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Abstract

Web Servicesarean emerging softwaretechnologythatemploy XML to shareandexchangedata.
They may serve aswrappersfor legacy datasources,integratemultiple remotedatasources,filter in-
formationby processingqueries(function shipping),etc. With thosethat interactwith an enduser, a
fast responsetime might be the differencebetweena frustratedanda satisfieduser. A Web Service
may employ a loss-lesscompressiontechnique,e.g.,Zip, XMill, etc., to reducethe sizeof an XML
messagein orderto enhanceits transmissiontime. This saving might be outweighedby the overhead
of compressingthe outputof a Web Serviceat a server anddecompressingit at a client. The primary
contributionof this paperis NAM, a middlewarethatstrikesa compromisebetweenthesetwo factorsin
orderto enhanceresponsetime. NAM decideswhento compressdatabasedon theavailableclient and
serverprocessorspeeds,andnetwork characteristics.Whencomparedwith today’scommonpracticeto
transmittheoutputof a WebServiceuncompressedalways,our experimentalresultsshow NAM either
providessimilar or significantlyimprovedresponsetimes(at timesmorethan90%improvement)with
Internetconnectionsthatoffer bandwidthsrangingbetween80 to 100Mbps.

1 Introduction

Many organizationsenvision webservicesasanenablingcomponentof Internet-scalecomputing.A web
serviceis eithera computationor aninformationservicewith a publishedinterface.Its essenceis a remote
procedurecall (RPC)thatconsumesandprocessessomeinput datain orderto produceoutputdata. It is a
conceptthat renderswebapplicationsextensible:By identifying eachcomponentof a web applicationas
a webservice,anorganizationmaycombinethesewebserviceswith othersto rapidly developa new web
application.Thenew web applicationmay consistof web servicesthat spanthe boundariesof several (if
not many) organizations.A final vision of webservicesis to realizea dynamicenvironmentthat identifies,
composesandintegratesweb servicesin responseto a query. This is similar to how a relationaldatabase
managementsystemidentifiesandcomposestheappropriaterelationalalgebraoperatorinto aqueryplanto
processaSQL command.

ExtensibleMarkup Language(XML) producesreadabletext andis emerging asthe standardfor data
interoperabilityamongwebservicesandcooperativeapplicationsthatexchangeandsharedata.Well-formed
XML documentsconsistof elements,tags,attributes,etc.,andsatisfycleargrammaticalrules. Themajor
commercialvendors,e.g.,Microsoft,IBM, etc.,employ XML to publish,invoke,andexchangedatabetween
webservices.A webservicepublishesits interfaceusingtheWebServiceDescriptionLanguage(WSDL).�

This researchwassupportedin partby anunrestrictedcashgift from Microsoft research.
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An Internetapplicationmay invoke a remoteweb serviceusingSimpleObjectAccessProtocol(SOAP).
Typically, aninvokedwebserviceproducesanXML-formattedresponse.

Binary is analternative encodingmechanismthatproducescompactstreamsfor efficientparsingwhich
arenot humanreadable.A binaryformattedmessageis smallerthanits XML formattedcounterpart. This
is becauseXML encodingincludesrepeatedtags,labelsandattributes. Onemay employ compressionin
orderto reducethesizeof bothXML andbinaryformattedmessages.Two popularcompressiontechniques
areZip/GZip andXMill [9]. Bothemploy techniquesbasedonLempel-Ziv [15]. Theirkey differenceis that
XMill employsthesemanticinformationprovidedby XML tagsto (a)groupdataitemswith relatedmeaning
into containersand, (b) compresseseachcontainerindependently[9]. This column-wisecompressionis
generallybetterthan row-wise compression[8] for large messagesizes. With XMill, compressedXML
messagesareat timessmallerthantheirZip compressedbinaryrepresentation.This typically holdstruefor
thosemessagesthataremorethanoneMegabytein size[9, 3].

The focusof this paperis on transmissionof dataandwhencompressionenhancesperformance.Two
popularmetricsusedto quantify the performanceof a computingenvironment are: responsetime and
throughput. Throughputdenotesthe numberof simultaneousactive requestsprocessedby the environ-
ment. Responsetime is thedelayobserved from whena client invokesa remotewebserviceto thetime it
receivesthelastbyteof theresponseproducedby thiswebservice.Obviously, theobjective is to maximize
throughputandminimizeresponsetime (lesswait time). Unfortunately, ahigherthroughputdoesnotmean
a lower responsetime. For example,onemay compressmessagesin order to increasethe throughputof
a sharednetwork (desirable).However, if this is a small message,theCPU overheadof compressingand
decompressingit mayincreaseresponsetime (undesirable).

The primary contribution of this paperis NAM, a network adaptablemiddleware with the objective
to enhanceresponsetime. NAM consistsof a client and a server componentand is designedwith the
objective to scalefor thoseenvironmentsconsistingof millions of clientsthat invoke a singlewebservice.
If a webserviceis standaloneanddoesnot dependon anotherwebservice,denoted

�����
, it is configured

with NAM’ s server component. Otherwise,a web serviceplays dual roles of being a client of one or
more web servicesand a server for others,denoted

��� �	�
, and is configuredwith both the client and

server componentsof NAM. NAM’ s componentsmight beincludedaslibrariesof a softwaredevelopment
environmentsuchasMicrosoft’s .NET in orderto bedeployedseamlesslywhenawebserviceis deployed.

