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Abstract

Therequirement®f real-timeapplicationaneanthatthey oftenstandto bene t from network serviceguarantees,
andin particulardelay guaranteesHowever, mostof the mechanismshat provide delay guaranteeslo so by hard-
limiting theamountof traf ¢ theapplicationcangeneratei.e.,to conformto atrafc contract.Thiscanbeasigni cant
constraintthat con icts with the operationof mary real-timeapplications. Our purposein this paperis to propose
and investigate solutionsthat overcomethis limitation. Our four major goalsare (1) guaranteea delay boundto a
contractecamountof real-timetraf c; (2) transmitwith the samedelayboundasmary excessreal-timepacletsas
possible;(3) enforcea given link sharingratio betweenexcessreal-timetrafc andotherserviceclassesg.g., best-
effort; (4) presere the orderingof real-timepaclets,if required. Our approachs basedon a combinationof buffer
managemenandschedulingnechanismshatare capableof guaranteeinglelayboundsto a pre-speci edamountof
traf c, while allowing applicationsto transmitexcesstraf c. After de ning thoseschemesye evaluatetheir “cost”
by measuringhe processingverheadnvolvedin anactualimplementationandwe investigatetheir performancey

meansof simulationsusingvideotrafc traces.

|. INTRODUCTION

With theexpansiorof thenternetcapacityandincreaseén computemperformancegemandor real-timemultimedia
applicationssuchasstreamingrideo, InternetgamesVolP, etc.,hasbeenincreasingoverthe pastfew years.However,
despitethe ever increasingspeedof Internetbackbondinks, accesdinks often remaincongesteand, therefore,in-
troducethroughputanddelaylimitations. Thoselimitations areparticularlydetrimentalto real-timeapplicationghat
have amorelimited ability to adaptto uctuationsin network conditionsthantraditionaldataapplications As aresult,
real-timeapplicationshave beenboth a prime candidateanda strongmotivation for introducingserviceguarantee
thelnternet,or atleaston accesdinks.

Serviceguaranteearetraditionallyin theform of rateanddelayguaranteesyith schedulingandbuffer management
thetwo mainunderlyingmechanismssedio enforcethoseguaranteesSuchguaranteesanbeprovidedthroughbuffer
managemerdlone,e.g.,usingamechanisndescribedn [1], only whenthelink speedsrehigh enoughto ensurehat
delayguaranteesre metevenwith a full buffer. However, on accesdinks thatare our focus, both a scheduleand
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buffer managememeedto be consideredln sucha setting,the provision of delayguaranteess typically associated
with the explicit identi cation of the applicationtraf ¢ to which thoseguaranteespply; i.e., in the form of atrafc
contract.In particular existing mechanismsequirethattheapplicationlimit its traf c accordingo thetrafc contract.

Trafc contractsare oftenin the form of token buckets, e.g.,[2], [3], thatspecifya x edtransmissiomrate while
allowing for shortterm rate variationsthrougha “burst tolerancé. Conformances enforcedby either dropping,
reshapingor markingasexcesdraf c, pacletsthatviolatethecontract.Contractviolationsoccurwhentheapplication
transmitsfasterthanits contractedatefor anextendedperiodof time, or generatea burstof pacletsthatexceedgshe
speci edbursttolerance.

Avoiding contractviolationsis dif cult if notimpossiblefor mary real-timeapplicationsastheirtraf ¢ is dif cult
to predict. For example,videotraf ¢ canexhibit signi cant andprolongedchangesn transmissiomatesasa function
of scenecharacteristics Similarly, voicetrafc betweentwo VolP gatevaysvariesbasedon both the numberof si-
multaneousoiceconnectionsn progressandtherate uctuationswithin eachconnection Droppingnon-conformant
trafc canresultin substantiabuality degradation,andreshapingt to a conformingstreamusuallyintroducesaddi-
tional delaysthatarealsodetrimentalto quality. As aresult,allowing non-conformanteal-timepacletsto enterthe
network by markingthemasexcesstrafc is desirable However, in orderfor suchanoptionto be useful,it is impor-
tantto ensurahatexcessreal-timepacletsbe transferrecacrosshe network within the desireddelaybound.Without
sucha guaranteegxcessreal-timepacletsarelik ely to reachtheir destinationafter the deadlineby which they were
expected.On the otherhand,providing sucha preferentialdelaytreatmento excessreal-timepacletsshouldnot be
doneatthe expenseof otherserviceclassese.g.,besteffort traf c.

Ouraimis, therefore to devise mechanismshatachiese the following goalsat the lowestpossiblecostin termsof
implementatiorcompleity:

1) Ensurethatthedelayboundsguaranteedo conformantyreal-timetrafc aremet,

2) Transmitasmuchexcessyeal-timetraf ¢ aspossibleandwithin therequestedielaybound,

3) Enforcelink sharingbetweerexcessyeal-timetraf c andotherserviceclassesccordingto givenproportions.

4) Supportasanoptionalfeature the orderingof real-time(conformantandexcess)aclets.

