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Inter-sener coordinatedschedulings a mechanisnior downstrearmodesto increaseor de-
creasea paclet's priority accordingo the congestionncurredat upstreanmodes.In this paper
wederive anend-to-endchedulabilityconditionfor abroadclassof coordinatedgchedulershat
includesCJVCandCEDE In contrastto previousapproachesyur techniquepurposelyallows

o wsto violatetheirlocal priority indexeswhile still providing anend-to-endielaybound.We
shav thatundera simple priority assignmenschemegcoordinatedschedulersanoutperform
WFQ schedulersyhile replacingper o w schedulingoperationswith a simple coordination
rule. Finally, we illustratethe performanceadvantagef coordinationthroughnumericalex-
amplesandsimulationexperiments.

1. INTRODUCTION

In the pastdecadetherehasbeengreatprogressn the designof paclet schedulingalgo-
rithms, including servicedisciplineswhich achiere performancdsolation[19,25], quality of
servicedifferentiation[9,12,18],andscalablecore-statelessnplementatiori4,22,27].

Simultaneouslynew theoreticaltools have beendevisedto analyzethe performanceprop-
ertiesof suchmulti-classschedulers.For example,exact delay boundsfor EarliestDeadline
First (EDF) andStrict Priority (SP)schedulerarederivedin [17]. Moreover, multi-nodedelay
boundshave beendevelopedfor networks of elementscharacterizedy servicecurvesusing
“network calculus”[3,8,21],anapproachwhich encompassesndgeneralizepreviousresults
for networksof Weightedrair QueueindWFQ) seners[20] andrate-controllegeners[14,25].
In general suchtechniquegrovide schedulabilityconditions i.e., constraintghat, if satis ed,
ensurethatall pacletsof all o wswill meettheir respectre delayboundswithout violation or
loss.

Recently a classof schedulerdhasbeenstudiedwhich employ coorination of priorities
amongnodes[2,15,28]. A schedulerthat employs coordinationcan give a paclet higheror
lower priority atdownstreanmodesdependingpn whetherthe pacletwasservicedate or early
at upstreamrmodes.This intuitively appealingconcepthasbeenappliedin a numberof service
disciplinesproposedn theliteratureincluding FIFO+[6] andGlobal EDF [5]. Moreover, such
schedulerdiave potentialapplicationgo future multi-servicenetworks sincethey canprovide
end-to-endserviceausingsimple,work conservingpernodeschedulingalgorithmsthatdo not
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requireper o w operationsindeed,it wasshown in [15] thatcorestatelesservicedisciplines
suchasCore-statelessitterVirtual Clock (CJVC)[23] canalsobeexpressedy asimplecoor
dinationmechanism.

The goalis this paperis to provide a schedulabilityconditionandanalyticalframewvork for
coordinatedschedulersOur approachrepresents fundamentatieparturdrom previoustech-
niquesin two ways. First, our schedulabilityconditionallows pacletsto violatelocal pernode
constraintsyhile still ensuringdelayboundsaresatis ed end-to-endi.e., by the nal hop. Al-
lowing suchlocal violationsis crucialto exploiting the key multi-nodepropertyof coordinated
schedulersConsequentltechniqueshatrequireall pacletsto satisfytheirlocal constraintsat
eachnodeto ensureend-to-endschedulabilitycannotbe applied. Second previoustechniques
rely on eitherper o w trafc re-shapind14,25] or per o w scheduling3,8,20,21](suchasin
WFQ) to derive multi-nodeschedulabilityconditions. In contrast,we considera scenarioof
work-conservingsenerswith no per o w operationsandthereforeachiese the core-stateless
propertyde nedin [22].

The contrikution of this paperis asfollows. First, we develop an end-to-endschedulability
conditionfor a broadclassof coordinatedschedulerghatincludesCoordinatedEDF (CEDF)
andCJVC.Ourkey techniques to introducea virtual partitionof thetraf ¢ into essentigland
non-essentiatrafc, whereonly the formertrafc canimpedea paclet in meetingits delay
bound. With this conceptwe derive a boundon the essentiatraf ¢ at downstrearmodesand
shaw thatdistortionof theessentiatraf ¢ is con ned to within anarrav range.In otherwords,
we show that coorination limits downstreandistortionanalogougo the way per o w trafc
reshapingliminatedistortion.