Our experimentalresultsfrom bothan Internetandintranetdeploymentof NAM demonstratethe fea-
sibility of NAM. NAM readily adaptsto its environmentto usethe appropriatetransmissionparadigmto
minimize responsetime. Experimentalresultsof Section3 demonstratethat NAM provides significant
savings whencomparedwith anuncompressedtransmissionrepresentingcurrentdeploymentsfor today’s
Internetwith bandwidthsin theorderof tensof Mbps.

The restof this paperis organizedasfollows. In Section2, we provide an overview of NAM andits
components.Section3 presentsanexperimentalevaluationof NAM. Brief conclusionsandfutureresearch
directionsarecontainedin Section4.

2 NAM

NAM consistsof a server and a client component,denoted
���
 � and 
���
 � respectively. 
���
 �
constructsandmaintains(a) a profile of messagesprocessedby a client, namely, the time requiredto de-
compressa message,andb) a profile of network roundtrip time andlossrate for eachcontactedserver.
���
 � maintainsa profile of thetime requiredto compressa message.Profilesgatheredby both 
���
 �
and 
���
 � might bemaintainedin a persistentmannerto ensuretheir cumulative growth in thepresence
of shutdowns,power failures,etc.

Theprimaryadvantagesof maintainingtheprofile at theclient are: a) theclient maycustomizeits es-
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���
 � (byte[ ] M, Client
��� ���

) ��
= M.Length();� �

= Estimatesizeof M whencompressed;� �������
= Estimatetime to compressM atserver;������� �����

= Estimatetime to decompressM at
�����	�

;
Estimatenetwork round-triptime � � � andlossrate! for network connectionbetweenserver and

��� �	�
;� �#" = transmissiontime (

�
, � � � , ! );� � � = transmissiontime (
� �

, � � � , ! ) +
� �������

+
� ���$� �����

;
if ( � �%"'& � � � ) then“transmituncompressed”;
else“compressandthentransmit”;(

Figure1: Pseudo-codeof NAM, anetwork adaptablemiddleware

timatorbasedon thecharacteristicsof its hardwareandstatisticalpeculiaritiesof its requesteddata,b) the
server is freedto supportmillions of clientswithout incurringtheoverheadof maintainingadecompression
profileonbehalfof eachclient. A drawbackof thisapproachis theextraCPUoverheadandstoragerequired
at a client to maintaintheprofile. As detailedin Section2.1,onemayuseregressionin orderto maintaina
compactrepresentationof theseprofilesin theorderof tensof bytes.Moreover, its CPUoverheadis neg-
ligible for thoseclientsthatperformdecompression,andretrieve andprocesstensof thousandsof bytesof
data.Experimentalresultsof Section3 show thebenefitsof NAM significantlyoutweighstheseoverheads.

Given a web serviceconfiguredwith NAM (actingeitherasa
��� �

or
��� �	�

), it continuesto inter-
operatewith thoselegacy clientsandWebServicesnot configuredwith NAM. This is supportedasfollows.
When a client configuredwith 
���
 � (say a

��� �	�
) invokes a remoteweb service,its SOAP header

includesa flag (along with several other taggeddataitems requiredby NAM) denotingthe presenceof
NAM. If the referencedweb serviceis not configuredwith 
���
 � , it ignoresthis flag andprovides an
uncompressedoutputalways.If it is configuredwith NAM (sayit is a

��� �
), it utilizesthisflag to transmit

its outputin eithera compressedor anuncompressedmanner. If this webservicereceivesa SOAP header
without the NAM flag, it assumesthe client is not configuredwith NAM andproducesan uncompressed
reply. To simplify discussion,andwithout lossof generality, weassumeanenvironmentthatconsistsof two
webservices,a

��� �
anda

��� �	�
, configuredwith NAM. The

��� �	�
invokesremotemethodspublished

by
��� �

.
Figure 1 shows the pseudo-codefor 
���
 � . It consistsof a collection of estimationtechniquesin

orderto rendera decisionquickly. When
��� �

producesa response
 to a requestissuedby a
��� ���

,
it invokes this pseudo-codewith the byte arraycorrespondingto 
 and

��� ���
’s SOAP header. 
���
 �

estimates:a) the size of this messageoncecompressed,b) the time requiredto compressthis message,
c) the time to decompressthis messageat the client,

��� ���
, and d) the network characteristics.Next,

it employs an analyticalmodelof theunderlyingnetwork protocolto estimatetransmissiontime with the
estimatednetwork characteristicsgivenamessagesize.If theestimatedresponsetimeusingacompression
techniqueis betterthanan uncompressedtransmissionthenNAM compressesthe messageandtransmits
it. Otherwise,themessageis transmittedin uncompressedformat. If 
���
 � includesseveralcompression
techniquesthenit mustestimateresponsetime with eachandchoosetheonewith thebestresponsetime.
This trivial extensionis not shown in Figure1.

In Section2.1, we describea generalpurposetechniqueto estimatecompressedmessagesize,com-
pressiontime, and decompressiontime as a function of messagesize. Next, Section2.2 describeshow
NAM estimatesnetwork transmissiontime. This model is specificto the TCP protocol[13]. The overall
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Term Definition)+*-,/.
Servercomponentof NAM.)+*-,10
Client componentof NAM.243 .
A WebServicethatis not dependentonotherWebServices,configuredwith

)+*-, .
only.243 .50

A WebServicethatdependson otherWebServices,configuredwith both
)+*-, .

and
)+*6, 0

.
ms milli-seconds.
Mbps Megabits persecond.
Gbps Gigabitspersecond.