Therehave beena numberof previousworksthathave sharedsomeof theabove goals. The ABE proposal4], [5],
[6] is oneof the morerelevant', andwe brie y review its main featuresandtheir differenceswith the above goals.
ABE allowsreal-timeapplicationgo receve preferentiaelaytreatmentwithoutbeingrequiredto conformto atraf ¢
contract.Thisis achievedthroughaschedulingnechanisnthattrades-af throughpufor lowerdelayandensuresome
generalink sharingproportionbetweerdelaysensitve andthroughpusensitvetraf c. Thereare,however, signi cant
differencedbetweermBE andthe mechanismslescribedn this paper First, we targetexplicit serviceguarantees,e.,
delaybound,andassumehe existenceof traf ¢ contractdor the conformanteal-timetraf c. Secondwe distinguish
betweerconformantandexcessreal-timetrafc, andfocuson the buffer managemenmechanisnrequiredto remowe
expiredexcesgeal-timepaclketsfrom the buffer. Third, we wantto explicitly controlthelevel of link sharingbetween

excessreal-timetraf c andotherserviceclasses.

1The BEDS proposal7] is anothework thatsharedsomeof the samegoals.



We call the setof mechanismsve proposeActive Drop Queue(ADQ). ADQ achievesthe above goalsthrough
a combinationof schedulingand buffer management.We denotethe real-time paclets that conformto the trafc
contractas“conformant”trafc, andthereal-timepacletsthatexceedthetrafc contractas“excess’trafc. A router
using ADQ guaranteesransmissiorwithin the delayboundto bothtypesof real-timetrafc, however it guarantees
losslessnessnly tothe“conformant”traf c. Thefateof excesgacletsdepend®ntheavailableresourceattherouter
andlink, andon thevolumeof trafc, includingbest-efort traf c, with which theseresource$ave to be shared.We
assumehattheresponsibilityof markingreal-timepacletsthatdo notconformto thetraf ¢ contractasexcesaclets
lieswith theusersgvenif additionalcontractveri cation/enforcements likely to be performedby the network. Note
thateven without network veri cation, thereis a strongincentive for usersnot to mark excesstraf ¢ asconformant.
As we shallsee thisis becausehis couldresultin mary if notmostconformantpacletsto fail their deadlines.

As mentionedearlie; ADQ combinesschedulingandbuffer managemertb achieve its goals. Schedulingn ADQ
is responsibldor guaranteeinghe delay boundof conformant real-timetraf c, andfor enforcingthe desiredlink-
sharingratio betweerexcessyeal-timetraf c andotherserviceclassesWe presentwo versionsof ADQ thatinvolve
oneandtwo schedulerstespectiely, andthatrepresent differenttrade-of betweencompleity andef ciency. The

rst versionof ADQ involvestwo schedulersSCED+([8] for guaranteeinglelay and SCFQ[9] for enforcinglink-
sharing.The secondversionof ADQ reliesonly on the simplerSCFQscheduleto enforcebothdelayguaranteeand
link-sharing.

Therole of buffer managemerit ADQ is primarily to ensurethatonly excesgpaclketsthathave notyet missedheir
deadlinesaretransmittedvhenaer transmissioropportunitiesarise. In otherwords, buffer managemeris primarily
responsiblgor promptly remaoving “expired” paclketsfrom the excessqueue. Expired excesspaclets unnecessarily
occupy storagespaceand wastetransmissioropportunitiesif transmitted which can both affect the throughputof
excesspaclets. The main challengedacedby the buffer managemenschemeareto remove expired excesspaclets
with thesmallestpossibleoverheadpreferablyin O(1) time?, anddo sowhile remaving the smallestpossiblenumber
of non-epiredexcesspaclets.

Anothergoal of ADQ, besidegransmittingexcessreal-timetrafc within their deadline,is to optionally paclet
orderingbetweenexcessand conformantreal-timepaclets. Preservinghe overall orderingof real-timepacletsis
desirablevhenthey areall generatedby the sameapplication.For example thiswould bethecasewith avariablerate
video applicationthat may occasionallyexceedits contractedate,andwould, therefore have to sendsomepaclets
marked asexcess.Corversely preservingorderingbetweerconformantandexcesspacletsis unnecessarwhenthey
generatedy differentusers. One suchexamplewould be a VolP gatevay that hasa certainamountof contracted
bandwidthfor voice sessionsandthatinsteadof blocking new sessionsvhenthe bandwidthis fully used,let them
proceedalbeitasmarked asexcess.Becausegacletsfrom (excess)sessionareindependenbf thoseof conformant
sessionsprderingis notrequired.

Therestof thepapelis organizedasfollows. We rst review thegenerabtructureof the ADQ algorithmin Sectionll.
We thenpresenthetwo schedulingschemesve investicgatedandthetrade-of they represenin Sectionlll. Detailson

2Theimplicit time unit is a paclet transmissionime.