Second,we study the problem of assigninglocal priority indexes. We show that with a
particularassignmenscheme coordinatedschedulersan achiese not only the sameend-to-
enddelayboundasWFQ, but alsothe tighter end-to-enddelayboundthan WFQ, yet without
per o w paclet forwardingin the network core. In otherwords, we establishthat any setof
o wsthatcanbe scheduledn WFQ networkscanalsobe scheduledn coordinatedscheduling
networks.

Finally, we illustrateand quantify the practicaladvantage®f coordinatedschedulingwith a
setof numericalexamplesandns-2simulationexperiments.We rst devise a simpleexample
with three o wsto illustratethatcoordinatedschedulerganachiese a lower delayboundthan
WFQ schedulersWe thenusesimulationsof exponentialand Paretoon-off trafc o ws and
a6-nodenetwork to illustratestatisticaldifferencedetweercoordinatedschedulingEDF, and
WFQ.

The remainderof this paperis organizedasfollows. In Section2, we provide background
and a precisede nition of inter-sener coordination. In sectionSection3, we develop a key
tool for multi-nodeanalysisandshon how to boundthe essentiatraf ¢ at downstreanmnodes.
In Section4, we usethistrafc boundto provide a globalschedulabilitycriterionfor networks
usingcoordinatedgchedulingNext, in Section5, we studypriority index assignmenandits re-
lationshipto WFQ. Finally, in Section6, we comparecoordinatecandnon-coordinatedervice
disciplinesusingnumericalexamplesandsimulationsandin Section7 we conclude.



2. BACKGROUND ON INTER-SERVER COORDINATION

In this sectionwe provide aformal de nition of coordinatioramongseners. We thenillus-
tratethe generalityof the de nition by describinghow servicedisciplinesfrom the literature,
namelyCEDFandCJVC,canbecharacterizedsexamplesof coordinatedschedulers.

2.1. De nition and Properties
De nition 1 (Coordinated Network Scheduling) Considera serverwhich servicepadketsin
increasingorder of their priority indexes.A schedulerpossessethie CNSpropertyif

1)

whee is the priority index assignedo the  padetof ow atits hop; isthetime
whenthe  padetof ow arrivesatits r sthop; and  aretheincremenbof thepriority

indexofthe  padetof ow atthecorrespondindiops; ( ) is determined
whenthe  padetofthe ow arrivesatits r sthopand ,
whee

The key propertyof the CNS disciplineis thatthe priority index of eachpaclet at a down-
streamsener dependn its priority index at upstreanseners,which in turn dependn its
entrancdime into the network. Therefore|f a pacletviolatesits priority index atanupstream
sener, downstreansenerswill increasehe paclet's priority, therebyincreasinghelik elihood
thatthe paclet will meetits end-to-enddelaybound. Similarly, if a pacletarrives“early” due
to alack of congestiorupstreamgdownstreansenerswill reducethe priority of the paclet, en-
ablingotherpacletsto beservicedaheadf it. Thus,eventhoughthedistributedsenersoperate
independentlythe priority index of eachpacletis communicatediownstreanvia insertionof a
labelinto the pacletheadel(e.g.,asdescribedn [22]) sothatthe seners(virtually) coordinate
to provide anend-to-endservice.

2.2. CJVC and CEDF

An exampleof coordinatedschedulings Core-statelessitter Virtual Clock. CJVCwaspro-
posedin [23] asa mechanisnfor achiezing guaranteedervicewithout per o w statein the
network core. CJVC uses‘dynamic paclet state”’to storeinformationin eachpaclet header
containingthe eligible time of the paclet at the ingressrouteranda slackvariablethatallows
coreroutersto determinethe local priority index of the paclet. For awork-conservingrariant
of CJVC,thepriority index of paclket of ow atnode isgivenby:

(2)

where 0 w- pacletsizeandreseredbandwidtharegivenby and respectiely,and is
theslackvariableassignedothe  pacletof ow beforeit enterghenetwork. Furthermore,
it canbe veri ed that — , Where and

. Thus,work-conservingCJVCis a coordinatechetwork servicedisciplinein which
theincremenbf the priority index is afunctionof theresenedbandwidthof thecorresponding
o W.