Table1: Termsandtheir definitions

performanceof NAM is dependenton theaccuracy of theseestimationtechniques.

2.1 Regression to Estimate Compression Time and Compressed Message Size

This sectiondescribesa generictechniqueto estimatecompressiontime, decompressiontime and com-
pressedmessagesizefor a givenmessage.Of course,therearemany waysto performthis estimationand
onemay develop anddeploy an applicationspecificapproach.NAM is envisionedasa collectionof dif-
ferentplug-and-playcomponents,enablinganapplicationdeveloperto replaceour generictechniquewith
their own specificmodel.Section3 shows thetradeoff associatedwith usingourgenericapproachandhow
it impactsNAM’ sdecisions.

We utilize a genericpolynomialregressiontechniqueto detecta curviliniear function betweena mes-
sagesizeand(a) its compressedmessagesize,(b) compressiontime, and(c) decompressiontime. In the
following, we provide an overview of polynomial regressionand its alternative models. The key advan-
tageof regressionis that it representsa large samplesetwith a finite setof variables. 
���
 � computes
the coefficientsof a regressionmodel for decompressiontime andtransmitsit to 
���
 � to estimatethe
decompressiontimeof amessageat theclient.

Polynomialregressioncomputestherelationship(suchaslinear, exponential,logarithmic,etc.,)between
a dependentvariable(say 7 ) andan independentvariable(say 8 ). Basedon Taylor approximation,if the
original functionsare difficult or impossibleto evaluatedirectly, the partial sumsof the corresponding
infinite seriesis polynomialsandcanbeevaluatedasfollows:7+9;:=<>8�?=9 @A B C�D�E B�F 8

B 9 E DHG < EJI F 8�? GLKMKMK5G < E�N F 8 N ? GOKMKMKMK
Linear, quadratic,cubicregressionarespecialcasesof thisgeneralequation:PRQTS%U E	VWV UYX V U[Z5Z[Q]\5S�^ 7_9;:=<>8�?=9 E DHG < E`I F 8�? (1)a�b E�c	VdE	e Q]f V UgX V U[Z5ZhQ]\5S'^ 7+9;:=<>8�?=9 E DHG < EJI F 8�? G < E�i F 8 i ? (2)j�b�k Q$f V UYX V UlZlZ[Q]\5S'^ 7_9m:=<>8�?=9 E DHG < EJI F 8�? G < Eni F 8 i ? G < E�o F 8 o ? (3)

Given
S

observedsamples:�h8 I , 7 I ( , ..., �h8 N , 7 N ( , a regressionmodelsolvesfor E B valueswith theobjective
to minimizethesumof differencebetweentheestimatedvalue 7�pB andits observed value 7 B , i.e., minimizeq NB C I <>7 B	r 7�pB ? i . Conceptually, this is accomplishedby computingthepartialderivativesateverypointof 8 B
andsetits resultto zero.With cubicregression,this is realizedby maintainingthreematrices,seeFigure2,
whereY = X

F
A. Onemaysolve for matrix A to obtainthecoefficientsby computingthe inverseof s ,

i.e., �;9Lsut I F/v .
At run time, thesystemmayaccumulatew new samplesby maintainingseparatesxp and

v p matrices.
The systemmay addtheseinto the existing X, andY matricesandsolve for a new A matrix. The space
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����� v 9 z{{| q NB C I 7 Bq NB C I 8 B 7 Bq NB C I 8 iB 7 Bq NB C I 8 oB 7 B

����� �;9 z{{| q N
B C I E Dq NB C I EJIq NB C I Eniq NB C I Eno

�����
Figure2: Matricesmaintainedin supportof Cubicregression.

complexity of thisapproachis thesizeof matricesandindependentof thetotalnumberof samples.Its time
complexity is to solve for matrixA: computetheinverseof matrix s andmultiply it by matrix

v
.

2.2 Network Models

Thenetwork characteristicshave a significantimpacton theresponsetime associatedwith transmittingthe
outputof a web service.The responsetime clearlydependson network bandwidth,andtransmissionand
propagationdelays;however, responsetime alsodependson the interactionof the transportprotocolwith
loss.In thispaperwe focuson theTCP[13] transportprotocolbecauseof its wide spreaduse.

Themainchallengefor NAM is to devisemechanismsto estimatetheresponsetimeof aserverbasedon
informationsuchasround-trip-time(RTT), bandwidth,outputsizeandlossrate. Of these,only theoutput
sizeis known, andtheothervariablesmustbeeithermeasuredor estimated.NAM builds on existing work
onTCPmodeling.AccuratelymodelingTCPoverawiderangeof network conditionsis achallengingissue,
andmostexistingmodelswork only underastrictsetof assumptions.TCPmodelingis alsocomplicateddue
to theexistenceof severalTCPvariants,but notall of themarewidely deployed.SuchvariantsincludeTCP
SACK [10], whichspeedsuplossrecoverywith selectiveretransmissionandTCPVegas[2], whichproposes
enhancedtechniquesfor congestiondetection.ThedominantTCPvarianttodayis TCPReno[5], andthusis
thefocusof NAM. As otherTCPvariantsbecomepopular, NAM mustbeenhancedto accommodatethem.