the buffer managemenéchemeareprovidedin SectionlV. SectionV introducesour Linux kernelimplementatiorof
ADQ, which wasaimedat validatingits feasibility. SectionVI is devotedto the evaluationof the performanceand
compleity of thedifferentversionsof ADQ. Performancés evaluatedby meanf NS-2simulationsusingrealtraf c

trace les. Complity is assessedsingtheimplementatiordescribedn SectionV, andbenchmarkingts overheads

carriedoutusingMPEG4streamingvideos.SectionVIl concludeswith a brief summary

Il. ADQ OVERVIEW

The ADQ algorithm,shown in Fig. 1, combinesschedulingandbuffer managementADQ relieson its scheduling
algorithmto enforcedelayguaranteeso the conformantrafc andlink-sharingbetweerexcesstrafc andbest-efort
trafc. Ensuringthattransmittedexcesspaclets meettheir delay boundis primarily underthe responsibilityof the
buffer managementihat ensureshat expired excesspaclet are promptly removed from the excessqueue.Preserving
theorderingof real-time(conformanandexcesspaclets,whenrequiredjs supportedy relyingonboththescheduler

andbuffer management.
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We considerthreetypesof trafc: conformant.excessandbest-efort andfor eachADQ keepsa separatelogical,
FIFO queue. Upon arrivals, pacletsare ltered to correspondingueues.A x ed amountof buffer is dedicatedo
all real-timetrafc. Part of this buffer is assignedo the conformantqueuefor which we cancomputethe amountof
buffer spaceneededo avoid pacletlosses.Theremainingreal-timebuffer spaces thenallocatedo theexcessqueue.
Whentheexcessjueuecannotaccommodatanarriving paclet, olderpacletsareremovedfrom theheadof theexcess
gueue Hence gxcesgacletsareneverdroppedon arrival. However, they maylaterberemovedfrom thebuffer, either
to make roomfor anewerarriving paclet, or becausehey expire prior to beingtransmitted Thebest-efort is assigned
a x ed amountof buffer aswell, andits queueis structuredasa simple FIFO queue. For simplicitly, we assumea
drop-tailqueuej. e., thearriving pacletwill be droppedwhenthe queueis full.

We assumehatboth conformantandexcesspacletsrequirethe sameconstandelaybound , i. e.,themaximum
time areal-timepacletis allowedto stayin the buffer. In otherwords,whenareal-timepacletk arrivesattimet, a
deadlinedy = t + is assignedo the packet. Packet k musteitherbetransmittecbeforedy or removedfrom buffer
afterit hasexpired.

Ideally, conformantpaclketsshouldbetransmittedust beforethey expire, sothatwe have asmary opportunitiesas



possibleto transmitexcesaclets’. Our rst schemesdiscusse@arlier acombinatiorof SCED+andSCFQsimilar
to [11], satis esthis requirement.In this schemethe SCED+scheduleis capableof delayinguntil the lastmoment
thetransmissiorof a conformantpaclet, andthe remainingtransmissioropportunitiesareofferedto eitherexcessor
best-efort paclets,basedn the SCFQschedulethatcontrolsthelink-sharingpolicy.

A singleandsimplerschedulersuchas SCFQ,often transmitsconformantpaclets earlier than necessarywhich
may decreasé¢he transmissioropportunitiesavailableto excesspacletsbeforethey expire, thusreducingthe excess
trafc throughput.Neverthelessye explore sucha schemepecausef its lower compleity, andevaluateits impact
ontheexcesstrafc throughput.We namedthe ADQ versionthatrelieson the two-schedulescheme;'JointQueue”,
andthe ADQ versionbasedn only the SCFQscheduler‘ScfQueue”.

Becasughevolumeof excesdraf ¢ is unknavn, schedulingaloneis notsufcient to ensureghatexcesspacletsare
transmittedvithin thedesireddelaybound.Thekey issuein supportingexcesseal-timepacletsis to beableto identify
and remove expired excesspaclets, insteadof wastingtransmissioropportunitieson them. ADQ relies on buffer
managmento addresghis issueusingtwo mainprocedures?synchronization’and“clean-up”. “Synchronization’is
a procedureperformedwhentransmittinga conformantpaclet. It locatesandremovesexpired excesspacletsbased
on the arrival orderingbetweenconformantand excesspaclets,andby relying on the factthatall real-timepaclets
have the samedelay bound. In most cases,'synchronization”aloneis sufcient. However, “clean-up”is needed
occasionallywhen“synchronization’is not performedrequentlyenough.

Theexamplein Fig. 2 illustratesthe typical behaior of “JointQueue”.For simplicity, the exampleassumeshatall
pacletsare 1000bits, thatthe delayboundfor real-timepacletsis 0:5 ms,andthatthe outputlink speeds 10 Mbps
sothatit takes0:1 msto transmiteachpaclet. We alsoassumehatthe excesstraf c andthe best-efort traf ¢ share

theresidualbandwidthequally

If ordering of real-time packets are not preserved: .
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Fig.2. ADQ example

I1l. SCHEDULING ALGORITHMS

In this sectionwe discusghetwo possiblechoicesof schedulingschemegor ADQ.

3 As we discusdater, this needso betemperedvhenorderingof conformantandexcesspacletsis required.



A. JointQueue

In this schemeSCED+is usedto provide delayandlosslesgperformancdo conformanfpaclkets,andSCFQis used
to provide link-sharingbetweenexcessandbest-efort paclets. By assigningthe properservicecurves, SCED+can
scheduleconformantpaclets aslate as possible while still meetingtheir delay andlossrequirements. Assuminga
constantlelaybound andatoken-hucket-modeledarrival cunef ¢, aservicecurve S asshawvnin Fig. 3 satis esour
goal. We canthencomputethe buffer requirementf the conformantqueueto avoid pacletlossby Eq.(1)[8] andthe
eligibility time of a conformantpacletcy arriving attimet by Eq. (2) [8], sothatcy is transmittedbeforeits deadline

but aslateaspossible.

arrival curve

f(f)=b+rt service curve

\b+r(t-A)
<-4 >

b+R(t - A) Cimit = b+r (1)

o

f t
A-DbR

eligiblef = t + (2)

o

Fig. 3. Arrival curve andservicecurve with maximumservicerateR.

