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Abstract

Contrdling the timing performance d a netwok serve is a
challenging problem This pape presentsa QueueingModd
Basal Feedback Contro approadh to keg the timing
performance d a netwok serve close © the service leve
spedfication. We $how that in an instrumentd Apacte server,
combinhg fedbak cntrd with a queueingmodé leads
better tracking d QoS speffications than wth feedback
contro alone a queueingmodé basel feed forward contio
alone

1 Introduction

Netwolk basel serve systemse.g., Wé servers hawe now
become a integra part o our informaion servces
infrastructure Contrdling the timing performace d eac
individud conredion to a netwok serve is a challengig
theorgica problem with importan pradicd implicaions This
paper preserd a queuaig mode basel feelbadk contrd
appraach to keep the timing performane d a netwok serve
close  the service leiespecification.

A netwok servers repon® o dlocated resouces is highly
non-linear In addtion, the workloal is stochatc ard its
parametes coutl chang abuptly over a wide range d values
The differentid (or differencg equdion modd usel by contrd
theoly does nd modd Web serves wdl, except in the limited
ca® d heaw workload tha allows for fluid approximéons

In spte d the tradtion of using differentid equation modek
for netwok serverswe bdieve thd the key to swcces is nd
to force-fit a queueingsysten into a differerial equdion
model Rather, w slould modé netwok serves for wha
they are Ou approach is b developa nodd predidive
control whee the queueingnodel’s onlire soldion provides
feal forward contrgl which augmers the fealbad loop. As
we shdl see later the fead forwad contrd keefs the systen
stak nea an equilibrium operding point, in spte d abmupt
changs in the arival process This makes the desig o a
contrdler much easierIn return the contrdler corrects erors
due b the inaccuracie in the queueig modd for the red
networkel serve system

To integraé queueig theoy with contro| we neel to devebp
a generbprocedue tha will allow us basé on experimenta
dat alone to gd an accurat linea modd for residie erors
from ary queueiy nodd basel feed forward control.
However sone d the bes pradices for identifying modek for
physcd systens ae actuay counter-produtive. It is

intellectually saisfying to overcone sud difficulties ard
see tha two separatgl devebped poweful theories can
work synergisically in theoy ard in actua netwoik
serves as evideced from ou experimenthevaluation on
an Apacte weé serve instrumentd to implemen owr
performare contrbextensons.

In Sedion 2, we presehou key idess an modeling ard
contrd desig for a netwok serve node In Sedion 3, we
provide experimentaeviderce d the usefulnes d this
appraach Sedion 4 revievs relatel work ard Sedion 5 is
the conclusion

2 A Conceptual Framework

We woul like b keep the timing delay experieced by
uses clog © the agreemente.g, an averag dely of 1
secord in a window of 1,000 evens for a workloal tha is
up to 100,000 request pe second Delays consistentl
longe than the specificéion ale unacceptald o the users
Delays consistentlyshorte indicate over-provisionig of
resouces thd could hawe be@& usel for other uses ard
apgicaions.

2.1 Feed Forward and Feedback Control
In this setion, we describe theuhdamenthelemens o

the queueig modd base control Classtd resuls from
qgueueng theoly are usel for conputing the service ra
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Figure 1 Queueilg Modd Baseal Control

necessar to achiee a specified averag dely given the
curently observel averag reques arival rate Serve
resouces ae then dlocatel to achiewe the computd
service rate We cal this feal forward loop tke Queueng
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Modd Predictor. Finally, a fealbac contrd loop compare the
actud delay achievel to tre desird averag am adjuss the
resouce dlocaion accordngly in an incrementamanne to
ensue thd the desird delay is maintained The feelbadk ard
gueueng componerg operaé concurently in a complementgr
manne as shown in Figue 1

In the fdlowing, we use arunning exampd © exploe the
researb issus tha arie in the aforemetioned scheme We
beginby illustrating the ideas usirg a simpke M/M/1 queueing
mode| which will be replacd by a G/GAL modé in Apacte
serve control Modding a Weéb serve by a single queuesia
commonl usel simplification becaus the performace d a
compute systemis often dominate by a bottlened stage Let
the requesprocess (show & the top right corne of Figure 1)
hawe arival rate A which may chang abruptly The queueing
modd edimates the arival rate A online. The equlibrium delyy
of a M/M/1 quee is simpy 1/(u-A). Sypoe the agreemen
with the uses specifies that ove a desird window of events
the reference dejais D,s = 2. Thus the caregponding servee
rate t; - A + 0.5, which will give exacy the long-tem
equlibrium delgy of Degg = Dres = 2. However thee my il
be sizable fluctugons araind D, = 2 ard we wish to redice
the fluctudions within the use observéion window Thus the
mean sampé dely D ove a windav will be computd ard
compare with the referene delay The difference Ad, is the
error to be carectel by the wntrdler via servce rae
adjustmehAu as show in Figue 1.