In [1,2,5], coordinationwithin the context of EDF wasstudied.We referto suchschedulers
asCoordinatecEarliestDeadlineFirst (CEDF)if thepriority indexesareassigneds

3)

clearly expressiblein the form of Equation(1), where is a constani(expectediocal delay
bound)determinedor the  hopof ow . It is neededo point out thatin this case,
and
Our theoreticalresultsaddressll schedulersatisfyingthe CNS de nition, andthroughout
this paper we useCEDFandCJVCasexampleservicedisciplines.Discussiorof othersched-
ulerscanbefoundin [15,27].

2.3. Example
Considetthesimpleexampleof Figurel in whichthreepacletsof ow arriveto thenetwork
at respectrely, andtraversetwo hopswith . In theexample all paclets

have identicalsize,thelink speeds 1 paclet pertime unit, andcrosstraf c existsat bothhops.
At the rst hop, thesethree paclets are assignedoriority indexes (deadlines)of 5, 6, and7

respectrely, by both CNS and EDF. Supposdurther thatthesethreepacletsdepartfrom the

rst hopattimes3, 4, and10 respectiely, sothatthethird paclet missests local deadlineby 3

time unitsdueto crosstraf ¢ with higherpriority. Accordingto the arrival timesat the second
hop, thesethree paclets are assignedpriority indexesof 8, 9, and 15 by EDF, whereasthe

indexesarel0,11,and12for CNS.In theexample,with furthercrosstraf ¢ attheseconchop,

thethird paclet hashigherpriority in the CNS network thanthe EDF network, andthereforeis

ableto meetbothits localdelayboundandglobaldelaybound.In contrastjn the EDF network,

thethird paclet meetdts local delayboundatthe secondhop,but is notableto “catchup”, and
meetits end-to-enddelaybound.
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Figurel. lllustrationof Coordination

Thissimpleexampleillustrateshow distributedsenerscanbeforcedto (virtually) coordinate
priority indexesto improve thelik elihoodof satisfyinganend-to-endielayconstraint.

3. TRAFFIC CHARACTERIZATION IN DOWNSTREAM NODES

In multi-nodenetworkswithouttraf ¢ re-shapingtraf c characteristicaredistortedatdown-
streamnodesascomparedo their propertiesatthe network entranceln this sectionwe derive
aburstinesboundfor arriving traf c atdownstreanmodeswhichwe useasabasisfor deriving
aglobalschedulabilitycriterionin the next section.



3.1. Preliminaries
Let denotethe total arrival trafc of ow- atits hop (denotedas sener )
duringtime interval . More preciselywe have

(4)

where isthetime whenthe ow- pacletwith size arrivesatsener 2. Ignoring

the propagatiordelay the departurdrafc of ow from sener is thearrival traf ¢ of
ow tosener . To simplify notation,we use to denotethedeparturdraf c

of ow fromsener aswell asthearrival trafc of ow tosener .Asin [7],

we call a non-ngjative andnon-decreasinfunction asthesourcetraf c ervelopeof ow
if :

(5)

We alsoassumehatthe network is stableif for ,

(6)

where isthenumberof total senersin thenetwork and isthesetof all o wssenedby
sener and isthecapacityof sener . Accordingto [20,24],acyclic networksor cyclic
networkswith ring topologyarestableif Inequality(6) is satis ed.

3.2. Virtual Partition

Here,we de ne essentiatraf ¢ 2 asa fundamentahotionfor analysisof coordinatedsched-
ulersthat enablesus to accuratelyboundthe queueingdelay experiencedby the trafc. In
particulay for a giventime , all arriving trafc of sener  arriving in canbe virtually
decomposedccordingto whetheror notits priority index is largerthan . As only theportion
of trafc with priority index smallerthanor equalto time affectsthetime whentrafc with
priority index is sened,we referto thistrafc asessentiatrafc, which we formally de ne
asfollows.