Several analyticalmodelsexist to estimateresponsetime with TCP Reno. Theseincludemodelsby
Padhye[11] and Sikdar [14], eachwith a different set of assumptions.We analyzedthesetwo models
with both ns2[6] andin a testbedusingNIST Net [4], anddetailedresultsarepresentedin Section3. In
summary, we observed bothstrengthsandweaknessesin thesemodels:thePadhyemodelwasaccurateat
modelinglong flows but inaccuratewhenmodelingshortflows (suchasthosefrequentlyproducedby web
services).TheSikdarmodelwasaccurateat modelingbothshortandlong flows, but wasinaccuratewhen
flows experiencedloss. Figure2 shows theaccuracy of both theSikdarandPadhyemodelsin estimating
responsetime. Thex-axisshows themessagesizeandthey-axisshows thepercentagedifferencefrom the
observedtime. Thetwo modelsarepresentedin moredetailbelow.

In orderto understandTCP’s contribution to responsetime, we first summarizethe behavior of TCP.
A TCP connectionbegins with a three-way handshake, which takesup a round-triptime (RTT). For data
larger thana singlepacket, TCPenterstheslow startphase,whereit increasesits transmissionwindow by
onefor eachreceivedacknowledgment(ACK). In theabsenceof delayedACKs,thereceiver sendsanACK
for eachnew packet. If thereis no loss,thesender’s window doublesevery Round-Trip-Time (RTT) until
it reachesa pre-specifiedlimit, termedmaximumwindow size

� �6���
, typically boundedby the receiver’s

buffer size.At thispoint, thesenderentersasteadystateandcontinuesto transmit
���6���

packetseveryRTT
until theentiremessageis transmitted.Thereforein theabsenceof losswe canusethemodeldescribedby
Sikdar[14] to modelthetransfertimeof amessageconsistingof 
 packetsasfollows:
 U e$� \ V���e$VdE S%Z w Q�ZlZ[Q]\5S e Q w U 9�� � ��� F��>� \[X i 
�� Q :+
���
 � ���� ��� F < �>� \[X i � �-��� � G��Y� t �����$��� �¡ �£¢ G�¤ ? \ e¦¥ U V5� Q$Z5U (4)

where
 � ��� is thenumberof packetstransmittedduringslow startphase,
 � ��� = ¤�§©¨ �$ª�« �  ~¡ �­¬ G � �6��� r4® .
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Figure3: A comparisonof analyticalmodels,bandwidth= 100Mbps,latency = 100msec.
���
 � maintainsahistoryof measurementswith all theserverscontactedrecently. Thishistoryis kept
in a local database,which is consultedbeforea requestis sentto a server. If pastexperiencehasshown the
network pathis relatively freeof loss,or if theresponsesizeis small (a few packets)thenusingtheabove
modelis reasonable.In ourframework, 
���
 � maintainsanestimateof RTT for eachof thecorresponding
servers.Whencommunicatingwith aspecificserver, 
���
 � providesits RTT estimateto 
���
 � asapart
of its request(e.g.,in aSOAPheader).Notethathaving 
���
 � communicatethisinformationto 
���
 � is
morescalablebecauseit freestheserver from maintainingacentralizeddatabasefor all its clients. 
���
 �
might estimatethis RTT to 
���
 � eitheroff-line by using PING, or by monitoring the RTT on recent
transactionswith the server, or a hybrid of thesetwo. With PING and low bandwidthconnections,e.g.,
DSL, Modem,etc.,wheretransmissiontime of datadominatesRTT, the transmittedmessagemustbe the
sizeof a full packet. Otherwise,theestimatesof Equation4 will beinaccurate.

NAM needsadditionalparametersto estimateresponsetime, suchasthemaximumTCPwindow size
and the loss rate. Both residein the kernel in the TCP protocol control block (a control block contains
the statethe protocol requiresfor eachconnection). Currently, thereis no interfacethat provides these
parametersto theapplication.Work in CongestionManager[1], however, aimsto remedythis problemby
allowing congestioninformationto be sharedamongall protocolsresidingon a machine. For our NAM
prototypewe modifiedtheLinux kernelto returnsuchinformationto theapplicationvia thegetsockopt()
systemcall. This wasasimplemodificationrequiringa few linesof code.

TheSikdarmodelworkswell if thereis no packet loss. Packet lossin TCPmayleadto a timeout,and
theimpacton responsetime is dramaticbecauseit addsidle timeandcausestheprotocolto enterslow start
again. Whenhistory indicatesthat lossis likely during the transmissionof a particularlarge message,we
estimatethenetwork transmissiontime of message
 by usingits size, 
 K � UgS�X e¦¥ <T? , andanestimationof
network bandwidth,̄6<°!�? : ±³² ´ � N ª�µ·¶¹¸Mº» ¸ �[º . Usingthemodelsof [11], thenetwork bandwidthis estimatedas:¯6<°!�?R¼Lw Q]S < � �6���� ���m½ � � �³¾ ¤ !¿ G � D w QTS < ® ½ ¿À¾ ¿ !Á ?Â!�< ® G ¿ ¤ ! i ? (5)

where! is thelossprobability. Equation5 is appropriatefor bulk transmissionswhich senda largeamount
of data.