Next, we shav how the presencefa queueingredicto makes
a linear feedbadk contrdler sufficiert by compensatig for
systemnon-linearity. Far feedbad contrd to improwe systen
performarce the contrder mug be properly tuned Figure 2
depics the average queuwg dely d of a M/M/1 modé as
function of (u—A). In addition, the reference dejawas chosa
to be 2 units Note tha the point D,e = 2 is the mog difficult
operding condtion to contrd becaus it has the highes
curvature which makesit leas amenal® for linear modeling.
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Figure 2: Linearization of 1/(u—A) at delay = 2

The contrdler uses the aror, Ad, the difference betweethe
measurd delgy from the desire delgy to compué a chage in
service rate Ay, tha would redwce the dela devidion. Herce
the contrdler mug know the effed of Au on Ad, which is

known & the proces gamn Ad/Au. For a given arival rate
A, we hae Ad/Au=Ad/A(u-A). Thus a the point of
linearizaion, for smdl deviations the proces gamn is
approximatey the sbpe d the ron-linea rate-dely
relaion of the queueingystemd=1/(u-A).

As suggeste by the sbpe d Figure 2 changing resoure
alocaion by the same amat will change the averag
delay by differen anmounts dependig on tle curert
servce rate In control-theorgc terms a linearizel
contrdler for a non-linea systen works wdl, only when
the systen stae is in the neghborhood d linearizaion.
The enforcemen of this condtion is achievel via the
QueueingModd Predictor.

We illustrate by an exampé hov the queuaig predicta
maintairs the systen in the neghborhood d linearizaion.
The objetive is © adjus Ap to male the delg cloe © 2
the reference delay

Suppos thd Welinearize tie systen a D, = 2. Initially A
= 1. Let D,; = 2. The fea forward contrd modd provides
Ug= 1.5, This generatesraequlibrium delgy Deq= 2. The
contrdler’s tak is o handé the sam@ mea fluctugions
around 2. If the arival rate suddenly jumps from 1 to 3, the
gueueng systen moves fa away from the point of
linearizdion. Fortunately as ©oon & the nav arrival rate is
dekected the feal forward senge ratep, change from 1.5
to 3.5 by solving the equéion 2 = 1/(u-A). As a reslt, the
fead forward contrbrestore the equiibrium condtion to
delay Deq= 2 = Drer. Thus the fea forward contrbhelps
the fealbadk contrdler by keepirg the systen in the
vicinity of linearization no mater what the workloal is.
Indeed the change o service time parametsrcan be
handlel in a similar way.

In the fdlowing, we sh#l refer to the difference betweae
the measure sampé dely ard the reference dejaafter

the feal forwad contrd as the residud error. In queueing
modd basa contro| the pupos o the contrdler desiqg is

to suppres residuaerrors arand the targe delay The

linea feedbadk contrdler nat only can help s redee the

fluctuaions bu al® can cared inaccuracis in modeling

ard in the esimation of arrival rates Having presente the

basic ideaswe naw raise the fdlowing quesons.

* How can we accuratsl devebp alinea modd for
the residuberrors in a stochatsc envionment?

* How can we desig a minimd orde contrdler,
ard pick the cared rates d observéion ard
control?

2.2 Control M odel Development

We nav devebp a generhprocedue tha will allow us
basel on experimentadaia alone to gd an accurag linea
modd for the residuberrors in anyqueueilg modd basel
feal forward contral
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When the ouput of the systen is the average delaythe
regpong time formula 1/(u-A), depics the average dejaas a
function o the differerce betwer arival rate amd averag
service rate Fram the perspective facontrd systen modeling,
this is exact the transfe fundion between eontrd adion ard
regpon® thd we try to capture Unfortunately this function is
valid only when the systen can be nodela accuratef by a
M/M/1 model We neel a generbprocedue thd works for ary
gueueing rodel.

In ou running exampleas show in Figue 2 the line tangenh
at the curve 8D = 2 has a sbpe o —4. This is kecaus dD/du
= -1/(u-A)*= — (Dr)>. However we warn to rediscove it
accuratey from dat d the residuberrors alone The standat
approach in modd identification is o 1) use a white noie
contrd signal that § sufficienty large bu not causim
saturdion; ard 2) to rapidly sampé the outputThe cdlectel
data is then fed toa leas square basd modelirg took sud as
the ARX modd in Malab. The reasa for the whte noise
signd is thd it will expos the fll spectrun o systan
regponsesThe reasa for large inpus is b male the reponses
large ard thus easie to measure The reasa for rapid
samplirg is nd to miss ay signd in the repon® due o the
Nyquig rate considerton.