De nition 2 (EssentialTraf c) Theessentiabrrival trafc of ow attime relative
to ( ) at server is de ned asthetotal ow- trafc with priority index no larger
than arriving at server in ,i.e.,

(7)

As anexample,for thetrafc with thearrival patterndescrlbedn Figurel (a), somevalues

of its essentiatrafc are glven as: if ; if ;
if ; if
For corveniencewe use to denote . Furthermoreywe considerthe arrival anddeparture

timesof a pacletto bethearrival anddeparturdimesof its lastbit.
Similartraf ¢ functionhasbeenusedin the proof of theorem8 in [13] withouta formal de nition.



For a sener with priority scheduling,one of its importantcharacteristicss the void time

beforeagiventime , andrelatveto ( ), denotedoy andde ned as
and (8)
where is the total amountof trafc, with priority index smallerthan or equalto

gueueingatsener attime . In otherwords,void time refersto the largesttime lessthan
suchthatthereis no traf c backloggedwith priority index smallerthanor equalto . Notice
thatfor aninitially idle network, thevoid time is guaranteedb exist.

3.3. BurstinessBound at the Ingr essServer

To computethe boundsof queueingdelayssufferedby thetrafc atsener attime , we
only needto considertheessentiatraf c arriving in . Thisis because isthe
lasttime before thatthereis notrafc with priority index smallerthanor equalto queueingat
sener . Theervelopeof theessentiatrafc of a o win suchanintervalis de ned asfollows.

De nition 3 (EssentialTraf ¢ Envelope) A non-ngative non-deceasingfunction is
calledtheessentiatraf c ernvelopeof ow- trafc atits  hopif ,

(9)

wheee and is de nedin Equation(8).#

Sincethe essentialkrafc at a downstreamsener dependson the correspondingessential
trafc attheingresssener (i.e.,thenetwork entrance)we rst provide anupperboundfor the
essentiatrafc ervelopeattheingresssener.

Lemmal Anessentiatrafc ernvelopeof ow atits r sthopis givenby:

(10)

Proof: See[16].
BasedonLemmal, we have , whichwill beusedto derive
the schedulabilitycriterionin the next section.

3.4. Downstream Servers

At the outputof a multiplexer, atrafc o w's characteristic§suchasits trafc ervelope)
aredistorted. Without additionalmechanismsuchasper o w re-shapingthis distortioncan
becomemoresevereat eachDownstrearmode. We now shav thatundercoordinatechetwork
schedulersthe distortionof the essentiatraf ¢ is limited dueto coordinationitself. Thatis, a
o w's distortionis limited by dowvnstreanmechanismso catchup late pacletsanddelayearly
paclets. Recallthatwe only considerstablenetworks, so that the queueingdelayis bounded
(see [20]).

To simplify notation,we assumehat =0, if ;and



Lemma?2 If eadh ow- padkethasnotmissedts priority indexesat server

by more than , thenan essentiatraf c ervelope of ow atits hop(server
) is givenby
(11)
whee

Proof: See[16].

This lemmacharacterizes key propertyof coordinatedschedulerspnamelythata ow's
trafc characteristicare minimally distortedat downstreamseners. Speci cally, if is a
constanfor , We canusethe sameessentiatraf c envelope to evaluate
thelocal queueingdelaysufferedby ow ateachseneralongits path.

4. END-TO-END SCHEDULABILITY CRITERION

In this sectionwe derive ageneraknd-to-endchedulabilitycriterionfor coordinatedsched-
ulers. In our approachwe allow pacletsto violate their local priority indexesandexploit the
coordinatiorpropertyto obtainanend-to-endlelaybound.Moreover, sincepriority indexesare
not requiredto be equivalentto delayboundsthe approachprovides e xibility in assignment
of local priority indexeswhich we furtherexploit in the next section.

4.1. A Recursive Condition for Violating Packets

For anisolatedEDF schedulerthe schedulabilitycondition (no paclet violatesits priority
index) hasthoroughlybeendiscussedn several paperse.g., [13,17,11]. However, whenthe
schedulabilityconditioncannot beensatis ed, it is importantto know whatis the boundfor the
amountof time by which pacletsmisstheir deadlineqpriority indexes),speciallyfor coordi-
natedschedulershatallow pacletsto violate their local deadlines Basedon the key property
of coordinatedschedulergxploitedin Lemmaz2, we provide a conditionfor boundingthetime
by which pacletsmisstheirlocal deadlinegpriority indexes).