In light of theabove, NAM hasadopteda hybrid model,building on thestrengthsof both models.A
hybrid modelenablesNAM to beflexible enoughto handlea broadsetof conditionsexperiencedby both
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shortand long flows. For connectionswere the expectedloss is zero (basedon previous statistics)or if
the messagesizeis small (just a few packets),NAM usesthe Sikdarmodel to estimateresponsetime. If
previousstatisticsrevealahighlikelihoodof lossandthemessagesizeis significantlylarge,thenNAM uses
thePadhyemodel.

3 Performance Results

We conductednumerousexperimentsto evaluatethe feasibility of NAM in both a controlledlaboratory
settingand an Internetdeployment. The controlled laboratorysettingwas configuredwith a variety of
network switchesandprocessorspeeds.This wasessentialto developmentanddebuggingof NAM. We
usedNIST Net [4] to studyNAM with a variety of packet lossandbandwidths.This experimentalsetup
enabledus to studyNAM with 1 GbpsEthernetswitches.Suchbandwidthsareexpectedto appearin the
nearfuture.

The InternetexperimentswereconductedusingconnectionsbetweenUSC and(a) clientsat different
academicinstitutions,and (b) at homeclients connectedusing eitherDSL or 56 Kbps modems. These
experimentsoffereda varietyof network bandwidthsandlatencies.A connectionmight offer eithera low
( Ã P ), moderate( Ä P

), or high ( Å P ) latency. With a given latency, a connectionmay offer eithera low
( ÃÇÆ ), moderate( Ä Æ ), or high ( ÅÇÆ ) bandwidth. This yields nine combinations.This paperdescribes
ourobservationswith fiveof these.They werechosento show: a)NAM is ageneralpurposetechniquethat
adaptsto its targetenvironmentandapplication,andb) NAM’ soverall behavior is determinedby how well
regressionmodelof Section2.1andanalyticalmodelsof Section2.2performtheirestimations.

Thefive reportedexperimentalenvironmentsare:È SouthernCalifornia,SCÉ ´JÊ ËÍÌ : An Internetdeploymentwith a Linux server at USC anda client at
Universityof California,SanDiego. This connectionofferstypicalbandwidthof 90 to 96 Mbps,and
latenciesof 3.5 ms (RTT = 7 ms). This experimentrepresentsa low latency, moderatebandwidth
connection.È USËÎ´JÊ É Ì : An Internetdeploymentwith a Linux server at USC (westcoast)andISI at Washington
DC (eastcoast). The ISI connectionis a T1 with typical bandwidthsof 1 to 1.2 Mbps and45 ms
latencies(RTT = 90 ms).This experimentrepresentsamoderatelatency, low bandwidthconnection.È USËÎ´JÊ ËÍÌ : An Internetdeploymentconsistingof onemachineon theeastcoast,Universityof Mas-
sachusettsatAmherst,andanotheronthewestcoast,USC.ThebandwidthbetweenUSCandAmherst
is approximately87 to 96 Mbpswith 45 ms latencies(RTT = 90 ms). This experimentrepresentsa
moderatelatency, moderatebandwidthconnection.È Trans-AtlanticÏ ´JÊ ËÍÌ : An Internetdeploymentwith a Linux server at USC anda SunOS 5.8 client
at the University of Saarlandesin Germany. Network bandwidthbetweenUSC and Saarlandesis
typically between90 to 97Mbpswith 89 mslatencies(RTT=178ms).This representsahigh latency,
moderatebandwidthconnection.È 1-GbpsÉ ´`Ê Ï Ì : An intranetconfigurationconsistingof two machinesconnectedusinga GigabitEth-
ernetswitch. Theharnessedbandwidthis limited by theprocessorspeedandvariesfrom 300to 500
Mbps. Its latency is low, 0.15ms(RTT = 0.3 ms),becausethemachinesarephysicallyin thesame
room,USC’sdatabaselaboratory. This representsahighbandwidth,low latency connection.

WeanalyzedNAM’ sbehavior usingTPC-Hbenchmark[12], a decisionsupportbenchmarkwith docu-
mentedqueriesanddatasets.Thisbenchmarkcanbeconfiguredwith differentdatabasesizes.Weanalyzed
two: 1 and10 Gigabytedatabasesizes. TPC-H includesboth retrieval andrefreshqueries. The refresh
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Zip Compression XMill Compression
Query MSG MSG Comp Comp Decomp Msg Comp Comp Decomp

size size Factor Time (ms) Time(ms) size Factor Time(ms) Time(ms)Ð .
(
ÐWÑTÒ

) 929 303 3.1 0.68 0.07 358 2.6 1.78 0.70Ð Ó
(
Ð Ò]Ô

) 46,219 6,766 6.8 2.8 0.85 5,962 7.75 9.54 3.04ÐÖÕ
(
ÐÖ×

) 3,513,484 243,912 14.4 146.40 55.32 199,671 17.60 356.54 173.1ÐÖØ
(
Ð ÑÙÔ

) 25,927,167 4,166,404 6.2 1,493.00 569.00 3,259,501 7.95 2,916.6 273.3

Table2: Samplecompressionanddecompressiontimesusinga3.06GHzprocessor. Thequeryid in paren-
thesesdenotestheTPC-Hqueryusedasa representative of acategory. Thegranularityof reportedmessage
sizeandtimesarein bytesandms,respectively.