Unfortunately the ide@ o large excitdion & the input ard fag
samplirg & the output are exacty the wrang thing © do in the
developmen of a contrd modd for the residuberrors in a
gueueng system The corret approach is b ue a smH white
noise signal a vey large observéion windov ard averag dl
the observatio sampls in the window This is ®unter-
intuitive. In canmon stochasc contrd problens suh as
Linea Quadréic Gaussia contrd problens am Kalman
filters, the plan is fundamentayl governel by differertial
equations albét randan pracesse distub boh the
observéions ard actudions However ou plart hee is a
randan pracess And we war to contro] in probaliity, the
short-tem behavios d a randon prccess ly adjustig its
probablity distribution parameters.

To illustrate the nee for a long observéion window, syppos
tha we war to cared a biasd coin with probablity of head
equas o 0.4 We begn by solderng a small weight to the sice
of head of the biasé coin ard thenr do sone experimentslf the
resuting probablity of head is geate than 0.5, we will reduce
weight Otherwise we increasat. Ovea a perbd d time, we
may corred the biasd coin The citicd question hee is howv
frequenty shoutl we adjus the weght? Obviously we cana
sweced if we change th weght, flip the con orce ard then
chang the weigh again One we adjus the weight we musg
flip the con a large numbe of times urtil a statistich
equilibrium is reached This dlows us b determie the effet
of the alded weiglt upon the probabity distribition with a
high degee d confiderce Fram a contrd persgedive, the
problem hee is thd we are contriing aprobalility, ard nd an
instanty measural# quarity such a temperate a pressure
Since pobablity itseff is nd directly measurablethe sensp

can only estimae it by the mea of large samplesin othe
words the transfe fundion betwea the chang d weight
ard the chang d probabllity of head manifess itsef only
when the sample variaze become negligible Unlike a
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Figure 3: Effect of Sample Variance on M odel Accuracy

Bernouli process whee eab coi flip is independentthe
delays betveen rearly outpus from a queueingysten ae
correlated The sampd variarce dops ard the mea of the
window of evens @nvergeto the proces mea & the
window size increase ard contairs moe ard more gochs
This is tke condtion tha dlows the reldionshp betweea
the contré and its impact on dely to rewed itself.

But there is ore moe importart detal: we mus keep the
size d the exdtation signd small A close examin&on of
Figure 2 tdls us tha the queueig delay curwe is
asynmetric The effe¢ of reducirg Au has a greate
impad than increashg it by the same amounesgecially
when the ske d Au is large This asymmetr causs
problens in leas square basd estimaion, becaus it wil |
pick aline with equasuns o squarel erors m both sides
of the tangentThe nee for smdl excitation alo agues for
a large sample sizeoss nd to drown the regponse
smal excitatiors in sampé variances

We have implementka simulato as show in Figue 1 In
the simuldion, we randomy chang the sig o Ap of a
certah size aml cdled the sampt nears for modd
identification. Figue 3 depics the sbpe pioduced by
Matlab’s ARX modd undeg a smé#l excitation of Au =
+0.01 The horizonth axis is the sample variancenilog
scale As we can e when the variance becore vey
smal (i.e., vely large sampt sie) Matlab’s esimation of
the sbpe @nverges toward the theoréicd value o —4.
Figure 4 shovs the effet of using a large exdtation of Au
= #0.1 Due b the large exitation, the sampd variane
does nd converge  zero as windav size increases In
addition, the sbpe estimatd by Matlab ARX modd does
not converges o —4.

One furtherfundamenthdistinction mug be mae in the
choice d a sampliig interval In tradtional control, the
outpu of the proces unde contrd is a fundion of time.
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Figure 4: Effect of Excitation on Model Accuracy

Thus the unt of samplirg is measurd in units d physicd time
sinee they are the indepedent variables upan which the
process evolves However we nav manipulag the pobablity
distribuion of a randon pracess whee wha couns is the
mean ard variarte d delays The independervariabk is nov
the numbe of evens thd affed delay mea ard variarce i.e,
the numbe of serva requestsThus it is preferat® o paform
our tak in the doman of event rathe than in the doman of
time. This is al® consistenh with ou evern basel modé
developmen process. Ou samplhg windav is therefoe
measurd as the numbe of elapsel events.

We have e far devebped a simpke 1™ orde ARX modd that
links the effe¢ of increass (redudion) in servie rat Au to
redudion (increasg in outpu delays Ad:
Ad(n) = —4Au (n- 1), whee n is tre A" contrd sampling
instarce The contrd gain k is simpy -1/slope Tha is, k =
0.25. This is kecaus for nex samplng instaige d n+1, we
wart to cared the dely to —Ad(n) = Ad(n+1)=-4Au(n),so

Au(n) =0.251d (n)-

We nowv come o the find isste o designirg the contrd rate
The observéion window ard the contrd window are often the
sane in mary contrd applications Fa example when contrd
period is 1 second the signdused for the contrdis often basd
on wha has keen observe in this 1 sec window However
longe observéion windows can be used Conside the cag
where Kalman filter is usel to condtion the sign for a
contrdler. Whateve the rate & contrd one clooses the
recursive natue d Kalman filter implies thd at ary timet, the
signd usel by the contrdis basd on al the sample tha hawe
been observe from the vely beginning albet the effed of
sample in the remote pdss smdl.

