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Abstract—Load balancing has been an increasingly iorf@ant
issue for handling computational intensive tasks @ distributed
system such as in Grid and cluster computing. Incbusystems,
multiple server instances are installed for hand§jrrequests from
client applications, and each request (or task) itally needs to
stay in a queue before an available server is aseijto process it.
In this paper, we propose a high-performance quewgimethod
for implementing a shared queue for collaborativdusters of
servers. Each cluster of servers maintains a loagleue and
queues of different clusters are networked to foranunified (or
shared) queue that may dispatch tasks to all aviiéaservers. We
propose a new randomized algorithm for forwardingquests in
an overcrowded local queue to a networked queueedasn load
information of the local and neighboring clustersThe algorithm
achieves both load balancing and locality awareness

|. INTRODUCTION

Load balancing has been an increasingly importsute for
handling computational intensive tasks in a distell system
using Grid [1][2] and cluster computing. There aeveral
reasons for the increasing use of such distribigstems
since the 1990s. First, by deploying parallel atpars,
scientists can achieve complex computing

but networking those clusters can be difficult grms of
efficiency, scalability, and security. As of 200¢here had
been 956 Condor [17] pools (clusters of host coemsubf
servers) involving 37,790 hosts globally. Searchyirem
provider Google reportedly acquired about 100,080 pmuters
in its own compute and data clusters [25][16]. Asarded
[26] in June 2006, Grid MP Global has contained riflion
computing devices and more than 1.3 million memipandd-
wide.

In general, with Queueing Theory [6] it has beeovehthat
a shared queue for multiple servers can outperfegparate
gueues each for one server since the shared qllews any
idle server to be assigned a task whenever thedltareue is
nonempty, i.e. a request is waiting. However, iptiactically
very difficult to implement such a shared queue mwit®se
servers are installed in geographically dispersedtions on
the network, i.e. in separate clusters, especfallya global
company of which the intranet covers multiple sitesthe
earth. For example, Condor pools use flocking ditting [18]
in order to find an available server outside atelubut with
limited scalability and performance in a globalmatk.

Thus, in this paper, we propose a high-performance

tasks omyueueing method to simulate a shared queue foatmthtive

workstations and personal computers as fast as on glusters of servers. Each cluster of servers mamta local

supercomputer at a fraction of the cost. Second, fést
growth of the Internet, wireless networks, and nrebi
computing has resulted in many applications thauire a
distributed computing environment due to the dispér
locations of the data and users. Last but not |emstthe
number of users and requests can increase expalheiti a
wide area network such as the Internet (e.g., foeréod after
the 9/11 event, traffic to CNN’'s web site doublecery 7
minutes [27]), servers can become heavily loadetthinvia
short period of time, creating ‘hot-spots’ with thas
prolonged waiting times of user requests in theugyé][10].
Thus, in Grid and cluster computing environmentsitiple
instances of a server, sometimes called a servelr @oa
cluster, are installed for handling a class of usquests. Any
request for a computing task will be queued untie o
available server is assigned to process it. If erwes in this
cluster is available, forwarding it to another tduds possible

gueue. The queues of individual clusters are nédmebrto
form a “shared queue” for all servers in thosetelissso that a
task can be forwarded from the queue of its orifigacluster
to a remote queue when the local queue is overadwtb
reduce the waiting time of this task with a smadbistc of
network delay in the transmission. We present a method
for forwarding tasks to remote queues using a ranizied
message-exchange algorithm between neighboring egueu
without using any centralized control.

Il. NETWORKEDQUEUES

Referring to Figure 1, consider that multiple imstas of a
service are installed in clusters where each aliste a queue
to hold the incoming requests into the clustethéfre is still
some server idle available in the cluster, one haf idle
servers will immediately be assigned to handle thiguest.
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Otherwise, a decision will be made whether to quthe
request locally or to forward it remote clustereThbcal queue
will make the forward-or-not decision for every glim request
entering the queue. The decision making processsreh a
randomized algorithm that takes as input the ctirstates of
the local queue as well as the latest known stafethe
neighboring queues.

Specifically, the probabilityP, that the queue in clustér
accepts an incoming request is described as aidanof Ny
andm,, whereNy is the queue length of clusterandmy is the

number of servers in clustkr Note that other ways to assign

Py are possible, e.g. based on expected service étoeWe
assume that each cluster is autonomous at deci@ind
reporting) its probability of accepting new reqsest

For simplicity, throughout our analysis, we jusfide Py as

=k
N, +m,

such thaty is 1 when the local queue is empty and decreases

when the local queue grows.

