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Abstract

In multi-hop networks, paclet schedulersat dowvnstream
nodeshave anopportunityto make up for excessie laten-
ciesdueto congestiorat upstreammodes.Similarly, when
pacletsincur low delaysat upstreamrmodes,downstream
nodescanreducepriority andscheduleotherpaclets rst.
The goal of this paperis to de ne a framework for design
and analysisof Coordinated Network Scheduling (CNS)
which exploit suchinter-nodecoordination.We rst pro-
vide a generalCNS de nition which enablesus to clas-
sify a numberof schedulergrom the literatureincluding,
FIFO+,CEDF, andwork-conservingcJVCasexamplesof
CNS schedulers We thendevelop a distributed theory of
traf c ervelopeswvhichenablesisto derive end-to-endsta-
tistical admissioncontrol conditionsfor CNS schedulers.
We show that CNS schedulersreableto limit traf c dis-
tortionto within anarrov rangeresultingin improvedend-
to-endperformancendmoreef cient resourcauitilization.

1 Intr oduction

During periods of congestion,a ow or class' end-to-
end performancepropertiesare strongly in uenced by
the choice of the paclet schedulingalgorithm employed
at the network's routers. Consequentlyrecentadvances
in schedulerdesign can ensurepropertiessuch as fair-
ness,performancdifferentiation,and performancesola-
tion [3, 13, 15, 25]. Moreover, suchperformanceprop-
ertiesare now achiezablein high speedimplementations
[23, 28, 30] andscalablearchitecturesn which corenodes
do notmaintainper o w state[6, 24, 31].

Exploiting these schedulingmechanisms,admission
control canlimit congestionlevels so that (for example)
targeted latenciesand throughputsare ensured,thereby
providing serviceswith predictableandcontrolledperfor
mancelevels[21]. For example,statisticalclass-basedd-
missioncontroltestshave beenderivedfor EarliestDead-
line First[4, 26, 29], WeightedFair Queueind12, 26, 36,
Strict Priority [26], and Virtual Clock [19]. Moreover,
techniquedor providing multi-nodeor end-to-endstatis-

tical serviceshave beendevelopedfor several classesf
non-work-conservingschedulerd5, 27, 29, 35 and for
WeightedFair Queueind36].

However, in boththe dataplane(scheduling)andcon-
trol plane(admissiorcontrol),noneof theaforementioned
techniquesexploit a key propertyof multihop networks,
namely that a downstreamnode can compensatdor ex-
cessie lateny or unfairnessncurredatanupstrearmode.
Nor will downstreannodesreducethe priority of a packet
which arrivesaheadof scheduledueto a lack of conges-
tion upstreamIn contrasta numberof servicedisciplines
in the literaturehave beenproposedvhich do exploit this
property whichwe referto ascoorination Examplesn-
cludethe old customerrst servicediscipline[8], global
earliestdeadline rst (G-EDF)[8], modi ed rst-in- rst-
out (FIFO+) [10], and coordinatedearliest-deadline- rst
(CEDF)[1, 2].

The contributionsof this paperaretwofold. First, we
devisea generaframenork for designandspeci cationof
a classof servicedisciplineswhich we refer to as Coor
dinatedNetwork SchedulinggCNS). Thekey CNS prop-
ertyis thata paclet's priority index at a downstreamrmode
is recursvely expressedhroughthe priority index of the
samepaclet at the previousnode,andthereforeis a func-
tion of the paclet's (perhapsvirtual) entrancetime into
the network. We shaw that a broad classof schedulers
from the literature,including CEDF, FIFO+, and others,
can be characterizedy this recursionand belongto the
CNSclass.We malke several obsenationsregardingcoor
dinatednetwork schedulers(1) They canbecore-stateless,
in somecasegquite trivially, andthereforecan sharethe
samescalability propertiesof architecturesn which core
nodesdo not maintainper o w state[31]. (2) The well
knowntraf c distortionproblem,in which provisioningof
end-to-endservicess hamperedy complec traf ¢ distor
tionsdueto multiplexing, e.g.,[11, 22], canbe avoidedall
together (3) CNSinter-sener cooperatiorcanimprove a
0 w'send-to-engberformanceandconsequentlymprove
theef ciency andutilization of the network atlarge.