Whenthescheduleselectghenext paclket for transmissionit considerghepacletc; attheheadof the conformant
queue.If ¢; is eligible, i.e., its eligibility time is smallerthanthe currenttime, the scheduletransmitscy right after

nishing its currenttransmission.

If the paclet at the headof the conformantqueueis not eligible, the schedulerchoosedetweenthe head-of-line
(HOL) excessor HOL best-efort paclets,basednwhich onehasthesmallervirtual time. Thevirtual timesof excess
andbest-efort paclets,vy andvf(’ respectiely, arecomputedaccordingo SCFQbasecn pre-determinegarameters,
sothatthetwo queuessharetheresidualtransmissioropportunitiesat aratio of e_ratio : b_ratio, whenthe scheduler
is notschedulingconformantpaclets.

L

VE = — + max v(ag);v® : 3
K™ eratio (@)Y 3)
b Lp by. b

V) = — + max v(ay);V, : 4
K~ brato (&) v 1 4)

In Eq. (3) and(4), v(ay) andv(aE) arethesystenvirtual timesuponarrival of excesspaclet ex andbest-efort paclet
b respectiely. vje is the virtual time of the lasttransmittedexcesspaclet beforeey. (notethatnotall excesspaclets
that have beenenqueuednay endup beingtransmitted).vE 1 Is the virtual time of the last transmittedoest-efort

pacletbeforeby. L§ andLE arethelengthsof paclet e, andb, respecitrely.

B. ScfQueue

It is possibleand simpletr implementation-wiseto use SCFQ as the only schedulerto provide both delay and

losslesperformanceyuaranteeto conformantpaclets,aswell aslink-sharingbetweerexcessandbest-efort traf c.



However, SCFQwill oftentransmitconformanpacletsearlierthannecessarandthis maynegatively affecttheexcess
throughput.

Whenusing SCFQ,we rst computetherater . to allocateto the conformantqueueso asto guarantedhe delay
boundof conformantpaclets. Givenr ¢, we canthencomputethe amountof buffer, ¢;imit , neededy the conformant
gueue.Finally, we computetheratesr andry, allocatedto the excessandbest-efort queuesrespectiely, to achieve
thedesiredink-sharingratio. Virtual timesarethencomputedoasedonr, re andry, similarly asin Eq. (3) and(4).

The SCFQscheduleschedulesll pacletsin orderof their virtual times.

IV. BUFFER MANAGEMENT

The key issuein supportingexcessreal-timepacletsis to be ableto identify andremove from the buffer excess
paclets that have “expired”. A straightforvard solutionis to checkall enqueuedaclets after eachtransmission.
However, this hasa prohibitive O(n) time compl«ity, wheren is the numberof pacletsin the excessgueue.In this
sectionwe describea buffer managemergéchemewhich canremove expiredexcesgpacletsin O(1) time compleity.

ADQ achieresthis by relying ontwo procedures!synchronization’and“clean-up”.

A. Syntironization

Synchronizatiomemovesexpired excesspacletsbasedon the factthatwhena real-timepaclet p expires,all real-
time paclets arrived beforep have also expired, becausehey all have the samedelay bound. If we assumehat
conformantpacletsaretransmittecat or closeto their deadlinesthe transmissiorof a conformantpaclet ¢, canthen
be usedto “synchronize”the excessqueueby remaving from the excessqueueall pacletsthat arrived beforecy.
This is the basicideabehindthe “synchronization”procedure.The ef ciency of the proceduredependsn both our
ability to identify excesspacletsthat arrived beforea conformantpaclet, andon the validity of our assumptiorthat
a conformantpaclet is transmittedat or slightly beforeits deadline. This latter aspectdependson both the traf c
envelopeof theconformantraf c andthescheduleused.Thesmoothetheconformantrafc, thelesslikelyit is that
conformantpaclets are transmittedmuch earlier beforetheir deadlines.Similarly, a scheduleisuchas SCED+that
delaysthetransmissiorof conformanfpacletsaslong aspossible mayresultin betterresultsthanSCFQdoes.

Theability to associate conformantpaclet with the excesspacletsthatarrivedbeforeit canbeaccomplishedela-
tively easilybecauseve only needto associatét with thoseexcespacletsthatarrivedbeforeit but afterthepreceding
conformantpaclet. This effectively dividesthe excessqueueinto “segments”,synchronizedy conformantpaclets.
Segmentsarede ned by having eachexcesspaclet containa pointer syncinde, pointing to the conformantpaclet
synchronizingt, anda pointer segindex, pointingto the rst excesspacletin the next sggment. Whentransmittinga
conformantpaclet, we verify whethersynchronizatiomeedgo be performed by verifying the HOL excesspaclet's
syncinde. If it pointsto theconformantpacletbeingtransmittedthenthesagindex of the pacletlocatesall theexcess
pacletsthatneedto beremoved. SeeFig. 4 for anexampleof how the sgmentpointersarearrangedandFig. 5 for a

summaryof the majoroperationsnvolvedin a synchronizatiorprocedure.