Theorem 1 If eadh arriving padketat server hasnotmissedts priority indexesat the previ-

ousserverby more than sud that for 5, thenfor
agiven ow , its padketswill misstheir priority index at server by at most if

(12)
wheee : ,and

Proof: Seg[16].

If , ,and , Equation(12)is theschedulabilityconditionprovided
in[17]. Thus,Theorem1 is ageneralizatiomf theschedulabilityconditionfor anisolatedEDF
scheduler

Fromnow on,weuse todenotethe hopof ow suchthat



4.2. End-to-End Delay Bounds
Sincethe schedulabilitycriterion givenin Equation(12) decoupleghe priority index from
thedelaybound,thefollowing corollary canbe usedto computethe end-to-endielaybound.

Corollary 1 Giventhepriority index incrementassignments and  ( and
) foreadh ow , if theconditionsof Theoem1 are satis edfor eadh ow at ead servey
thentheend-to-endow- padketdelayis boundedoy

(13)

Proof: See[16].

Obsene thatthe maximumqueueinglelayof Equation(13) hasthreecomponentsThe rst
termhastwo interpretationsvhichweillustrateby examples.If thenetwork performsCEDFas
in Equation(3), then is aconstan@andrepresentshelocal delayboundat the ingressnode.
Alternatiely, if the network performsCJVC,then

i.e., it is the maximumpaclet sizedivided by the guaranteedate, plus the maximumamount
of timea ow- paclet arriving beforeits previous paclet priority index. The secondtermis
the sumof the upperboundsof the local priority indexesfrom the secondto nal hop. The
third termrepresentshe delayby which pacletsareallowedto violate the priority index atthe
nal hop. As we will shav in Section5, thereis e xibility in how to assignall threeof these
componentso obtaindifferentend-to-engerformanceproperties.

4.3. Leaky Bucket Flows

If the essentiatrafc ervelopesat the ingresssenersare boundedby af ne functions,the
schedulabilitycriterion of Theoreml canbe simpli ed. This scenarioarisesfor both leaky
bucket regulatedtraf c aswell asvirtual leaky-bucket smoothersasdescribedn Section5.1.

Corollary 2 If each ow has and for ,
thenlnequality(12)in Theoeml canbesimpli ed as: if for any with ,
whee © : , and

Proof: See[16].
In thenext sectionwe applythissimpli ed schedulabilitycriterionto assigrpriority indexes
atdownstreanseners.

5. PRIORITY INDEX ASSIGNMENT FOR END-TO-END SERVICE

In this sectionwe developaparticularpriority index assignmenschemendshow thatunder
theschemegcoordinatedschedulerganachieve the sameend-to-enddelayboundasWFQ.

dueto



5.1. At IngressSelners
Supposé¢heingressnodeservicepacketsaccordingo thevirtual clockservicediscipline[10,
26]. Thenthepriority index incrementsattheingresssenerare

— (14)

where, and isthereseredrateof ow .

Conceptually suchvirtually smoothingat the ingressnode also spreadsout the paclets'
priority indexesat downstreamseners. Consequentlyindependenof the paclet's serviceat
upstreammodestheir priority indexesdo not clusteratdownstrearmodes.Particularly; if

and , from Equation(1), and :
Since — isthedeparturdime of the  pacletof ow

from thevirtual senerwith capacity , accordingo De nition 3 andLemmal,

(15)
If , thenaccordingo Theorem?2 in [10],
— (16)
where is the departuretime of the paclet of ow from the ingresssener ,
, , and is the capacityof sener . Also, if
and , usingtheresultsin [7], we have

— (17)

Noticethatin this case,— boundshe rst termof theend-to-endielayboundof Corollary 1.

5.2. At Downstream Servers

At downstreansenersand , We assignthe priority index incrementsas:
(18)
where is the capacityof sener . It is easyto seethatin this case,
: , and . This assignments simplerthan CJVC [23] and

VTRS[27] becausét doesnotrequirea slackvariableor virtual time adjustmentermfor each
paclet. The coordinationpropertyallows usto avoid this term and consequentlyto simplify
theservicedisciplineaswell asobtainatight end-to-endelaybound.