Our secondcontribution is to devise a generaltheory
for statisticalanalysisand admissioncontrol of coordi-



natedseners. Our key techniqueis to devise a frame-
work for end-to-endserviceprovisioningthat exploits the
structural propertiesof coordinatednetwork schedulers,
therebyovercomingthetrafc distortionproblemandre-
alizing the ef ciency gainsof coordination. To analyze
CNSnetworks,we introducethe conceptof essentiatraf-
¢, whichis thetrafc thatmustbe sened beforea time
instantsuchthat no local serviceviolationswill occurat
that time. Using this conceptand building on the inter-
classtheoryof [26], we derive expressiongor theessential
traf c andserviceenvelopeswhich provide a generakta-
tistical characterizatioof aCNSnodesworkloadandser
vice capacity Within this frameawork, we establishanim-
portantpropertyof the CNSdiscipline,namely thattraf c
distortionsin CNS networks are limited to within a nar
row range. Therefore the essentiatraf c andserviceen-
velopesat a CNS node can be evaluatedas simple and
minimally distortedfunctionsof the o ws' original (undis-
torted)traf c ervelopeghatcharacterizettaf c beforeen-
tranceinto the network. We thenderive CNS admission
control conditionsby transformingthe problemof evalu-
atingthe service-violatiorprobability into the problemof
computingthe essentiatrafc envelopeandthe essential
serviceervelope.

Previous techniquedor multi-node admissioncontrol
include studiesof non-work-conservingschedulersvhich
shapeandreshapédrafc [5, 14, 16, 17, 27, 29, 34, 35].
While suchschemesan have good performanceproper
ties, they requireper o w trafc processingn corenodes
and do not exploit the coordinationproperty For work-
conservingservicedisciplines,a key issueis trafc dis-
tortion. Previousapproachescludeboundingthis distor
tion [7, 11, 22, 33] andexploiting isolation propertiesof
GPSseners[18, 25, 36]. While suchtechniquesareim-
portantfor their generality we will shav thatthey canbe
consenrative in practice. In contrast,our work develops
a generalframewvork for end-to-endservicesn CNS net-
works. Our solutionappliesto the broadclassof (work-
conserving)CNS seners, exploits the ef ciency gainsof
coordination,and provides an end-to-endadmissioncon-
trol algorithmthatis quite generaland achieveshigh uti-
lization for multi-classmulti-nodeservices.

Theremainderof this paperis organizedasfollows. In
Section , we de ne the CNS discipline and shav how
schedulingalgorithmsfrom the literaturecanbe classi ed
within the CNSframewvork. Next, in Section we develop
ageneratheoryfor analysisandadmissiorcontrolfor sta-
tistical end-to-endservices.Finally, in Section , we pro-
vide numericaladmissiorcontrolresults,andin Section
we conclude.

2 Framework for Coordinated

Scheduling

In this section we provide a formal de nition of the CNS
coordinationproperty We thenusethis de nition to shav
how anumberof schedulerfrom theliteraturepossesthis
propertysothatouradmissiorcontroltestsderivedin Sec-
tion 3 applyto a broadclassof schedulers.

2.1 CNSDe nition

De nition 1 (Coordinated Network Scheduling)
Considera multiplexer which servicesgpadketsin increas-
ing order of their priority indexes. A schedulerpossesses
the CNSpropertyif

)
whee is the priority index assignedo the padket
of ow atits hop; isthetimewhenthe padket

of ow arrivesatits r sthop;and istheincremenbf
thepriority indexofthe  padetof ow atits  hop.