Althoughthe numberof excesspacletsin the rst segmentis not O(1) in generalthe total buffer usedby these
pacletsarecontinuousandlies betweerthe headof the queueandthe addresspeci ed by the sggindex of the HOL

excesspaclet. Releasingsuchcontinuouduffer requiresonly O(1) time, andsodoesthesynchrnizatiorprocedure.

( begin synchronization )

syncidx : = index of the conformant packet
synchronizing the HOL excess packet

Does syncidx equal to index of HOL
conformant packet?

— Y

| 1
| | | | nextidx : = seglndex of the HOL excess packet |
excess scheduler
Guom packets | 1 | s | 7 | o | " | > ’/
T

conformant
ackets
_packets

o EIEERE

) T T LY ‘ | remove all excess packets before nextidx |
o e |
l 2nd segment |__1stsegment |
< — segindex <— syncindex Packets are numbered in order of their arrivals. (end synchronization )
Fig. 4. syncinde pointersandsegindex pointers. Fig.5. Synchronization

B. Clean-up

Undernormal circumstancespamelywhenthereis a regular streamof conformantpaclets, the transmission®f
conformanpacletswill triggerthesynchronizatioprocedurdrequentlyenoughto remove mostexpiredexcesspack-
etsin atimely manner However, alargeburstof excesspacletsor alack of conformanipacletsfor anextendedoeriod
of time, canresultin the build-up of along segmentof excesspacletsthatcanremainin the excessqueudong afterit
hasexpired. Anotherprocedure’clean-up; is usedto handlesuchrarecases.

Clean-upis calledin eitherof thetwo situations First,whenanincomingexcesspaclet nds the excessqueusfull,
andsecondwhenthe schedulernds the HOL excesspaclet expired. In the rst situation,the goal of the clean-upis
to remove enoughexcesgacletsfrom (theheadof) theexcessqueuegio make roomfor theincomingpaclet. Notethat
this mayinvolve the removal of somenon-epired excesspaclets. However, thereplacemenof “older” pacletswith
a“newer” oneshouldhelpreducethelikelihoodof a subsequentlean-uptriggeredby the scheduleupon nding an
expired HOL excesspaclet. In this secondsituation,the goalis to quickly nd anon-epired excesspacletin order
to take adwantageof the availabletransmissioropportunity This canalwaysbe accomplishedimply by remaoving the
rst sggmentin the excessqueue becausall excesspacletsbeyondthe rst seggmentarrived after the currentHOL
conformantpaclet, whichis notyet expired. However, this cancauseheunnecessargemoval of non-epiredpaclets
in the rst segment.Thus,we introducetwo intermediatestepsheforeresortingto removing the rst segment.

A clean-upproceduranvolvestwo type of pointers:seglndex, asusedin synchronizationsandblkindex, a pointer
presenin eachexcesspaclet, andpointingto the rst excesspacketin the next “block”. A block consistsof oneor

morecontiguousexcesspaclets,sothattheir total lengthis atleastequalto thelink MTU. Fig. 6 givesanexampleof



anexcesggueuewith block pointers.We assumeacletsl to 4 areexpiredatthetime theclean-upproceduras called.

Notethatthe rst blockin Fig. 6 is notcompletebecaussomeof its pacletshave alreadybeentransmitted.

conformant
queue packeﬂts | 9 | 8 \
N Y I Y e O
excess N/ ‘ ‘ ‘ ‘ ‘ ‘ ‘ /sycheduler
queue packets > | 700 | 500 | 1200| 200 | 800 | 500 | 600 | 300
10 7 6 5 4 3 2 1
L_3rdblock | 2nd block | 1st block

\ 1st segment |

<— blkindex < — seglindex

packets numbered in order of their arrivals. W packet size in bytes. MTU size is 1500 bytes.

Fig. 6. blkindex pointersandsegindex pointers.

Whenclean-upis calledwhenthe arriving excesspaclet cant be accommodatedt rst removesthe rst block
in the excessqueue.Although blocksaredesignedo containmorethanan MTU worth of bytes,removing the
rst block may not be enoughbecausehe rst block may not be complete. In that case,clean-upproceedgo
remove thefollowing block. Thiswill guaranteenoughspacefor ary arriving paclet sincethe secondlock is
alwayscomplete.In this case clean-ups calledwhenenqueuing paclet, andthe majoroperationsnvolvedare

shawvn in Fig. 7. Comingbackto the exampleof Fig. 6, andassuminghatthe new excesspaclet sizeis 1200

begin enqueue_clean_up

| psize : = size of the coming excess packet |

if psize <= first block length + excess queue limit
- current excess queue length

nextidx := blkindex of HOL excess packet | | nextidx := blkindex of HOL excess packet |
nextnextidx := blkindex of the | remove all excess packets before nextidx |
excess packet at nextidx
d/ end enqueue_clean_up

| remove all excess packets before nextnextidx |

end enqueue_clean_up

Fig. 7. Clean-upusedin enqueue.

bytes,removing paclet1 and2 in the rst blockis notenough.Pacletsin the rst two blocks,namely paclet 1
to 5, thereforewill beremoved.