We next shaw thatwith theabove priority index assignmenschemecoordinatedgscheduling
achiezesthe sameend-to-endielayboundasWFQ.

Theorem 2 Considerthe priority index incrementassignmentle ned by Equations(14) and
(18)andsatisfying for .If ow satises
and , thentheend-to-endlelayof ow- padetsis boundedoy

— — S (19)



Proof: See[16].

Noticethattheend-to-endlelayboundin Equation(19)is thesameasthatfor WFQ[20] and
VC [10]. It is neededo point out that, with coordinationandthe above simple priority index
assignmentsTheoren? plusasimpleexampleprovidedin thenext sectionis to ourknowledge
the rst proofthatcore-statelesschedulerganoutperformWFQ schedulers.

Finally, we obsene that coordinatedschedulercanemploy heterogeneouslgllocatedper
nodepriority assignments orderto betterutilize network resourcesfFor example, o ws could
allocatea lessstringentpriority index to heavily loadednodes.A generalassignmenscheme
remainsanimportantissuefor future studyin coordinatedscheduleraswell asotherservice
disciplines.

6. COORDINATION VS.NON-COORDINATION: NUMERICAL EXAMPLES AND SIM-
ULATIONS

Tablel
Trafc ParametersaindPriority Index Assignment.

owl — —

ow?2 — _
ow3 — _

In this sectionwe illustratethe performancexdvantage®f inter-sener coordinatiorby com-
paringthe CNS servicediscipline with non-coordinatedgchedulersVFQ and EDF. For rate-
guarante@rientedservicedisciplinessuchasWFQ andVC, we show via anumericalexample
thatwith appropriateselectionof priority indexes,CNS canoutperformWFQ andVC. Finally,
we present brief ns-2simulationstudyto illustrateperformancelifferencesn a scenariowith
six nodesandcrosstraf c.

6.1. Comparisonof CNSand WFQ

flow 3
o
flow 2
flow 3
flow 2 flow 2 flow 3
Server 1 Server 2

flow 1 flow 1 | flow! _| | flowl

‘Serve% ‘Serve

Figure2. Two Sener System

Considera simple systemwith 3 o ws asdescribedn Figure2. Let sener 1 andsener
2 have capacityC and other seners have in nite capacity eachpaclet hassize and let
— . Thetrafc parameterandthepriority index assignmentare
summarizedn Tablel.
Sinceeachpaclet doesnot suffer the queueingdelayatits rst hop,
andthe parametershat are neededvhencheckingthe scedulabilityfor o ws at
sener1 aregivenin Table2.



Table2
Parameter$or Sener1.

Accordingto Corollary 2, to verify o w-1 pacletswill misstheir priority indexesatsener 1
nomorethan —, we needto verify

(20)
and

(21)
To verify o w-2 pacletswill misstheir priority indexesat sener 1 nomorethan :
we needto check

(22)

Using the parametergivenin Table1 and Table 2, it is easyto verify Inequalities(20) (21)
(22).

Similarly, usingtheparametergivenin Tablel andTable3, it is easyto verify o w-1 paclets
will misstheir priority indexesat sener 2 no morethan — and o w-3 pacletswill
misstheir priority indexesat serner 2 no morethan

Table3
Parameter$or Sener 2.

Thenaccordingto Corollary 1, we have the following end-to-enddelay boundsthatcanbe
guaranteethy the CNSdiscipline.

Alternatively, for WFQ, accordingo resultsprovidedin [20,10],theend-to-endlelaybound
for ow lisgivenas:

where is the bandwidth(weight) resered for ow 1 at seners1,2. In orderto guarantee

—for ow1l, mustbe .Hencethebandwidthgweight)reseredfor ow 2 atsener
1 and ow 3 at sener 2 mustbe zero. Therefore,in this case WFQ degenerateso the strict
priority servicediscipline( ow 1 hasthe highestpriority). Accordingto the resultprovided
in [17], the minimum delayboundsguaranteedby the strict priority servicedisciplineto o ws
2and3are —.