500 1000 1500 2000 2500 3060

   1

  2

  6

  3

  4

  5

 7

XMill decompression time

XMill compression time

Zip decompression time

Zip compression time

Linear

  Processor   Speed  (MHz)

   Speedup

  0

Figure4: Speedupof compressionanddecompressiontimesfor TPC-HQuery13asafunctionof processor
speed.

commandsgeneratelargerequestsandsmallresponses.Theretrieval queriesoffer amix of commandsthat
generateeither (a) large requestsandsmall responses,and(b) large requestsand large responses.Since
NAM’ s focusis on network transmissiontimes,we focuson retrieval queriesandignorerefreshcommands
from furtherconsideration.We categorizedthe22 retrieval queriesinto four categories: a) Small queries,
denoted

a �
, with XML formattedresultsetsizesequalto or smallerthan1 Kilobyte, b) moderatequeries,a ± , with resultsetsizesgreaterthanor equalto 1 Kilobyte andsmallerthan1 Megabyte,c) largequeries,a ´ , with resultsetsizesgreaterthanor equalto 1 Megabyteandsmallerthan10 Megabytes,andd) huge

queries,
aÍÚ

, with resultssetsizesgreaterthan10Megabytesandsmallerthan50Megabytes.
We analyzedthe performanceof Zip and XMill with thesequery classesas a function of different

processorspeeds:450 MHz, 1 GHz, 2 GHz, and3.06GHz. Table2 shows thesenumbersfor four TPC-
H queries(1 Gigabytedatabasesize) with a 3.06 GHz PC. Eachquery is a memberof different query
classandshown for illustrationpurposes.(We refer theinterestedreaderto [3, 7] for tablesshowing these
numberfor all queriesanddifferentprocessorspeeds.)Table2 shows threeimportantobservations. First,
thecompressionfactordoesnot necessarilyincreaseasa functionof messagesize. Second,XMill yields
morecompactmessageswhencomparedwith Zip for messageslarger thana thousandbytes.Third, XMill
is moretimeconsumingthanZip.

It is alsoimportantto notethatcompressionanddecompressiontimesdonotscalelinearlyasa function
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Figure5: Experimentalframework.

of processorspeeds.In Figure4, weshow thespeedupobservedwith oneTPC-Hquery(
a I]o ) asa function

of differentprocessorspeeds.Thebreakdown is appliedto bothcompressionanddecompressiontimesof
Zip andXMill. Similar trendshold for otherTPC-H queries.In particular, noneof thequeriesobserve a
linearspeedupasa functionof processorspeed.

The Internetis a sharedresourceandwe did not want to imposeunnecessaryload thatmight interfere
with existing network applications.Thus,we usedthe environmentof Figure5 to analyzethe impactof
alternative estimationtechniqueson NAM. The detailsof this environmentareasfollows. We storedthe
resultof eachTPC-Hqueriesin a file andregisteredthecompressionanddecompressiontime of eachdata
setwith alternative processorspeeds.Thesetimesexcludethe time to readthe file into memory. These
correspondto the “compressionprofiles” box of Figure5. Next, we setupanexperimentconsistingof an
Internetapplicationconfiguredwith a 
���
 � invoking a remoteserver with the identity of a query. The
queryid uniquelyidentifiesthedatasetsizethatmustbetransmittedfrom theserver to 
���
 � . Theserver
employs NAM to determineif the referenceddatasetshouldbe transmittedcompressedor uncompressed
and logs this information. Next, it transmitsthe dataset in uncompressed,Zip compressedand XMill
compressedto 
���
 � andregistertheobservedresponsetimeandnetwork characteristicsin a log file. An
off-line program,“NAM’ s decisionmaking” box of Figure5, processestheselogs andemulatesdifferent
processorspeeds.In addition,it computesthepercentageimprovementprovidedby NAM whencompared
with: a)uncompressedtransmissionalways,correspondingto how WebServicesaredeployedtoday, termed
Uncompressed,b) Zip transmissionalways,asimpleimprovementon today’s statusthatwouldemploy Zip
always,c) XMill transmissionalways,anenvironmentthatemploys XMill atall times.

Figure6 shows the percentageimprovementwith NAM whenconfiguredwith a 3.06 GHz processor
speedfor five different deployments. For each,the y-axis shows the percentageimprovementof NAM
whencomparedwith XMill compressionalways,Zip compressionalways,anduncompressedalways. We
observedazerolossratein theseexperiments.NAM employsanuncompressedtransmissionfor

a �
always

becausethemessageis smallerthanaTCPpacket (apacket is 1480bytesbetweentwo Linux machinesand
1460bytesbetweena Linux machineanda SunOS5.8machine).Its modelassumesTCPmusttransmitat
leastonepacket worth of dataandattributeszerobenefitsto usingeitherZip or XMill. Theresultsshows
thesuperiorityof this decisionwith thelow latency connectionsthatoffer moderateto high bandwidths(1-
Gbps,SC).With a low bandwidth,moderatelatency connection,USËÍ´`Ê É Ì , compressionprovidesmarginal
benefits(1 to 3%)with a3.06GHzprocessorbecausethemodel’sassumptionis violated(transmittingfewer
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Figure6: Percentageimprovementwith NAM for
a �

with 3.06GHz processors.

thanonepacketwrothof datadoesprovidesavingsin network transmissiontimes).With a2 GHzprocessor
speed,thismarginal benefitdisappears.With both1 GHz and450MHz processorspeeds,useof eitherZip
or XMill is inferior to anuncompressedtransmission.