Basedon the selectednethodfor incrementinghe pri-
ority index, we sub-classifyCNS servicedisciplinesinto
delay-andrate-CNS.A servicediscipline belongsto the
delay-CN<lassif represents delayparameteof the

pacletof ow atits  hop. For example this delay
parametecanbe simply a local delaybound,or for other
servicedisciplines(describedelow), canbe a function of
paclet 'sdelayrelative to the schedules meandelay

In contrast,a servicediscipline belongsto rate-CNS
classif is a functionof and , where isthe
size of the paclet of ow and is the resened
bandwidthfor ow atits  hop. Themaincharacteristic
of this classis thatresered bandwidthsratherthandelay
boundsdeterminethe servicepriority. Belov we alsode-
scribeexamplesof schedulerdelongingto the rate-CNS
class.

2.2 Discussion

Thekey propertyof the CNSdisciplineis thatthe priority

index of eachpaclet at a downstreamsener dependn
its priority index at upstreanseners,sothatall senersin

the network cooperateo provide the end-to-endservice.
For example,if a pacletviolatesalocal deadlineatanup-
streamsener, downstreammodeswill increasehepaclet's
priority therebyincreasingthe likelihood that the paclet
will meetits end-to-endielaybound.Similarly, if a paclet
arrives“early” dueto alackof congestiorupstreamgown-

streamnodeswill reducethepriority of the paclet.



As a simpleexample,considera paclet arriving to the

network at and traversingtwo nodeswith
msec. At the secondnode,the paclet's dead-

line (priority index) is 20 msec.If, for example the paclet
missests local delayboundatthe rst nodeandis queued
for 15 msec,the secondnodeprioritizesthe packet with
a deadline5 msecatfter its arrival. This is contrastwith
EDF in whicheachnodeschedulepacletsindependently
sothatthe secondhodewould prioritize the packet with a
deadlinel0 msecafterits arrival, makingit far lesslikely
thatthe pacletwould meetits 20 msecend-to-endequire-
ment.

2.3 Example CNS Disciplines

The above de nition of CoordinatedNetwork Schedul-
ing is quite general. Here, we shav how several ser

vice disciplinesfrom the literature,including G-EDF [8],

FIFO+[10], CJVC[32], andCEDF|[1, 2] canbeclassi ed
asinstance®f the CNSdiscipline.

Global EDF The Global Earliest Deadline First (G-
EDF) servicediscipline was introducedin [8] to address
theproblemthatreconstructiorof continuousspeectirom
voice pacletsis complicatedby variabledelaysof pack-
etsdueto multiplexing. In G-EDF, the priority index for
a pacletwith age(time in network) arriving ata sener
attime isde nedas , Where

is the maximumallowableentry-to-«it delayand is the
estimateddelayalongthe paclet's remainingroutein the
network. If we rewrite the priority index assignedy G-
EDFas:

(@)

where is the pathlengthof ow , and is the ex-
pecteddelay suffered by the pacletsof ow atits
hop,thenit is clearthatG-EDFis a delay-CNSdiscipline.

FIFO+ The modied rst-in-rst-out (FIFO+) service
discipline[10] assignsa paclet's priority index according
to thedifferencebetweernthe averagequeueinglelayseen
by a paclet andthe particularqueueingdelaysuffered by
thepacletatupstreanseners.Fromthede nition in [10],
we canrewrite therecursie FIFO+ priority index as:

3)

so that is the differencebetween , the average
gueueingdelayof ow , and , theparticularqueue-
ing delayat the hop. ComparingEquation(3)
with De nition 1 shows that FIFO+ is alsoa delay-CNS
discipline.

Work Consewnving CJVC Core-Jitter Virtual Clock
(CIVC)wasproposedn [32] asamechanisnfior achieving
guaranteedervicewithout per o w statein the network
core.CJVCuses'dynamicpaclet state”to storeinforma-
tion in eachpaclet headercontainingthe eligible time of
thepacletattheingressouteranda slackvariablethatal-
lows coreroutersto determinethe local priority index of
the paclet. For a work-conservingvariantof CJVC, the
priority index of paclet of ow atnode isgivenby:

4
where o w- paclet size andresered bandwidthare
givenby and respectiely,and istheslackvariable

assignedothe  pacletof ow beforeit enterghenet-
work. Thus,work-conservingCJVCis arate-CNSservice
discipline.

