arrival times
The effect of inter-arrival C\C,4; is shown in Figure 4. For both

: - lasses, the service time CV is fixed at 1. The inter-arrival time
Igggseﬁliltf grgiﬁnéfgs? éhﬁ(;g;ézsicggn V?Iazlﬁgnteﬁet%a&tgsscllas is set to the same value for both classes and is shown on the

: 0 . Xx-axis. These results show that the adaptive policy exhibits more
nodes are heavily loaded (offered load of 90%). In this? nsitivity to the variance in inter-arrival times. For example,

experiment, the offered system loads for class 1 and 2 are fixeh o i1\ inter-arrival CV is 2, the performance of the adaptive
ﬁ]siso.lraar;]d %Z'ié%(‘fsre |3:/ :2?;?? rm?n[)eesrucl)t? C?;Stgezenxbr‘)geeg;r]ndent. licy is worse by 6.2% relative to that of the single coordinator
grapn, des bel 9 | 1 Si | 1 nod icy; the corresponding value for the hierarchical policy is
Irierr?t?l%ne?dgg ﬁ]se nig;r?r?scgr?:e ti?rzgljiﬁérelgggs(r:\b;tsﬁ NOdes %o, These value increase to 12.3% and 2.8%, respectively,
gntly ' P i ) when the inter-arrival CV is increases to 4. The main reason for
When the number of class 2 nodésis smaller, the adaptive these differences is that the hierarchical policy is able to reflect the
policy performs better than the other two policies. This is becauseystem state changes much more quickly than the adaptive policy.
the system is lightly loaded under these conditions and, fogince higher inter-arrival CV implies clustered nature of job

reasons explained in Section 4.1, the adaptive policy performgrrivals into the system, delayed reflection of system state results
better. For example, wheN; is 1, there are 31 nodes operating in performance deterioration.

at 10% offered load and only one node that is at 90% offered

system load. This situation is ideal for sender-initiated load 5. PERFORMANCE OF TYPE Il SYSTEMS

sharing. Since the single coordinator and hierarchical policies dim type Il heterogeneous systems, nodes may have different

not include a sender-initiated component, they perform wors@rocessing rates in addition to seeing different job arrival rates as

than the adaptive policy. If performance at this load is importantin type | systems. As in the type | systems, we consider a system

both these policies can be augmented just like the adaptive poliayith N = 32 nodes consisting of two node classes with process-

to include a sender-initiated component. ing rates ofy, = 0.5 andu, = 1. Due to space limitations, we will
The weakness of the adaptive is apparent at the other end of thely present a sample of the simulation results here.

spectrum where, for exampld; is 31. In this case, there isonly ~ Figure 5 presents the results as a function of offered system

one node that is operating at 10% offered load while all the othdoad. For this experiment, we have divided the 32 system nodes

31 nodes are at 90% load. The receiver-initiated component equally between the two node classes (g, N, = 16). The

4.2. Impact of degree of heterogeneity

6 2
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Figure 3 Performance sensitivity to degree of heterogendlty ( Figure 4 Performance sensitivity to inter-arrival time CN €
=32 nodesN; =N -Np, Ny is varied,uy =uo=1, G = Co = 32 nodes,N; = 6,N3 = 26,41 = 0.1,A, = 0.9, G; = Cpp =
4,11=0.1,2,=09, G, =C,=4,B=8,T|=T =1 for both varied fromOto4u; =uw=1G;=C,=1,B=8,T|=Th=1
classesP, = 3, transfer cost = 1%) for both classes?, = 3, transfer cost = 1%)
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Figure 5 Performance sensitivity to offered system lo&d=(
32 nodesN; =Ny = 16,11 = A5/2, A, is varied, G = C;2 = 4,
1 =05u=1, G, =C,=4,B =8,T,=Ty = 1 for both
classesP, =3, transfer cost = 1%)
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Figure 6 Performance sensitivity to degree of heterogengity (
= 32 nodesNj is varied,N2 =N - Nj, A1 = 0.4,1, = 0.8, G;
=Ca2=4,u1=05pu=1, G =C5,=4,B=8,T|=Th=1
for both classed$, =3, transfer cost = 1%)

offered system load is maintained the same for both classes. That
is, the arrival rate of class 1 is maintained at half of that for clasm
2 nodes because class 2 nodes are twice as fashf@y/2).

The theshold valueF andTy, are fixed at 1 for both classes. The
inter-arrival and service time CVs for both classes are fixed at 4 .

All policies exhibit similar behaviour as in Figure 2. The mean|2]
response times in Figure 4 are higher than those in Figure 2 as thé
system is operating at a higher average system load. The perfor-
mance of the adaptive and hierarchical policies is worse by 149
and 1%, respectively, when the offered system load is 80%; t ]
corresponding values are 17.8% and 3.8%, respectively, when
the system load is increased to 90%. The reduced performance
sensitivity is due to the fact that each class has 16 nodes ?s]
opposed 6 and 26 in type | experiment. 4

We next look at the impact of degree of heterogeneity on the
system performance. Figure 6 shows the response time as a
function of number of class 1 nodds Note that the number of
class 2 nodes (i.e., the faster nodesis given by 32N;. Thus 5]
as we move from left to right in Figure 6, the number of slower[
nodes increases in the system. As a result all policies experience
an increase in response time. However, because each class of
nodes is operating at the same system load of 80%, t
performance sensitivity is much smaller than that shown in Figur:

3 for the type | workload. Except for this difference, the policies
exhibit similar behaviour as in Figure 3. 7]
6. CONCLUSIONS

We have provided a performance comparison of adaptive and
global hierarchical load sharing policies in heterogeneousg
distributed systems. In order to see how close the adaptive anoJ
hierarchical policies perform in comparison to the centralized

single coordinator policy, we have considered the scenario where
the bottleneck problem does not exist in the centralized policy. 9]

Our results show that the adaptive policy performs well except
in certain cases. As the adaptive policy is a distributed policy, it
suffers at high systems loads, high variance in job inter-arrivad; o
times (i.e., clustered arrival) and high degree of heterogeneity.
The global hierarchical policy provides better performance than
the adaptive policy and its performance is very close to that of th
single coordinator policy (which provides the best performance i
the absence of contention) for all the various system and
workload parameters considered in this study.

1]
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