Figure7 shows the percentagesavings for
a ± anda 2 GHz processorspeed.With the 1-GbpsÉ ´JÊ Ï Ì

environment,NAM continuesto transmitsdatauncompressed,providing substantialsavingswhencompared
with environmentsconfiguredto useeitherZip or XMill always.With Trans-AtlanticÏ ´JÊ ËÍÌ andUSËÎ´JÊ ËÍÌ ,
NAM employs XMill for 77%of queries,Zip for 14%of queries,anduncompressedtransmissionfor the
remaining9%of queries.An environmentthatwouldemploy XMill compressionalwaysoutperformsNAM
by approximately19%for Trans-AtlanticÏ ´JÊ ËÍÌ . Thisdropsto 2%with a1 GHzprocessor. With a450MHz
processor, NAM is superiorto XMill always.NotethatNAM providessubstantialsavingswhencompared
with today’s commonpracticeto transmituncompressedalways.

Theresultsobserved with bothUSËÎ´JÊ É Ì andSCÉ ´`Ê ËÍÌ demonstratethe importanceof estimatingnet-
work characteristicanddatacompressiontimesaccurately. Considereachof experimentsin turn. With
USËÍ´`Ê É Ì , NAM employs XMill for 68% of queries,Zip for 22% of queries,and uncompressedtrans-
missionfor the remaining10%. This is partly becausecubic regressioncannotestimatethe compressed
messagesize,compressionanddecompressiontimesaccuratelywith samplesfrom both the 1 and10 Gi-
gabytedatabases.If perfectestimateswereprovided, NAM would employ Zip andXMill 81% and19%
of thetime respectively, providing savingswhencomparedwith XMill. Thesamewould hold trueif NAM
wasprovidedwith samplesfrom 1 Gigabytedatabase.TheUSËÎ´JÊ É Ì resultsdemonstratetheimportanceof
estimatingcompressionanddecompressiontimesaccurately.

With SCÉ ´`Ê Ë�Ì , NAM employs XMill for morequeriesthandesired,resultingin inferior performance
whencomparedwith an environmentthat employs Zip always. This is partly dueto inaccurateestimates
providedby regression.However, evenwith perfectknowledgeof compressedmessagesize,compression
anddecompressiontimes,an environmentthat employs Zip alwayswill continueto outperformNAM by
7%. This is becauseNAM observesa lossfrom aprior transmissionandusesthisto estimateresponsetimes
with differentcompressiontechniques.However, theobservedtransmissiondoesnotencountertheexpected
lossrate,causingtheZip compressedresponsetimesto appearsuperior.

Figure 8 shows the percentagesavings for the
a ´ and a 1 GHz processorspeed. With low latency

connectionsthatoffer moderateto high bandwidths(1-GbpsÉ ´`Ê Ï Ì andSCÉ ´JÊ ËÍÌ ) NAM transmitsdataun-
compressed,producingsignificantsavings. With Trans-AtlanticÏ ´`Ê Ë�Ì , ' � ËÍ´`Ê ËÍÌ and ' � ËÎ´JÊ É Ì , NAM
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a ± with 2 GHzprocessors.
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Figure9: Percentageimprovementwith NAM for
a Ú

with 450MHz processors.

switchesto Zip compression,providing savingswhencomparedwith anuncompressedtransmission.With
Trans-AtlanticÏ ´`Ê Ë�Ì , NAM’ s savings whencomparedwith an environmentthat employs XMill alwaysis
marginal. This is dueto alargerRTT betweenUSCandUniversityof Saarlandesthatdominatesthenetwork
responsetime. It is interestingto notethat with SCÉ ´JÊ ËÍÌ , NAM employs an uncompressedtransmission
for

a ´ becauseof thesmallRTT (7 ms). With fasterprocessorspeeds(2 and3.06GHz) processors,NAM
switchesto Zip compression.

Figure9 shows thepercentagesavings for
a Ú

anda 450MHz processorspeed.The1-GbpsÉ ´`Ê Ï Ì and
SCÉ ´JÊ ËÍÌ continueto transmitdatauncompressed,providing significantsavingswhencomparedwith those
environmentsthat employ eitherXMill or Zip always. Even with a 3.06 GHz processor, NAM employs
uncompressedtransmissionwith the 1-GbpsÉ ´JÊ Ï Ì connection.The only differenceis a lower percentage
savings when comparedwith XMill and Zip, i.e., NAM outperformsXMill and Zip by 82% and 60%,
respectively. With Trans-AtlanticÏ ´`Ê Ë�Ì , ' � ËÎ´JÊ ËÍÌ and ' � ËÍ´`Ê É Ì , NAM employs Zip compressionto
provide savings.With fasterprocessorspeeds(1 GHz andabove),NAM switchesto XMill.