The networked queues maintain links between eathopa
neighboring queues. Such a link is created whendwsters
have mutually agreed to support each other as piistity
when the other has suddenly received a very highbeun of
requests in its queue. Note that those queues atteatnot
directly linked can still share their servers irdity since it is
possible for a request to be forwarded more thateone.
over multiple hops to a remote queue. For eacttely let

@, be the set of neighbors.

Instead of implementing a ‘perfect’ shared queuar o
approach creates a framework for cooperating nédabr
queues that collectively perform similar to a skdageeue.
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Figure 1 — Networked queues for clusters of sesvice

Networked
Queue

o

Servers in
Cluster

Reque

Figure 2 — Stochastic acceptance in forwardingiaest between queues

Requests F/’<
1
11
original+
forwarded %y

-

ocal Queue

Cluster of m, Servers

Figure 3 — The decision process of accepting avdeding an incoming
request

Referring to Figure 2, on the forwarding path ofeguest
where the request can be forwarded more than dheg;th
visited queue independently determines if it aczeftis
request by storing it, or instead forwards it agairthe next
queue.

Referring to Figure 3, the decision process is atsef of
two stages. First, with probability,, the queue will simply
accept the request. Otherwise, the request wilbhearded to
a random neighboy selected with probabilit,,. In order to
determinePy,, each queue, say, of clustermaintains a local
state P, R) wherePy is as previously defined, and, using the

conventionP =1— P for probabilitiesRyis defined as

Intuitively, R¢is the probability that eithek or one of its
neighbors will accept a new request. In additicaghequeue
retains the state of each of its neighbors; neighgoqueues
periodically exchange their local state.

When the queue of clustérdecides to forward a request,
the request is forwarded to a neighlyowith probability Py,
where
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whereR, is the value in the lategts state that this quedehas
known, and C is a scale factor chosen such that

>R, =1

yo®,

In practice, a request may be rejected by a localiq due
to reasons other than the current load, for exanthle to a
failure of remote user authentication or billinggogation.
These in effect mak®, smaller. We do not consider these
extra mechanisms in this paper.

I1l. SIMULATION RESULTS

We evaluate
simulations. We chose to use simpler scenarios wiliich we
can observe the performance of the queueing metfbod
preliminary evaluation. Extensive studies on mqrecffic and
complex scenarios by simulations will be reportedfiture
research. This section describes some of ourlinggaults.

Figure 4 describes three different topologies usedur
simulations with 5, 10, and 20 clusters, respebtivé vertex

represents a cluster, and an arc between two esrtic

represents the bidirectional neighbor relationg@tween two
clusters. Clusters exchange state information (agess
exchange) and forward requests along arcs. We asthanin
both cases the network delay is 35 ms. Every 50 aash
cluster sends a message to update all neighbdte afurrent

state of itsP andR variables. Upon receiving such a message

from a neighbor, a cluster re-computes its locileraf R but
will not update its neighbors until the next peiodessage
exchange.

Each cluster consists of a pool of 5 servers arel logal
first-in-first-out queue. Each server obtainstésks from the
queue and each server is capable of processingegpest.
Delivering a request from the queue to a serveolias 5 ms
of network delays and 1 ms of processing time.

Each cluster has a private user population wheersus
arrive and depart at random times. An active us#r
generate a random sequence of requests for thateclu
Several distributions define the generation of ests:

the proposed queueing method using

e For simplicity, we assume that every request regu#tO
ms to be processed by any server, with no neednobte
data access.

For each request, thsystem timeis defined to be the
duration from the time it is generated by the usehe time it
finishes being processed by a server. For exanffdeequest
is generated at simulation time 5.5 (seconds) asdreer in
some (possibly remote) cluster finishes procesgirag time
6.8, its system time of the request is 1.3 secolise that we
do not consider the time to deliver any possibseilite back to
the user.

o
oea‘°

Figure 4 — Topologies of networked queues withod)t10 (middle) and 20
(bottom) clusters in simulations

Referring to Figure 5, we run two simulations bafith the
5-cluster topology in Figure 4 and the same randequence
of user populations and generated requests, busiondation
deploys isolated queues that do not forward regquegtile
the other deploys the networked queues in our mapdhe
user arrival rates in all clusters are 10/sec €foee, on
average 50 requests per second) beginning at gionlgme

o The inter-arrival times between users are a Poisso®.3, except that the user arrival rate to 50/skeréfore, on

process; the arrival rate varies based on theidraff
scenario of the simulation (see below).