For any chos& window of observdion, we shoull updag the
contrd as ©on & possibe © a © minimize the bild-up o
errors. Sypoe thd the observéion window contairs 1000
events We can prodwce the 1™ contrd updae usirg the first
1000 events the 2 updae usiry the average foevens 2 to
1001 etc To summarize ou stratey is © use a long
observéion windov bu a shot contrd updae window To
redwe the compution overlead we ma choo b updag
once evey N evens inseal of evely event Figure 5 shove the
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resuting contrd performane ushg an pdae windov of

500 events 200 events ..., urtil 10 events The horizonta
axis depics both the size & updae windows amd the

coreponding ske d the contrd effort, i.e., the averag

size d correpondirg Ap. As we can €€ a shorte updae

window has two importan effects First, it redwes the

sampk mea fluctuaions Second,it redwes the contrd

efforts A, Far examplesa N = 500 the average contto
effort is aou 0.058 When N = 10, the average contto
effort is &dou 0.04. Smalle contrd effort makes the

sharng o connedions in the serve easier.

mean of Al v.s. variance of delay

o1

yariance of delay y
o
jm}
(=i}

o

os
004 0042 0.044 0.046 0048 0.05 0.052 0054 0056 0.058 0.06
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Figure5: Effect of Control Window Size on Sample Variance

2.3 Perfor mance Evaluation

Having intodwced the basic conceptswe replace th
M/M/1 modé with a generaG/Gk model who® waiting
time formuh fdlows the Allen-Cunner Approximdion:

2 2 J2(k+1)-1 1
poopletCsp P c= = @
d 2 ou k(- p) m

wher traffic intensiy is p =A/u, ard whee s ard m are
the standat devidgion ard mean of the sampt dah
respedively. Subscript a and s stard for arrivd proces
ard servte procss respdively. The steag stat repone
time is

Deq= Dq + 1/u 2
In the case ba serve cluster wih k=1 node we have

2 2
oo fE el @
2 pgubl-p)

In ou experimentswe replace the M/M/ respons time
modd with G/G/L respons time nodd in Figue 1 Both
the mea ard variarce d the arivals ae nav estimate
online. Faor simgicity, we assura tha the service tim
distribuion is exponettial but this can be easy replcal
by online measuremerof mean ard variarce @& wdl. In
the experimentsthe referene delayis D, = 2. In the first
sd of experiments the inter-arival time ha Pared
distribuion, which was reported to fit measuremest o
actud Web traffic wel [9]. In the beghning o the mn,
there are0.65 arrivals pe unit time. This rae jumgs © 0.85
arrivals pe unt time in the middle d the simuldion.
Figure 6(3 uses queueingnode feed forward contrbonly.
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The horizonthaxis is the numbe of use observéion windows A precondtion of a successfuinearization of a ron-linea
with a size 6 1000events The veticd axis is the sampd mean  systen is thd the point of linearizaion shoull be in an
of the dely in the use observéion window As we can ®e equlibrium state The equiibrium servce rate $ the ore
feed forward contrb performs qute wel by itself. This tha keeps the systen in the equilibriun state Fo a
demonstrate the effectivenes o the queueingmodel Figure  refererce delg of 2, we knaw tha the equlibrium servie
6(b) adds tke additional feedbadk contrd to redue tte rate isp = (A + 0.5) To reduce the randm fluctuatiors
fluctuaions aound 2 araund 2, the contrdler adjuss the service rateya small

. M User_Ses_sbsolute_Dslay anourt accordng  the linearizel model.

In queueingmodd basel contro| the equilibrium servie
rate is automécally provided by the feal forward contrb
from the queueig model A stdically constructd
equlibrium servie rate $ sensitie o the changerni the
arrival process As we can see in Figuie 6(c) a large sead/
stae eror ard a large variarce materiize afte the mid-