6.2. Simulation Experiments

Throughouthis paper we have focusedon schedulabilityconditionsfor coordinatedsched-
ulers. Here, we usens-2 simulationsto illustrate potentialperformancemprovementsfrom
coordinationnotonly in the maximumend-to-endielay but alsoin statisticaldelayproperties.

Server 1 Server 2 Server 3 Server 4 Server 5 Server 6

Path for target traffic =~ Path for background traffic

Figure3. SimulationTopology

We considera simpletandemnetwork topologyasdepictedin Figure3. All link capacities
are 10 Mb/sec,paclet lengthsare 100 bytes,and propagatiordelaysare 0. Thereare several
o ws (varying from 25 to 60) enteringthe network from the rst sener andexiting from the
lastsener. These o ws have thelongestpathandarechoserto bethetargetclassfor analysis.
In addition,eachsener alsosenestwo classef crosstrafc consistingof 125 o ws which
traversea singlerouterandthenexit the network, and125 o ws thattraversetwo routersand
thenexit. Thecrosstrafc hasthe samecharacteristicasthetamgettraf c.
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Figure4. ExponentialOn-Of Traf c

We simulateboth exponentialandParetoon-off o wswith on-rate64 Kb/sec,meanontime
312 msecand meanoff time 325 msecandParetashapeparameted.9. Theincrementof the
priority index at eachseneris 1 msecfor thetamgettrafc, 3 msecfor thecrosstrafc with a
2-hoppath,and6 msedor crosstraf ¢ with al-hoppath.We compareghe99-percentileend-to-
enddelayexperiencedy thetargettrafc for networkswith CNS,EDF, andWFQ schedulers.

Thesimulationresultsaredepictedn Figures4 and5. Eachpointin the gure representthe
resultof a 200 secondns-2simulationrun, with averagegeportedover multiple simulations.
The gure shownsthe 99.9-percentil®f the end-to-endlelaydistribution of thetargettrafc as
afunctionof thenumberof o ws passingeachsener.

We make two obsenationsregardingthe gures. First, coordinationhasreducedthe 99-
percentileend-to-enddelay experiencedoy the targettrafc: for example,in Figure4, when
eachsener support295 exponentialon-off trafc o ws (45 taget o ws and250 crosstraf c



0 ws), the end-to-enddelayexperiencedvy thetamgettraf c is 40 msecfor CNS, 66 msecfor
WFQ, and51 msecfor EDF. Thereasorfor thisis thatin a CNSnetwork, pacletswhich suffer
excessve queueinglelaysatupstreanmodeshave anopportunityto “catchup” atadownstream
node,by having a higher(relative) priority index. In contrastjn EDF or WFQ networks, each
routertreatspacletslocally accordingo theirarrival time, withoutregardto whetherthis arrival
timeis lateor early

Secondwhentraf c is morebursty, e.g.,for Paretoon-off traf ¢, theadvantageof CNSover
WFQ or EDF is even morepronounced For example,in Figure5, wheneachsener supports
295Paretoon-off trafc o ws(45tamget o wsand250crosstrafc o ws),theend-to-endlelay
experiencedoy the tamgettraf c is 52 msecfor CNS, 111 msecfor WFQ, and 109 msecfor

EDFE Thereasonfor this is thatthe heavy-tailed burst durationsof this trafc placea heavier
burdenon the scheduleduring periodsof overload. Throughinter-sener coordination,CNS
canbetterdistributethis overloadamongnetwork nodesandreducea o w's end-to-endielay
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Figure5. ParetoOn-Of Trafc

7. CONCLUSION

In this paperwe dervedanend-to-endchedulabilitycriterionfor a classof work conserving
servicedisciplinestermedcoordinatedschedulers.Exploiting the coordinationproperty we
showved that the “essentialtrafc” for a o w incurs only minimal distortion at downstream
nodes Moreover, we shavedthatpacletscanbeallowedto violatelocal priority indexes(such
aslocal deadlines)andstill satisfy an end-to-endrequirementby “catchingup” with higher
priority downstream. We then devised a priority assignmenschemeand shoved that under
the scheme coordinatedschedulersan outperformWFQ schedulers.Finally, we presented
numericalandsimulationresultsto quantifythe performancegainsof coordination.
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