e Each user stays in the private user population @lya
duration of which the length is randomly chosemfra
Poisson distribution with the average equal tosg&ond.

e The intervals between requests from a single useraa
Poisson process with a rate chosen between 0 ardc20
at random with even distribution. Therefore, evasgr
generates 5 requests on average.

average 250 requests per second) in cllstr2.3 + & sec
for 2 seconds. It shows that all isolated queuéersfrom the
burstiness of user arrivals that temporarily exsedde
processing capacity of a cluster (125 requests@eond); the
numbers of queued requests sharply increase torédménd
remain significantly high for about 10 seconds, akhlasts
much longer than the 2-second duration of the pesde-
arrival rate. In contrast, the networked queueswsh
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significantly lower queue length that return to mat very
quickly after the user load decreases.

Figure 6 shows the same traffic load and netwoideele
length in relation to the local acceptance prolighi®, (and
RJ) in the different clusters. Due to the sharp éase ofNy
and forwarding of excess user requests the acamptan
probabilities decrease not only in the loaded elusut also in
neighboring ones. It shows that stochastic loadrzhg can
benefit from asynchronous peak user request ratdgferent
clusters, i.e., available servers in near clustsnecessarily
immediately neighboring, may be used to procesessice
local requests. In fact, stochastic load balanciigy
advantageous if not all the peak user-request idusatin
clusters overlap.

calculate a “speedup” factor of the system times using
networked queues instead of isolated queues. Téedsp of
the average system times in a user populationeigdtio of
the average system times using isolated queudwtavierage
system times using networked queues. The speedufie o
maximum, minimum, and std dev system times areutatied
similarly. As shown, the speedups are significardept that
the speedup of the minimum system times is always o
because in these cases the local queues are eeapty and
load balance is not needed.

We find that the speedups of the average systeestemne
in in the range of 4 to 6. In addition, the speed(grctual a
reduction) of the standard deviations of systenesirare even
larger than the speedups of the average systens.tiffeis,

Figure 7 shows the system times of user requests byhe stochastic load balancing provides much moediptrable

different user populations, with the average, maxim
minimum, and standard deviation (std dev) valuesnfO sec
to 45 sec. To better show the distribution of th&tem times,
we draw a bar for the range [minimum, average +d&d]
since we have found that in all user populatioasefage —
std dev) is lower than minimum. For comparison, algo

o
a

system times against the stochastic arrivals of teguests.
Another major speedup is on the maximum systemstimbe
maximum value shows the longest time a requesnbaded
to be processed in a user population. This is waportant
for real-time systems and human-interactive apptios.
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Figure 5 — The upper diagram shows the inter-drratas of user populations in different clustdrarging over the time, and the lower two aligneaycims
show the comparison of isolated queues (top) atslanked queues (bottom). It shows that the collatiee queueing method can significantly reduce the
number of queued requests seen by an incomingsequeich may result in much shorter system tinteshastically with better load balance.
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Figure 6 —The right five diagrams show thg(dark) andR (light) values at each clustealong the time with networked queues in the filtester topology in
Figure 4. The left two diagrams are simply copiehf Figure 5.
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Figure 7 — The system times of user requests inlaiion with 5 clusters,

measured in the first 45 seconds. The top-leftrdimgshows the case with

isolated queues, and the top-right diagram shoeisdlse with networked

queues. The bottom diagram shows the speedup saufttine system times

using networked queues instead of isolated quetgsh is considered an
evidence of stochastic load balance.

Figure 8 is the speedup statistics of the systemedi
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Figure 8 — The speedups of the system times inlatioas with 10 (top) and
20 (bottom) clusters, measured in the first 70 B2@ seconds, respectively.

of std dev increase sharply in most of the userufations,

measured in the simulations with 10 and 20 clustersregardless of the effect of a longer measuremenatidn. The

respectively. The user arrival rates in all clustare 10/sec
since 0.3 sec except that the user arrival rags itis 50/sec in

clusterk at 2.3 + k sec for 2 seconds. Since with more

clusters it takes a longer time to include duratiohpeak user
arrivals in all clusters, the average, maximum,imim and
std dev of the system times are calculated in itts¢ 70 (=
5x10 + 20) seconds for the 10 clusters, and in tis¢ fi20 (=
5%20 + 20) seconds for the 20 clusters, resultintpénsmaller

average and std dev values than those in the Eeclus

simulation. Thus, although the speedups of theameesystem
times do not look as large, it does not mean tmatspeedups
are less significant, that is, the speedups oatlezage system
times are still essentially high. In fact, the shaes (reduction)

speedups of the maximum system times are alsorlavige
more clusters.