D'j poirt on the x-axis
(u] 100 200 300 A00 SO0
_ Since a wrong equilibrium servce rate resudtin a sead/
Figure 6(a) Feed Forward ContrbOnly stae aror, we coutl us integr& contrd to cared the
R E R ARy equlibrium servce rate When a workloal chang causse
Z stead/ stak arors the integrd controller suns p the
351 1 errors ard prodices a negéve fealbadk contrd that
3t 1 adjuss the service rateHowever, util the se point is
25 1 crossed the sum of errors keeg inceasirg ard so dos the
2 WWWWW\‘WWWM integrd control Thus integra control ha a tendeng to
150 1 prodwce overshot A smal integrd gain is prefered in
1L 1 pradice It allows for a systen to slowly cored stad/
asl i stateerrors withou excessie osdlation.
o
e s 22 e 480 Sl Unlike a loa increag in a mechanida systen tha
: prodwces consistenstead/ stat arors thd can be diredly
Figure 6(b) Feed forward+ Feedbac cancele by integra control, a queueingysten ha szabk
randan swings aourd the proces mea in sktad/ state
4 MV _Hser_See Absolute_Delay From eator history alone it would tale a lag integréion

time © filter out randan fluctuaions and deed the sead/
stae aror cause by workload changes This make it
difficult in pradice b rely on the integr& controller alore
to provice the cored offset On the othe hand a smal
integrdion tem remairs a usefli too to cared bias
s ] introduced by inaccuracie in the queueingnodel sut as

05F 1 the G/GA modé used in our experiments.
DD 100 200 300 400 s00
Finally, to demonstrat the adativity of our approach we
Figure 6(c) Contrd with fixed offset begn with a Possa arival process wih arival rate 0.65
ard then switch to a proces whos inter-arival time ha a
P Y OST_222 Foeeiie Doy Pareo distribuion with arival rate 0.85. As we can e

3s| ] from Figue 6(d) queueing modd basel contrd is
insengtive © the change d distribution ard rae d the
arrival process.

sl ] 3 Experimental Investigation Using an Instrumented
L ] Apache Web Server

0 We nowv preseh the gplication of the Queueig Modd
: 1o = = 400 =00 Basel Contrd in an instrumenté Apacte web Server The
contrd goal is o keep the actuasampék delag clo® © the
specified referege delay

Figure 6(9 ): From Possan to Pareto
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3.1 Implementation

We have conductk experimerd o queueing modd basel
contrd in an instrumentk Apacte Web Serve [11] to evaluag
the efficay of the aforementiore schere in contrdling the
timing behavio of real-life gplicaions When an Apacle
servé book up a pod of processes is ceatel to sere
incoming TCP canedion requestsWhen a HTTP canection
reques arives it is pu into a service queuentwat for an
avdlable proces In HTTP 1.1 the curent web protoco)
persisteh conredions ae implemented Herce a serve
process tha acceps a mnnedion mug wait (i.e., blocK for a
specifiel amaunt of time for further request from the sane
client. This blockirg time dominate the time a procss spensl
on serving te nredion. Consequently the averag
connedion servce rate $ determind primarily by the numbe
of serve processes ard na by CPU alocaion. The moe
processes ae dlocatal to a dient clas queugthe highe the
servce rate Thus by adjusting tle dlocatel pracesseswe can
approximatelycontrd the servee raé o the incomirg requess
ard herte achieve the desttegeferece delg guarantes

We nodified the source ade d Apacte ad addeda nev
library tha implemens a Canection Manage tha includes a
Monitor, a Queueig Modd Predictor a Contrdler, ard a
Conredion SchedulerLet ¢ denoe the maximun numbe of
serve processes tha the systen coud hawe (i.e serve
capacity) Let b(k) represehthe numbe of serve processes
reservel for the given dient class & the k™ samplhg instant
where b(k) < c. In orde to decide the proces quoa for the
client clas o be contrdled, we implementd two modulesthe
Queueiy Modd Predicts ard the Feelbadk Contrdler.
Accordirg to the reslting pracess quotas the Gonrection
Schedule serves as a actuato to dlocate a certai numbe of
serve processe o cannections from this dient class

The Canedion Manage process runsa high-priority loop tha

listers b the weéb server's TCP socket acceps incomirgy
connedion requestsard queus then w in the gplication

layer. This desig dlows s © contrd the reques quele

without kernel nodificaions The Gonredion Schedule
moduk dispatchea canection by sending & descriptoto a

free serve process though a careponding UNIX doman

socket The Gonredion Manage time-stamg the acceptane

ard dispatchig of ead connetion. The differene betveen the

acceptane am the dispatchig time is recordel & the

connedion delyy tha modek the service deln we ae

concernd with in this study Althouch the service dela also

includes tre queueig time in the TCP listen quee in the

kerne| in ou prototype this kernel-leve queueiy dely is

negligible by design This is kecaus the Connd®mn Manage

always greedily acceps dl incoming conredion request in a

tight loop.