If clean-upis calledbecausdhe HOL excesspacletis found expired, its goalis to quickly identify a newv non-
expired excesspaclet. Ideally, it shouldremove only the expired excesspacletsandmale the rst non-epired

excesspacletthenenw HOL paclet. Thisis paclet5 in our example.However, searchinganorderedist typically
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requiresO(log n) time. Thus,we tradeaccurag for simplicity by removing moreexcesspacletsthannecessary
We rst attemptto remove the rst blockin the excessqueue.If thenew HOL excesspacletis still expired,we
thenproceedo remove all the pacletsin the secondblock. If this fails again, we thendefault to removing the
whole rst seggment,which guaranteeshatthe new HOL paclet is not expired. In this case clean-upis called
whendequeuing paclet andthe majoroperationsnvoledareshowvn in Fig. 8. In theexampleof Fig. 6, we rst
remove paclet1 and2. Becausgaclet 3 is alsoexpired,we proceedo remove paclet 3to 5 in thesecondlock.
Sincepaclet 6 is not expired, the clean-upprocedurecompletesat that point. Packet 6 becomeghe new HOL

excesspacketandis transmitted.

(begin dequeue_clean_up )

| blkidx := blkindex of HOL excess packet |

| segidx := segIndex of HOL excess packet |

if blkidx - index of HOL excess packet smaller than
segidx - index of HOL excess packet

| remove all excess packets before blkidx |

| remove all excess packets before segidx |

( end dequeue_clean_up )

if nextidx - index of HOL excess packet smaller than
segidx - index of HOL excess packet

| remove all excess packets before segidx |

| remove all excess packets before nextidx

( end dequeue_clean_up )

end dequeue_clean_up

is the new HOL excess
packet expired?

| remove all excess packets before segidx |

end dequeue_clean_up

Fig.8. Clean-upusedin dequeue.

The clean-upprocedurecemaoveseitherthe rst segmentor the rst one(two) block(s)of paclets. As the synchro-
nization procedurejt only requiresO(1) time. Eachenqueueoperationinvolves at mostone clean-upprocedure;
and eachdequeueoperation(transmittinga paclet) involves at most one synchronizatiorand one clean-upproce-
dure. Therefore pour buffer managemergchemehasa worst casetime compleity of O(1) perenqueueanddequeue

operation.
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C. Preservingheorderingof real-timepadets

ADQ canalsobe con gured to presere paclet orderingbetweenthe conformantand excessqueuesvhensuch
a featureis desirable. However, enablingthis featurecanimpactsomenhat the excessthroughput,asthe ordering
constrainwill occasionallyforcethe excessqueueto “pass”on sometransmissioropportunities.

The synchronizatiormprocedureguaranteeshat if an excesspaclet arrives earlierthana conformantpaclet, then
that excesspaclet, if ever transmitted will alsobe transmittedearlier Preservingpaclet ordering,therefore,only
requiresan additionalmechanisnthat ensureghat excesspaclets are never transmittedbefore conformantpaclets
thatarrived beforethem. This is achieved througha minor modi cation of the scheduler Speci cally, whenan HOL
excesspaclet e; is choserfor transmissionwe checkwhetherthe HOL conformantpaclet ¢, arrived earlierthane;.
If c; did arrive earliet wethentransmitc; insteadof e; to enforcetheordering. Theexcesacletis typically deferred
by onetransmissioropportunity Let usrevisit theexampleof Fig. 2, thebehaior of “JointQueue’is almostthe same
whetherorderingneedsto be presered or not, exceptthatthe transmissiorof paclet eg andc, are switched. When
the schedulernishes transmittingpaclet b; attimet = 0:9, it hasan opportunityto transmitpacket es. However,
whenorderingis required,it is forcedto transmitpaclet c, beforepaclet es, sincec, arrived earliet Instead,gg is

transmittecattimet = 1.

V. LINUX KERNEL IMPLEMENTATION OF ADQ

Both versionsof ADQ: JointQueuaandScfQueuehave beenimplementedasLinux kernelqueueingnodulesthat
work with the iproute2[12] package.The two modulesusethe samebuffer managemenschemeanddiffer only in
the choiceof schedulingalgorithms. The moduleshave beendevelopedunderthe Redhat7:2 operatingsystemwith

kernelversion2:4:2, andareavailablefrom ADQ's homepag¢13] togethemwith relevantdocumentation.

Queuing Discipline
Enqueue Dequeue
eenqueue conformant dequeue
conformant queue conformant
filter enqueue excess dequeue
excess gueue excess
N enqueue best-effort dequeue
best-effort queue best-effort

Fig.9. Generaktructureof ADQ queuingdiscipline.

ADQ controlsthe queue(spssociatedvith the outputNIC throughthe enqueueanddequeudunctions. As shavn
in Fig. 9, theenqueudunctionof ADQ rst lters theincomingpaclet basednthe TOSvaluein thelP headerThen
the correspondindower layerenqueudunctionis calledto insertthe pacletinto the correspondingjueueandupdate

queuestructuresaccordingly Theschedulingalgorithmsareimplementedn thedequeudunctionof ADQ. Whenit is
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time to transmita paclet, thedequeudunctionof ADQ rst decidesvhich pacletto transmitbasedon the scheduling
algorithmsimplemented.The appropriatdower layer dequeudunctionis thencalledto remove the selectedoaclet
and updatequeuestructures. The major procedure®f the enqueueand dequeudunctionsfor the conformantand
excesgqueuehave beenexplainedin the previoussections.Thelower layerenqueuanddequeudunctionsaretrivial
for the FIFO best-efort queue.We will only summerizethe major operationsnvolvedin the enqueueanddequeue

functionof the conformantandthe excessqueue.