Resultsof Figures6, 7, 8, and9 show NAM adaptsto enhanceresponsetime acrossdifferentoutput
XML datasetsizes,processorspeeds,andnetwork conditions.It maynotprovide a superiorresponsetime
for every single transmission,however, it significantly improves the averageresponsetime acrossmany
transmissions.Of course,givenaspecificprocessorspeedandqueryoutputsize,onemaytailor thesystem
to outperformNAM. Resultsof Figure7 for ' � ËÎ´JÊ É Ì is a demonstrationof this claim. However, NAM
is designedto be generalpurposeandadaptto its environment. Its gatheredstatisticsarethe first stepto
fine-tuningandtailoring asystem.

4 Conclusion and Future Research Directions

This paperpresentsNAM asa middlewareto enhanceresponsetime of Web Servicesusingcompression
techniqueswhenappropriate.Our performanceresultsdemonstratehow NAM switchesfrom usingXMill
compressionto Zip anduncompressedtransmissionselectively to improve responsetime. We analyzedthe
performanceof thismiddlewarewith TPC-Hqueriesthatproducedatasetsizesrangingfrom afew hundred
bytesto tensof Megabytes.Thiswasdonein thecontext of differentInternetandintranetsettings.

NAM is designedto adaptbasedon thedatacharacteristicsof anapplication,availableclientandserver
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processorspeeds,andnetwork characteristics.It exchangesprofile informationbetweenawebserviceclient
( 
���
 � ) andtheWebService( 
���
 � ) in supportof intelligentdecisions.This distributestheoverhead
of NAM betweentheclient andtheWebServicein orderto freetheWebServiceto scaleto a largenumber
of clients.

NAM assumesa Web Serviceproducesits output in its entiretyprior to its transmission.While this
assumptionmatchestoday’s practices,we anticipateemergenceof XML streamingarchitecturesin support
of integratedWeb Services.Thesewill incrementallyproduceandtransmittheir XML formattedoutput
in a pipelinedmanner, overlappingthe server’s productionof output with the client’s consumptionand
processingof thisoutput.Weintendto exploreextensionsof NAM to thesearchitecturesin thenearfuture.

5 Acknowledgments

We wish to thankthe following for providing us with accountsat their institutions: GerhardWeikum of
theUniversityof Saarlandes,David Mooreof UCSD,Jim KuroseandDon Towsley of Amherst,andColin
Perkinsof ISI-East.Wealsowish to thankGurmeetSinghandKuntalJoshierfor theirhelpwith implemen-
tationof NAM andinstrumentationof theLinux kernel.

References

[1] D. Andersen,D. Bansal,D. Curtis,S. Seshan,andH. Balakrishnan.SystemSupportfor Bandwidth
ManagementandContentAdaptationin InternetApplications. TechnicalReportLCS-TR-808,MIT,
May 2000.http://nms.lcs.mit.edu/projects/cm/.

[2] L. BrakmoandL. Peterson.TCP Vegas: End to End CongestionAvoidanceon a Global Internet.
IEEE Journal on Selected Areas in Communications, 13(8):1465–1480,1977.

[3] M. Cai, S. Ghandeharizadeh,R. Schmidt,and S. Song. A Compressionof Alternative Encoding
Mechanismfor WebServices.In In Proceedings of DEXA Conference, August2002.

[4] Mark Carson. NIST Net. Internetworking Technologies Group, NIST, 1997.
http://snad.ncsl.nist.gov/itg/nistnet/.

[5] K. Fall andS. Floyd. Simulation-basedComparisonsof Tahoe,Reno,andSACK TCP. Computer
Communications Review, 26(3):5–21,July1996.

[6] K. Fall and K. Varadhan. The ns Manual. The VINT Project, April 2002.
http://www.isi.edu/nsnam/ns/index.html.

[7] S.Ghandeharizadeh,C.Papadopoulos,M. Cai,andK. Chintalapudi.Performanceof NetworkedXML-
DrivenCooperativeApplications.In In Proceedings of Second International Workshop on Cooperative
Internet Computing (CIC, held in conjunction with VLDB), August2002.

[8] B. R. Iyer and D. Wilhite. Data CompressionSupportin Databases.In Proceedings of the 20th
International Conference on Very Large Data Bases, 1994.

[9] H. Liefke andD. Suciu. XMill: An Efficient Compressorfor XML Data. TechnicalReportMSCIS-
99-26,Universityof Pennsylvania,1999.

[10] M. Mathis,J.Mahdavi, S.Floyd, andA. Romanow. TCPSelective AcknowledgmentOptions.Tech-
nicalReport2018,Network WorkingGroupRFC,October1996.

13



[11] J.Padhye,V. Firoiu, D. Towsley, andJ.Krusoe.ModelingTCPThroughput:A SimpleModel andits
EmpiricalValidation.In ACM SIGCOMM ’98 conference on Applications, technologies, architectures,
and protocols for computer communication, pages303–314,Vancouver, CA, 1998.

[12] M. PoessandC. Floyd. New TPC Benchmarksfor DecisionSupportandWeb Commerce. ACM
SIGMOD Record, 29(4),December2000.

[13] J. Postel. TransmissionControl Protocol. TechnicalReport793, Network Working Group RFC,
September1981.

[14] B. Sikdar, S.Kalyanaraman,andK. S.Vastola.An IntegratedModel for theLatency andSteady-State
Throughputof TCPConnections.Performance Evaluation, 46(2-3):139–154,2001.

[15] J. Ziv andA. Lempel. A UniversalAlgorithm for SequentialDataCompression.IEEE Transactions
on Information Theory, 23(3):337–343,1977.

14