3.1.1 Monitor

At eadh samiing instan k, the Moritor is invokel to compug
the average requearival rates A(k), mea requesinter-arival

time m, ard its standat devidion s, during the lag
samplirg perbd. They are usel by the Queueig Modd
Predicts to calculae nev process quotasb(k). The
Monitor also computs the average anredion delay W(k)
of the dient class durhg the las samplig perod, which
will be use by the Fedbad Contrdler to calculae
adjustmenAb(k) for process dlocaions

3.1.2 Queueing M odel Predictor

Systen profling was caried ou beforehad to geé an
approximae vale for u the servce rate pe processunit.
The Caonedion Manage time-stampg the dispatchig ard
closig of eadh conredion. The differerce betwen the
dispatching ard the closihg time is recordel & the servie
time the serve process spads o the mnredion. Usirg
the averag servie time o the serve process pe
connedion, we calculatd an estimag¢ d the service rateu
of one serve process

As discussedn Sedion 2.3 we assume a G/G/queueing
modd for the Apache wk server Fa simgicity, we
assume thd the service tim distribdion is exponetial.
Our experimenthresuls presentd belov cen be furthe
improvel if a bdter estimae o the distrbution of servie
times is avdable. In pradice, however,accura¢ onlire
measuremerof this distribution may be both difficult and
unrecessaryAt ead contrd period, the Queueingviodd
Predicto will use the esmated servie ratey, the onlire
measurd averag reques arrival rats A(k), the averag
reques inter-arival time m(k) ard its standat devidion
s(k) to prodee tke neav desirel values for b(k+1) by
solving the equatia (3).

3.1.3 Controller

Both a P ard a A contrdler were implementd to contrd
adjustmen of server preces quota Both contrdlers ae
varigions o the generh PID contrdler known for its
robustnes ard predominanuse in industry. The derivatie
contrd adion was nd used becaus it is sensitie ©
measuremennoise The advantage foa P contrdler is
simgicity. The advantag o a R contrdler is bater
elimination of residua errors The Moritor computs ard
passes the average delayt the Fedbadk Contrdler,
which computs the aror e(k) betwea the measure dely
D(k) ard the desird delgy D,r. The outpa U(K) of the P
contrdler is simpy propottiond to the eror. A digital
form of the A contrd function is:

U(k) = U(k-1) + g(&R- r< g k1)), KO0) =0 (4)

where U(k) = Ab(k), the adjustmenof the serve proces
qguotg g ard r are desgn parametercdled the contrdler
gain ard the contrdler zerq resgdively (see [] for the
parametes desig usihg Root Locus metlod).

YF]',F.

COMPUTER
SOCIETY

Proceedings of the 23rd IEEE REAL-TIME SYSTEMS SYMPOSIUM (RTSS’02)
1052-8725/02 $17.00 © 2002 IEEE



3.1.4 Connection Scheduler

The Gonredion Scheduleserves as a actuato to contrd the
connedion delay d the dient class It adds yp the outpus
from the Queueing Modd Predicta ard the Feelbadk
Contrdler ard computs the individud values o proces
alocation b(k) for the dient class The Carection Schedule
listers 0 the well-known pott ard acceps evey incomirng TCP
connedion request The Canrection Scheluler maintairs a
(FIFO) conredion quee Q ard a procas cante R for the
numbe of processes dlocatel to a cannedion.

3.2 Experimentation

In this setion, we presen experimental resudt for our
instrumentd QueueingModd Basel Contrd Apacte web
server in which the QueueingModd Predicto ard the
feadbadk contrdler are integrated

3.2.1 Experimental Setup

All experimens wee conductd on a testbd of PC' s mnrectel
with a 100Mbps EthernetOre machie with a 450MHz AMD
K6 pracessa ard 256MB RAM was usel to un the web serve
with HTTP 11 enabledard two machines with 450MHz AMD
K6 pracessa ard 256MB or 64MB RAM were use to run
clients thd stres the serve with a g/ntheic workload The
experimentbsetwp is & fdlows.

Client

We nodified SURGE (Scalabe URL Refererwe Generato [9]
to generat syntheti web workload in ou experiments The
curert versicn of SURGE assume thd uses do nd isste
anothe reques until they ge the repy for the prevbus one
This assumfion does nd model wdl the behavio of a serve
with mary independenclients who® requesarrival times ae
not related to tre times reponses wee semto othe requests.

Herce, we nodified SURCGE to generad URL requess with a
rate independdanof the serve load while gill keepirg the self-
similarity chamacterigics in the resultig traffic. We assumel
that the time dients wat after they serd the requesfor a web
objea follows Paret distribition, which is nd dependenbn
the serveload or netwok delay

Server

We implementd the QueueingModd Predicto ard integrate
it with ou contrdler instrumentd Apacle web serve [3]. The
maximum numbe of serve processes is configurd toc = 128
which modek a smél size Wéb server Each samfing perbd is
600 everd long in dl the experimentsSampling perbd is
defined in terns d the numbe of evens ard na absolué time
becaus the contrtbed pracess isa pobablity. The dynamics
of such a procss deped on the numbe of trials. Thus, ©
obtan a mnsisteh systen modd from ore samplilg period b
another we fix the numbe of evens (trial§ per sampleThe
connedion TIMEOUT of HTTP11 is sé to 15 seconds