Coordinated EDF In [1, 2], the CoordinatedEarliest
DeadlineFirst(CEDF)servicedisciplineis developedwith
thegoalof minimizing end-to-endlelays.Theapproachs
to useEDFtogethemwith randomizatiorof pacletinjection
time andcoordinationof seners. Thereexist two waysto
assigniocal deadlinein CEDFservicediscipline.

In [2], the priority indexesareassigneds

(®)

where isthetokenarrival time choseruniformly atran-

domfrom interval , —, isthe
maximumsizeof ow- paclets, istherateof ow , is
theutilizationfactor and is aconstan{expectedocal
delaybound)determinedor the  hopof ow .

In [1], the priority indexesareassigne@s

(6)

where is the end-to-enddelayboundfor ow ,
is thearrival time of tokenfor the

of ow (similarto above), the is the capacityof the

senerinthe  hopof ow , and s thepathlength

of ow . Thus,bothvariantsof CEDF canbe classi ed

asdelay-CNSdisciplinesin which the rst priority index

is randomized.

paclet

3 CNSAnalysisand Admission Con-
trol

In this section we developa statisticaimulti-nodeanalysis
andadmissioncontrol algorithmfor CNS. We proceedn



severalsteps First, we introducetwo key conceptsieeded
for analysis:essentiatraf c andessentiakervice. These
conceptsenableus to statisticallyboundthe trafc that
mustbe servicedn orderto meeta o w's local quality-of-

serviceconstraints.We next shav how the essentiatraf-

¢ atacorenodecanbe computedhasedon a simpleand
minimally distortedtransformatiorof thetraf ¢ attheen-

tranceof the network. Thisresult(Theoreml) is akey to

ef cient end-to-endanalysis We thenderive anexpression
for the statisticalserviceenvelope(Theorem?2): with this

statisticaldescriptionof service,we cancharacterizeand
controlstatisticalsharingacrosdrafc classesFinally, we

deriveanend-to-enchdmissiorcontroltestfor coordinated
schedulerg¢Theorem3).

Throughoutwe denote asthetotaltraf c in
arriving fromtrafc ow at ow- hop,anodewhich
is indexed by .1 Without lossof generality we ig-
norepropagatiomelayssothatthedeparturdraf c of ow

from sener isthearrivaltrafc of ow tosener
. Asin [26], we call a sequenceandomof vari-

ables a statisticaltrafc ervelopeof ow if

(7)

Finally, We considera discretetime model with both
dropping( nite buffer) andnon-dropping(in nite buffer)
scheduling.

3.1 EssentialTraf c

Here,we de ne essentialtraf c asa fundamentahotion
for analysisof coordinatedschedulerghat enablesus to
accuratelyevaluatea o w's delay-bound-violatiomproba-
bility. In particular for agivenlocaldeadline , all arriving
trafc of sener arrivingin canbevirtually decom-
posedaccordingo whetheror notits local deadlings later
than . As only the portion of trafc with local deadline
no laterthantime affectsthe probability of violating the
local deadline , we referto thistraf c asessentiatrafc,
whichwe formally de ne asfollows.

De nition 2 (EssentialTrafc) The essential arrival

trafc of ow attime relativeto time at

server is de nedasthetotal ow- trafc withlocal

deadlineno later thantime arriving at server in
,l.e.,

(8)

INotationis summarizedn Tablel.
2Throughout, denotesalmostsureinequality

Term De nition

hopof ow
pathlengthof ow
arrival time of the
its rst hop
incremenbf priority index of the
pacletof ow atits  hop
total ow- trafc atits  hop
during
ow statisticaltrafc ernvelopeatits
rst hop
ow- trafc with localdeadlineno later
than arriving atsener during
ow essentiatraf c ernvelopeatits

pacletof ow at

hop
ow essentiakerviceervelopeatits
hop
voidtime of sener  beforetime related
totime
totaltraf c with localdeadlinenolaterthan
gqueuedatsener attime

thedifferencebetweermaximumand
expectedqueueinglelayfor ow trafc
beforearriving atits  hop