Figure 9 is the statistics of the numbers of time®quest
has been forwarded before it is accepted to enteegjueue,
with the 20-cluster topology, in the first 120 seds. We find
that the maximum numbers of forwarding are sevad,most
of the requests are accepted without being forvelrifto the
local queue where it originates. Thus, our apprgaefers the
local queue to a remote queue, when the local giselightly
loaded, i.e. has a high acceptance probabHitywith a small
N, which implies that the approach is locality awargpically,
locality-awareness is desirable since it can liim& overhead
of remote data access and/or data replicationparitaps also
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the monetary costs due to business agreementooagsing a
remote task.

IV. DISCUSSION

Each cluster of servers maintains a local queud,those
gueues are networked to form a unified (or shagedue for
all those servers in clusters. The method for fodivey
requests in an overcrowded queue to some otheegqueges a
randomized algorithm with carefully designed prabtids
according to relative queue lengths. It comes alaith a
periodic message-exchange algorithm between theonetd
gueues to represent priorities of support betwdestars. It
allows the local queues to be networked as muyr@esnents
of support, which makes the grid of services adaptio
business partnerships and scalable with the nundder
participants.

The proposed queueing method can forward
between queues with locality-awareness, based
neighborhoods, and load-balance, based on statemafion
of neighboring clusters. At the same time it all@aeh cluster
to maintain a local queue for fast processing afally
originating requests, with the low overhead typicah server
farm. The local coordination and decision makingieees
global load balance and can help to implement gelacale
service grid across different sites (or subsidgri@f a global
company. Computational intensive tasks can be pagd
without the need to co-locate a significant numbieservers
on one site, but multiple servers on different ssitean
collaborate for supercomputing or grid computingisiBess
contracts (or mutual agreements of support) arsidered as
the links between queues.

The algorithm can use measures of load other than t

relative queue length. For instanég,can be based on the
expected time to complete a request in clusteSimilarly, it

is possible to consider resources other than campytles.
The forwarding of request may involve significamaunts of
data transfer and the probabilities for forwarditg a
particular neighbor may be adjusted to accountdta size
and available bandwidth. Other resources to besidered
include databases that may only be available ohezhat
certain locations and specialized hardware needesktvice
the request.

For example, a service that can process video ingecan
be installed with multiple instances at variousali@ns across
the intranet of a company. Then, the load balamckelacality
awareness of sharing these service instances roaigdprhigh
performance of the video indexing service to thelipuand/or
to the internal users, reusing the already investadputers.
In fact, since the utilization of computers is tivariant and
dynamic to user behaviors, a global intranet cdade a lot
of its computers idle in one region while othersyin others
so it is beneficial to share those computing cdjescacross
the intranet.
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Figure 9 — The statistics of the numbers of timescmest has been
forwarded before it is accepted to enter a queategorized by the private
user populations, in the simulation with 20 clust@ee Figure 4)

V. CONCLUSION

We have proposed a new queueing method for cobiver
clusters of servers where each cluster maintalosa queue
while requests can be forwarded between those qué&aeh
cluster has its autonomy with the decisions of pting or
rejecting a new incoming request, according tmws states
and rules

The collaborative queueing method does not requiobal
knowledge of those queue states, but instead, ardgsstates
exchange between neighboring queues, to providealalde
and timely mechanism. The neighbor relation canngba
dynamically and the algorithm will adapt to the npology.
Our method allows requests to be forwarded to agtieat is
likely to be shorter and that typically results anshorter
waiting time. Preference is given to queues nedher
request’s origin.

For example, it allows the local queues of compaied
organizations to collaborate with others by sometuidu
agreements of support. It creates a grid of sesviand
resources that is flexible, adapts to businessgestips, and
scales with the number of participants. The looahtrol
aspects of the algorithm make is possible to opeaatoss
firewalls as long as a single neighbor link bridgesch
boundary, forming a peer-to-peer (P2P) overlay ogkw

In these features our algorithm is different frorthew
schemes for distributed load balancing, most oftctviiequire
global control of some form (e.g. a central schegubr
require users to make reservations or decide omewser
allocations. We have not yet done an extensivéopeance
comparison with global allocation schemes sinceghmake
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fundamentally different assumptions and are noeatly
comparable.
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