3.2.2 Experimental Results

In orde to evaluag the performance fothe Queueig
Modd Basel Contrd appraach we compard its
performarce with tha of the feedbadk contrdler only ard
QueueingModd Predicta only resgectively. The goa of
the systen is © provice the servce delg guarante fa a
client class wit as few resouces aspossibe whle meetng
the performance requiremerih pradice, it is comma for
the web servce provide to promig the premie class a
certan performape guarante whle trying o provice &
good a performance s possibé o the othe classes
Thereforeit is desirak# tha only the recessay anourt of
resouces is dlocatal for the premie class Two
experimend wee conductedwhee the service demasd
were changd draméically. In both experiments the
desir@l cannedion delay fo the premie clas is s& to D,
=2.

The inpu load pédterrs in the two experimerg ae showm
in Figue 7 and Figue 9 and tle average anredion delay
measurd in every samiing perod (i.e evey 600 eventk
are shown in Figue 8 and Figue 10 respdively.

average request rate
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Fig 8 Exploring Contrd Benefits

In the firg experiment we exploe the effet of adding
feadbadk contrd to a resource lbpcaion schere tha uses
a G/GA predicto alore for resouce dlocaion. Figue 8
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shows how tightly the targé delay is trackel by the system
comparirg the performane d the G/GA predicto alore o tha
of the predicto augmentd with a P ard then a H contrdler. In
the secod experimentwe explore the benefitd adding the
predicta to a resource allotn scheme tha reliess m
feedbadk contrd alone Figure 10 compare hav well the dely
targd is achievel in the fealbadk contrd schene with ard
without the G/GA predictor

The experimerg shav tha the combind schem outperforme
both the predicto ard the feelbad contrd schene usel in
isolaion. Experimenth resuls rewd the fdlowing
observéions:

* Using the aggregatefahe squard arors betveen the
desirel andactud conredion delay ove the durdion
of the experimentwe can compae the performare d
differert schemesThe smalle the aygregag¢ aror, the

better the nvergece The fdlowing tabk
summarzes tre resits.
Exp 1 G/IGL G/GL G/G1
(Figure 8) predicto predicta with | predicta with
alone aP contrdler | a A contrdler
Aggregae 214.08 74.80 30.32
error
Exp 2 PI PI controller
(Figure 10) | contrdler with a G/GL
alone predictor
aggregag 56.84 23.84
error

Table1 The Aggregate Error

» Using queueingmodd feal forward contrbalone a
large steag stat aror devebps (Figure 8) This is
attributed to tre fad that the web serve is nd exactly
a shgle quee systemThus,the nodd derived in this
pape is only an gpproximdion o the true serverThe
fluctuation is al® qute large.

e  When P (propotional) contrd is alded both the
steaq stak eror ard fluctuatiors decreae (Figure 8)
Proportiond controlles ae nd effective  for
correding seads stat erros causé by load
disturbamwe, becaus the/ need the existene d
instantaneus arors © generat caredions

*  When integrd adion is alded (feed forward pls R
control), the steagl stat aror is eliminate (Figure 8)

* The close loop performane d the H contrdler is
much beter in the presencefahe queueingredicta
(Figure 10). This is kecaus the predicto is abk ©
syply an gpproximae ouput that achieve a dely
value clo® © the seé point The contrdler therefoe
has © handé the residueerror only.

Our experimenthevaluation demonstrate the advantage o
integrding a queueingtheordic predicto with a fealbadk
contrdler to achiewe QW guaranges in Interneg servers The

two componerg hae complementgr strengths jointly
offering moe obug tracking d performarte sé points in
the presencefavidely unpredictal# load

354

, 0
2 25
22048
§D 15 -
g 104
B
0 : ; : : ‘
0 500 1000 1500 2000 2500
time (sec)
Fig 9 Input Loal in Cag 2
4 =
351
n 7] — ool G/G1
I 251 predictor
g 2 - DL cotroller
g
0 154
g
BT — reference
"5l
j
D 'hw: T T T T 1
05! K00 1000 1R00 00 2500

firme (sec)

Fig 10: Exploring G/G/L Beneits

While queueingtheoy and feedbadk contrd hawe bea
repeatedy usel in isolation in mary contexs © provide
performarce guaranges the authos ae nd awae d ary
prior work tha denonstrats ard advaates ther combinel
use within a single frameworkThe authos bdieve tha
sud a combind framewok meiits deepe investigaion to
produe beter theoy for performage assurance in
systens thd can be nodeld in both the queueingard the
fealbadk contrd domains.