probabilityof ow- trafc missingits local
deadlinebeforearriving atits ~ hop
(virtual) essentiatlelaysufferedby o w-
trafc atits  hopattime

ow delayboundatits  hop
upperboundon the probabilitythat

upperboundon the probabilityof o w-
traf c missingits priority index atits ~ hop

Tablel: Notation

For a multiplexer (sener) in a CNS network andgiven
time andlocal deadline , animportantinstantprevious
to is thetime whenthe multiplexer doesnot servicetraf-
¢ with local deadlinedaterthan . As we seebelow, this
is importantfor analysisbecausehetraf c arriving atthe
multiplexer beforethis momentdoesnot affect the proba-
bility of localdeadlineviolation. We referto thisinstantas
thevoidtimedenotedas andpreciselyde ne it as

and (9)

where is thetotalamountof traf ¢ with localdead-
line nolaterthan backloggeditsener attime .3 No-
tice thatsener is not necessarilydle at time

3without lossof generalitywe assumehatnetwork is idle attime .



asit may bebusy servingtraf ¢ with local deadlinedater
than .

3.2 EssentialTraf ¢ Envelope

Accordingto the de nition of void time we arenot con-
cernedwith trafc arriving before whencomput-
ing the local delay-bound-violatiomprobability Thus,we
de ne theessentiatraf c ernvelopeasfollows.

De nition 3 (EssentialTraf ¢ Envelope) A sequenceof
randomvariables is the essentiakrafc en-
velopeof ow atits  hopif ,

(10)

whee and is de nedin Equation(9).

A key challengefor provisioning multi-nodeservices
is evaluatingthe essentiatraf c ernvelopeat coreseners.
The dif culty is dueto thefactthata ow'strafc is un-
avoidably distortedafter multiplexing with other o ws so
thatthelocaldeadlinefor apacletatacoresenerdepends
not only on its arrival time andlocal deadlineincrement,
but alsothe queueingdelay suffered by the paclet at up-
streamseners.

Thefollowinglemmaboundghetraf ¢ missingitslocal
deadlineat upstreamsener for stablenetworksin which
sener hasamaximumgueueinglelay

Lemmal For a giventime , the total amountof ow-
traf c that missedts local deadline(priority index) no
laterthan atthe hop,andarrivesatthe  hop

after isboundedby , whee

and is the probability of ow- trafc missingits lo-
cal deadlineshefoee arriving its hop, as computedn
Corollary 2.

Proof: Accordingto the de nition of CNS, ow- trafc
arriving at sener after andhaving local deadline
before atsener , arrivesatits rst hop
duringtheintenval

Thisis becauséf ow- trafc arrivesatits rst hopafter
, the correspondindocal deadlineat sener
is laterthan ; andif thetrafc of ow arrives

atits rst hopbefore

thenit shouldarrive at sener beforetime , oth-

erwise there is a contradictionwith the de nition of

. Furthermorethe probability of

ow- trafc missingits local deadlinesdeforearriving at

sener is boundedoy . Hencethetotal amount

of ow- trafc missingits localdeadlinenolaterthantime
andarriving atsener after isboundedby

Basednthisboundonthetraf ¢ missingits localdead-
line, we canevaluatethe essentiatraf ¢ envelopeasfol-
lows.

Theorem1 Theessentiatraf c ervelope of ow
is givenby
(11)
Proof: Let For all , consider
theinterval . Accordingto Equation(9), dur-

ing thisinterval sener
deadlineso later than .
have

is busyservingtrafc with local
Accordingto De nition 2, we

(12)

For , we have

This is becauseat time , the queueof sener
doesnot containpacketswith deadlinedaterthan . After
, If all arriving pacletshave not missedheir local
deadlinebeforearrivingatsener , atleast
trafc of ow with local deadlineno later
than atsener hasdepartedsener and
arrived at sener  beforetime . However, there
may be paclets missingtheir local deadlinebeforearriv-

ing at sener . Accordingto Lemmal, we know that
aftertime andatsener ,thearrivingtrafc of
ow with deadlindessthan atsener
is boundedoy . Thereforewe have