A. Enqueue

enqueusconformant
1) computedeadlineandeligibility time of thearriving paclet c.
2) If thepreviousenqueuedeal-timepacletis anexcesspaclet, i. e.,thereexistsa segmentof excesspaclets
to besynchronizedy cy, we needto associatéhe syncinde of thoseexcesspacletsto cy.
enqueueexcess
1) computedeadlineof the paclet.
2) If theres not enoughspacen the queuefor ey, call enqueuecleanup to remove excesspacletsfrom the
headof theexcessqueue.
3) Starta new segmentif the lastenqueuedeal-timepaclet is a conformantpaclet or the excessqueuewas
originally empty

4) Startanew blockif thecurrentlastblock exceeddMTU sizein length.

B. Dequeue

whenthe excessqueueis a possiblecontenterfor the next transmissiorbut its HOL excesspaclet is expired, the
high-level dequeugfunction of ADQ will call dequeuecleanup to identify a new non-epired HOL excesspaclet
beforeit decidesonwhich pacletto transmitnext.
dequeusconformantWe needto checkthe syncind& of the HOL excesspaclet. If it pointsto the currentHOL
conformantpaclet choserfor transmissionsynchronizatiorwill be performed.
dequeuexcesshenmodulesarecon guredto presere ordering,we needto comparghe HOL excesspacletand
the HOL conformantpaclet. If the HOL conformantpaclet arrived earliet thenit will betransmittednsteadof

the HOL excesspacletto enforceordering.

C. O(1) implemenatiordetails

We now discusssomeof theimplementatiordetailsusedin ensuringanO(1) implementatiorof the buffer manage-
mentscheme.
The datastructureswe usedfor the conformantand excessqueuesare cyclic arrays. Thusremaoving multiple
excesspacletsrequiresonly an updateof the queueheadpointerandreleaseof the continuousbuffer from the

original headpointerto the new headpointer



In
com

also

13

ThesegIndexandsyncind& pointersneedo bestoredwith theexcesgaclets. Althoughit is morestraightforvard
to storethemwith the conformantpaclets, it is hardto updatethe pointersin O(1) time whenmultiple excess
pacletsareremovedin oneenqueu®r dequeu@peration.ln addition,with all thepointersstoredwith theexcess
paclets,the ADQ algorithmdegradedo a normalSCFQor a combinedSCED+andSCFQschedulingschemef

theres alack of excesspacletsfor anextendedime of period.

In enqueueconformantif thereareoneor moreexcesspacletssynchronizedy anarriving conformantpaclet
Cx, we needto associatehe syncinde of thesepacletsto cx. To avoid updatingall of thesesyncind& pointers
uponthe arrival of ¢,, we usean integer to storethe position of ¢, and have theseexcesspackets point their
syncinda to that integer upontheir arrivals. Thuswe only needto storein the integer the index of ck in the
conformantqueuewhenit arrives. Theseintegersare storedin a simplearray Similar techniquesare usedfor

seindex andblkindex aswell.

VI. PERFORMANCE AND COMPLEXITY

this section,we rst investicate the performanceof the two versionsof ADQ throughNS simulations. The
plity of ADQ is thenevaluatedby benchmarkinghe actualimplementation®f JointQueuaand ScfQueue We

comparethe performanceand complity of ADQ to a simplepriority queueandto SCFQ,but without ADQ's

buffer management.

A. NS-2simulation

To investicate how well ADQ performsagainstour initial designgoals,we evaluateits performanceagainstthe

following two criteria:

1)

2)

Thethroughpubof conformantrafc. Ideally, this shouldbeidenticalto theinputrateof the conformantraf c,
which shouldall be transmittedwithin their desireddelay bound. The purposeof this criterion is to check
whetherthe presencef excesdrafc affectsthe conformantrafc.

Thetotal effective throughputof real-timetrafc. This consistsof all real-timepaclets, both conformantand
excess,that weretransmittedprior to their deadlines.We comparethis valueto the ideal target consistingof
the sumof the conformanttraf ¢ input rate,andthe fraction of the residualbandwidthassignedo the excess
trafc by thelink-sharingpolicy. In mostof our simulationsthis fractionis setto 20% The closerthe effective
throughputof real-timepaclets comesto the ideal throughput the more excesspacletsaretransmittedwithin
the desireddelaybound. This alsoveri es whetherlink-sharingis properly enforcedbetweenthe excessand

best-efort traf c (thebest-efort traf ¢ intensityis high enoughto occupy ary unusedandwidth).

We comparehe performancef ADQ with threeschemeshathave beencommonlyconsideredor supportingeal-

timetrafc. The rst schemads priority queue with two separatd-IFO queuespnefor real-timetraf c andthe other

for best-efort traf c. Thesecondandthird schemesely on SCFQastheirschedulerbut differin thenumberof queues

used.In the secondschemeall real-timetraf ¢ is assignedo the samequeuewhile in thethird schemegonformant

and

excessreal-timetraf c areassignedo differentqueues.in the secondschemethe real-timequeueis allocated
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aratethatwill ensurethe desireddelayboundto the conformanttrafc, while the restof bandwidthis allocatedto
the best-efort queue.In thethird schemethe remainingbandwidthis split betweernthe excessandbest-efort queue
accordingo the desiredink-sharingratio.