4 Related Work

Fealbad contrd theoly has been devebpeal for more than
50 years Mary powerfu tools am results hawe bea
obtain@l and deployed Moden gplicaions sud &
multimedia streaming realtime computing trangdion
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processihng, embedeal systemsard e-canmerce requie sone
form of performarte contrd [1, 28]. Herte, the use 6 contrd
theoy ard took 1 achiee performane guarantes in
computihg systers ha recernly emergé a an interesting ath
adive researtie topic. TCP cagesion contrd [5] is perhap
one d the mos swceessfu accomplishmerstin this aea

In [18, 27], caongesion contrd in canmunication networls is
treatel as a fealbadk contrd problem They modd the
avdlable bandwidh as an autoregrssive procas driven by a
white noi® proces aw the cagestiommn contrd problem is
formulated as an LQG stochasc contrd problem tha can be
solval usirg a discretdime Riccat equation Later,
networkirg re®arches poposel nev actie quele
managemen(AQM) algoithm(s) for Interne routes [19, 20].
Analysis ard improvemeh of AQM using contrd theory
followed. The authos d [21] linearze a mn-linea modd of
TCP amd desgn aa AQM contrd systen ushg the Randam
Early Detedion (RED) scheme Using standadt contrd theory;
they provide a schem © choog desig parameter thda can
lead to stabé opersion. In [22], the authos furthe use
classicd contrd (Pl control, or Propotional-Integrécontrdler)
to develop ne contrdlers for the linearizel modé of TCP aru
AQM. The ontrdler is show to hawe bdter theoretcd
propeties than RED. Also, simuldion resuls shav tha a A
contrdler outperforns RED.

The contrd of queueingnetworls is al® an active researc

area In [15, 17], Kuma et al. devebped importan resuls a

the stabiliy and performape guaranées o queueng networks

In the gplicaion of contrd theory to computig systems
Steee d al [23 propo® a n&v schene d allocaing CRU to

threads basd on pmopottion amd periad insead o the

tradtional schene basd on priority. The scheme Ibbcates

ead thread a percentagefdCPU cycles ove a perod d time,

and use a fealback-basd adapive schedule (contrdler) to

assgn automécally both prgportion ard period It shovs tha

this nev fealbadk driven schem ha benefits ovethe od

priority basel schems kecaus it has finer-graind contrd of

alocation; lower variarce n cycles dlocated ard can hep

avoid accidenth priority inversion In [1], Abdekahe ¢ al.

build a fealbadk contrd loop fa an Apacle web serve tha

enforces desird reldive delag amory differert servce classe
via dynamic conredion schedulig ard pracess edlocdion. In

[2], a sinilar control-theoréic goproach was usel for a Squd

proxy serve to guaranée cack hit-rdio by dynamicaly

adjuging the dik space docation In [8], the parametex (i.e

KeepAlive timg Maxdients) of an Apacte web serve are

dynamrally dlocatal usirg a feaedbad contrdler. The godis

to ke the system's CRJ and memoy tili zation stalilized a
the desire referene value Similar approaches ae al® usel

for Lotus Notes Serve[7]. Theg approacte usel a pue

feedbadk contrd schene with no queueingpredictor In

contrast in this pape we hawe shown tha queueilg theoy can

be leveragd to improwe the performane d feadbadk contrd

of queueimy systems.

5 Conclusions

This pape has intoduced a combined framewok for
performare guarangées in unpredictald envionments
The framewok integrats componerst from both queueing
theoy ard feedback control The pape discisses
fundamenth issuess aml problens thd arie in
implementig this framework It alo presert a
preliminay performane evaluéion, usirg both simuldion
ard actua experimental prototypesThe resits ae glte
encouragig in thd the poposel soldion is denonstratel
to provice a mub tighte contrd of system QdS in the fae
of unpredictab? load varigions

While this pape preserd an initial pilot study more
investigéion is reedel on severh fronts. Fa example
better queueingmodeb wuld be usél to represen the
Interng servers Suh modek ma represena netwok of
queus ove differert serveé resouces Multivariable
contrd technigus ma be usel to dlocae diferert
resouces concurently. The choice 6 samplirg time for
rate estiméon ard resouce redocaion can be solvel &
an optimization problem In this poblem it is desird to
find the bes trade-of betwee achievirg speed of repone
ard reduchg neasuremen noie in the dely contrd
scheme The fundamentatensicn between the two is
creata by the fad that thke contrdled ertity in our schene
is pobablistic in nature ard probaliity can only be
measurd accurate} over an infinite observdon window
assumig a staionary process Of significart interest § the
ue d stochaic contrd technique t acwourt for
assumpons regardig the inpu load distribdion in the
contrd scheme Findly, explorng ron-linea contrd
techniqgus ma yield significart benefis in coping with
the non-linearreldion between rat ard delay in Interné
servers The® issue ae currenty unde investigéion by
the authors.
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