For , all ow- pacletswith lo-
cal deadlineno later than arriving at sener  during
have missedtheir local deadlinebeforearriv-

ing sener . Henceasabove,we have

Thereforewe have

Thistheorenrevealstheimportantpropertyof the CNS
discipline,namely thatdistortionof traf ¢ in coreseners
is limited to within a narrav range.To illustrate,consider
thespeciakasdan which pacletsthatmisstheirlocal dead-
lines arediscarded.In this case, forary ow
andits  hopsothattheessentiatraf c ervelopeatcore
seners,i.e., , Is almostidenticalto
thatattheingresssener,

3.3 EssentialSewice Envelope

The above resultenablesus to derive end-to-endadmis-
sioncontroltestsfor CNSnetworksin thesingleclasscase.
However, with multipletraf ¢ classewith statisticalshar
ing acrosxlassesglasseaffecteachothers'performance.
Consequentlycharacterizinghe extentto whichresources
aresharedacrossclassess the key to achieving high uti-
lization in multi-classnetworkswithoutworst-caselloca-
tion for eachclass[26]. Thus,we usestatisticalservice
ervelopesasatool for characterizingndcontrollinginter-
classresourcesharing.

De nition 4 (EssentialService Envelope) A sequencef
randomvariables is called a (statistical)
essentiakerviceervelopeprovidedby server tothe
trafc of ow , if 4 sudh that

(13)

Roughly is ameasuref theserviceprovidedin
ary busyinterval with length to ow- trafc with local
deadline seconddeforethe endof theinterval. Notice
thatthe minimumserviceobtainedoy ow duringabusy
interval of sener will dependon the other o ws'
arrivingtraf c. Furthermoretheessentiaserviceernvelope
provided by sener to ow dependon the other
ows' essentiatrafc. Usingthis de nition, we cannow
derive anexpressiorfor the essentiakerviceernvelope.

4 dependsn and

Theorem 2 For all ,

whee is de ned by , is
thesetof ows servedbyserver ,and is thecapacity
of server

Proof: Accordingto De nition 4, we needto shav that
, thereexistsa suchthat

(14)

and we have
. Oth-
erwise , andthereexistssome 0 w-
pacletswith local deadlindessthan , queuedatsener
attime . Sincetime is the lasttime beforetime
whensener doesnotsene trafc with local deadline
no later than , thereexists at most
trafc of ow with local deadlineno later thantime
in theinterval . Thisis because

If , let

Thereforethereatleastexists

ow- trafc with local deadlineno later than sened

by sener  during Furthermore,at time
, the of ow- trafc hasbeen

sened.Hence et , andwe have

3.4 AdmissionControl

We now derive an end-to-endadmissiorcontrol condition
for CNS networks. We usea conceptof (virtual) delay
dueto theessentiatraf c ataparticularnodeto derive the
local delay-bound-violatioprobabilityasanintermediary
steptowardsboundingthe end-to-endprobability Thus,
wede ne (virtual) essentiatielay of ow- trafc
with local deadlineno laterthantime atsener at
time as

(15)

Fora ow- pacletwith localdeadline arriving atsener
attime , theeventof this pacletbeingsenedafter
time is containedn the event ,
andwe henceforttconsidetthislatterevent. Thefollowing
theoremshaows how to evaluatethis delaydistribution.



Theorem 3 Thevirtual delaydistribution of ow atits
hopis boundedy:

(16)

Proof: FromEquation(15), we have

If attime atsener
, thereexiststraf ¢ with local deadlineno laterthan
andarriving at . Therefore .
Let , accordingto Theorem?2, we have

Thus,

Furthermoreaccordingo Theoreml, we have

Therefore,

Thus, accordingto Theorem3, the problemof com-
putingthe o w- delaydistributionis transformednto the
problemof nding ow- essentiatrafc ervelopeandes-
sentialserviceervelope. Basedon Theoreml and Theo-
rem2, we have thefollowing results.

Corollary 1 For all ,

17)
whee
(18)
and and arede nedby ,and
and arede nedin Lemmal.

Proof: FromTheoren3, we have

FromTheoren?, we have

FromTheoreml, we have

(19)

Therefore,

Now, we can bound the probability of ow- traf-
¢ missingits local deadlinebefore arriving at sener

Corollary 2 The probability of ow  missinga local
deadlinebefore arriving at server is boundecby

(20)

whee is determinedy and

and isde nedby

Proof: Accordingto Equation(15), the probability of
trafc of ow missingits local deadlineat sener
attime is boundedy

Accordingto Corollary1,



Since , We can compute in the order of
. Therefore,the upperboundfor local deadlineviola-

tion probabilityof ow- trafc beforearriving atsener

is determinedy

Thus,applyingthis result,each o w canbe guaranteed
an end-to-enddelay boundalong with its violation prob-
ability by usingCorollaries1l and2 to composepernode
quality-of-serviceparametermto end-to-endnes.

4 Numerical Investigations

In this section,we evaluatethe performanceof the CNS
disciplineby performinga setof admissiorcontrolexperi-

ments.We computethe admissibleregions(setof admissi-
ble o ws)undera setof scenariogor CNS networks,and
asa baselinefor comparisonwe also study the admissi-
ble regionsof GPSnetworks[25]. Thegoalof thesection
is notto provide a comprehensie performancenalysisof

CNSundera broadrangeof realisticscenariosbut rather
to illustratethe performancemplicationsof coordination
in providing multi-nodeservices.

4.1 Scenario

Server 10

The path for target traffic =~ —--------- The path for background traffic

Figurel: A SimpleTandemNetwork Topology

We considera simple tandemnetwork as depictedin
Figurel. Thenetwork consistof  senerswith thesame
capacity Thereare o ws enteringthe network from
sener andexiting from sener 10. These o ws have the
longestpathandarechoserto bethetargettrafc for anal-
ysis. In addition,eachmultiplexer alsosenestwo classes
of crosstraf ¢ consistingof o ws traversingone hop
and o ws traversingtwo hopsasdepicted.This cross
traf c hasthesamecharacteristicasthetargettrafc (de-
scribedbelow).

In orderto simplify the evaluation,we assumehatev-
ery ow hasthe samesourcetrafc andis regulatedby a
dualleaky bucket beforeenteringthe network. If asource
trafc of ow is regulatedby a dual leaky bucket with
parameters , thenwe can boundthe statistical

trafc ervelope of thesourcetrafc asfollows[20]:
and

, where

We studytwo classe®f sourcetrafc. The parameteror
eachclassof sourcetrafc aregivenin Table2. Classl's
parametersepresenbn-off, periodicvoicetrafc whereas
Class2's parameteraresimilar to thoseof videotraces.

[ | _(ps)| (bps) | (b) |
Classl || 32000 | 64000 | 23040
Class2 || 150000 6000000| 100000

Table2: Parametersf SourceTraf c.

4.2 GPSAdmissionControl

In aGPSnetwork, theminimumbandwidth  guaranteed
to ow atsener isgivenby

where is thelong term averagerateof ow is
the setof ows thataresenedby sener . By simple

extensionof the resultsin [36], the probability of the end-
to-enddeadline violation of thetrafc of ow canbe
boundedy

(21)

where and isthesetof owswith the
samesourceanddestinatioras ow .

4.3 Computing PerformanceBounds

To compute
, Wwe usethemaximumvari-
anceapproactdevelopedn [9]. Let

var



Approximating
asGaussianthe following upper
boundcanbeenobtained.

A detailedcomparatie performancestudy of this bound
canbefound[21].

Throughoutthe experiments,we reportthe meanuti-
lization of the network asthe meanrateof admitted o ws
divided by the link capacity averagedover all nodes.We
alsoreportthe two key quality of servicemeasuresthe
end-to-enddelay bound and its correspondingviolation
probability. In this way, we characterizéhe servicedisci-
plines' ability to simultaneouslychiese quality-of-service
objectivesandef ciency objectives.

4.4 Numerical Resultsand Analysis

For the CNS discipline,we usetwo differentmethodsto
assigntheincrementof priority indexes. The rst method
is for G-EDF asdescribedn [8] andin Section2. The
priority index incrementfor eachpaclet at eachhopis a
constant ( msecfor voicetrafc and msecfor video
trafc) exceptatthe rst hop, wherethe incrementof is
equalto the end-to-enddelay boundminus (pathlength-
1)*C. The secondmethodis a simpli ed versionof CNS
which we referto as(S-CNS).Here,the priority index in-
cremenfat eachhopis simply aconstan{ msecfor voice
trafc and msecfor videotrafc).

We considertwo scenariosyoicetraf c andvideotraf-
¢ and explore the three key performanceparameters,
utilization, delay bound, and violation probability Fig-
ure2(a)depictsutilization versusend-to-endjueueingle-
lay for voicetraf c with the requiredviolation probability
lessthan . Figure 2(b) depictsthe end-to-enddelay
boundviolationprobabilityversugheend-to-endjueueing
delayboundfor voicetraf c whenthe network utilization
is .

We male two obsenationsregardingthe gure. First,
bothinstance®f CNSdisciplinesoutperformGPS .Forthe
samenetwork topology and the sametrafc pattern,the
CNS network cansupportmore o ws thanthe GPSnet-
work while supportingthe sameQoSlevel. For example,
with theend-to-enddelayboundlessthan100msec,CNS
cansupportat least utilization asopposedo at most

for GPS.Thus,while GPSachiereslocal fairnessof
bandwidthsharingat eachnode,CNS usesthe coordina-
tion propertyto minimize end-to-enddelay and achieve
globalfairness.

Noticefurtherthatfor a x ednetwork utilization( ),
i.e.,a x ednumberof owsin thenetwork, theend-to-end

delay boundviolation probability for targettrafc in the
CNS network is alwayssmallerthanthatin the GPSnet-
work. For example with 100msecend-to-endlelaybound
and utilization, the delayboundviolation probability
for tamgettrafc is largerthan0.009for GPSwhereast is
lessthan for CNS.Thisis againaconsequencef the
coordinatiorproperty

Finally, noticethatamongCNSdisciplines,G-EDF pa-
rameteallocationoutperformsS-CNS.Thereasorfor this
is that G-EDF assignsan additionalportion of the end-to-
enddelaybudgetto the rst hop. As a consequencédhe
possibility of mary pacletshaving very small priority in-
dexesat core senersat the sametime is reduced. Thus,
thereis lesstrafc distortion at core seners and fewer
pacletsmisstheirend-to-endielaybounds.

Figure 3 reportsthe resultsof an analogousset of ex-
perimentsfor the videotrafc. While the conclusiongo
be drawvn are largely the sameas for voice, we do note
thatthe advantage®f CNS over GPSareevenmore pro-
nouncedThereasorfor thisis thatthehigherburstinesof
thistraf ¢ (largervarianceandlongerburstlengths)places
a heavier burdenon the scheduleduring periodsof over-
load.CNS:is bettersuitedto meetingend-to-endielayob-
jectivesundersuchhigh congestiorperiods.

5 Conclusion

In this paper we developeda framework for Coordinated
Network Schedulind CNS).With ade nition of thefunda-
mentalcoordinatiorproperty we shavedhow a numberof
schedulerérom theliteraturecanbe characterizedsCNS
disciplines.We thendevelopeda generatheorybasedon
traf ¢ andserviceervelopego analyzeCNSnetworksand
devised admissioncontrol testsfor statisticalend-to-end
servicesWe shavedthatCNSdisciplinedlimit traf ¢ dis-
tortionto within a narron range therebyproviding afoun-
dationfor efcient and scalablemulti-nodeservices. In
admissiorcontrolexperimentswith 10 hops,we foundfor
examplethatutilizationcanbeimprovedfrom 67%to 78%
for highly bursty video o ws requiring 150 msecend-to-
enddelaywith violation probability
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