Thenetwork con gurationusedin simulationss shavn in Fig. 10, whereng andn; arethesourcef real-timeand
best-efort traf c, respectiely. Thereal-timetrafc is generatedrom MPEG-4videotrace les of themovie “Jurassic
Park1"[14], while thebest-efort traf c is generatedrom TCPtrafc trace les. Thereal-timetrafc andthebest-efort
traf c eachhave anaggreateinputrateof aboutl0Mbps,andbotharedestinedo noden ;. Giventhatthe bandwidth
of thelink connectinghodesn; andnjs is also10 Mbps, this ensureshateachsourceis capableof saturatinghelink
if left uncontrolled.Noden; is wherewe simulateJointQueueand ScfQueueaswell asthe otherschemeso which

they arecomparedWe consideitwo scenarioghatcorrespondo differentcon gurationfor thevideosources.

videotrace 1 O

n0
video trace 2 Ok

] 10Mbps
video trace 13 % 10Mbps n3

video trace 14 O:O
nl n2
best-effort traffic 10Mbps

Fig. 10. NS simulationnetwork structure.

In scenarial, thetokenbucket usedto enforcethetraf c contractof eachvideo streamhasa token bucket depthof
2link MTU, i. e. 3000bytes,andits tokenrateis variedfrom 1 Mbpsto 5 Mbps. Non-conformanpacletsaremarked
asexcesspaclets. Thedelayboundatnoden; is setto 10ms. Giventhatconformantandexcesspacletsaregenerated
by the samesource JointQueuandScfQueuearecon guredto presere the orderingof real-timepaclets.

In scenarid2, we testthe sensitvity of ADQ to differentpatternsof the conformantrafc. Videosourcesaresplit
into two groups. The rst group generatonly conformanttrafc througha token bucket con gured to drop non-
conformantpaclets. Two differenttoken bucket depthsof 2000bytesand 6000 byteswereusedtogetherwith token
ratesrangingfrom 1 Mbpsto 5 Mbpsto vary theintensityandburstinesof the conformantrafc. Thesecondgroup
of videosourcesandis not regulatedby tokenbuckets,sothatall its traf ¢ is marked asexcess.Becauseonformant
andexcesspacletsarenow generatedy differentsources,JointQueueand ScfQueuearenot con guredto presere
the orderingof real-timepaclets.

In scenaridl, the simulationsshavedthata priority queueschemeallows thereal-timetraf ¢ to reachaneffective
throughputof about9:74M bpsout of a total availablebandwidthof 10M bps However, this wasachievedat the cost
of essentiallystarvingthe low-priority best-efort trafc. This clearly indicatesthat a priority-basedschemds not a
suitablecandidateAs illustratedin Fig. 11, whenusingSCFQwith only two queuesthe presencef excesgacletsin
thereal-timequeueresultsin signi cant delayviolationsandpacletlossedor theconformantraf c. This problemis
eliminatedwhenwe introducea third queueseparatingxcessandconformantpaclets,sothatall conformantpaclets

arenow transmittedwithin their delay boundwithout loss. However, the effective throughputof real-timetrafc is
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nearlythe sameasthethroughputof conformantrafc. The 20% of the remainingbandwidthallocatedto the excess
traf c is essentiallywastedin transmittingexpired excesspackets. This highlightsthe needfor buffer managemerit
excesdrafc isto beadequatelyupported.

Real-time traffic effective throughput
_____ by SCFQ with two FIFO queues.
Conformant traffic throughput
by SCFQ with two FIFO queues.

x 10° Real-time traffic effective throughput x 10°
I~ = by SCFQ with three FIFO queues. o 61 _©
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. o =] -
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[¢) A o~ // - o
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X:Average tokenrate marking the conformant traffic (bps). Y:bps. x10° X:Average tokenrate marking the conformant traffic (bps). Y:bps. x10°
Fig.11. SCFQin scenaridl with tokenbucket depthof 3000 Fig. 12. JointQueueand ScfQueudn scenariol with token
bytes. bucket depthof 3000bytes.

Theeffectivenesf the buffer managementsedin JointQueueandScfQueuss clearlyshowvn in Fig. 12. For both
versionsof ADQ, all conformantpaclets are transmittedwithin their delay boundsandthe excesstrafc is ableto
achiere a meaningfulthroughput.In the caseof JointQueuethetotal real-timethroughputis very closeto theideal
throughput.However, whenScfQueuds usedthe excesstraf ¢ doesnt fully utilize the 20%  remainingbandwidthit
is entitledto. Thereductionin theexcesdrafc throughputwasexpected andis causedy the earlysynchronizations
that SCFQintroducesvhencomparedo SCED* .

In scenaria?, JointQueueand ScfQueuearetestedwith relatively smoothconformanttrafc, shovn in Fig. 13, as
well asmoreburstyconformantraf c, shavnin Fig. 14. Thesimulationresultsshav thatJointQueugerformsalmost
universallywell underdifferentintensitiesandburstinesswhile the performanceof ScfQueuedegradeswith a more
bursty andintenseconformanttrafc.  Suchperformancealegradationis again expected,andis dueto the increased

amountof prematurelyremoved excesspacletscausedy early synchronizations.

B. Kernelimplementatiorexperiments

As shavn by the simulationresults,ADQ, particularly JointQueueachiezesour goalsof supportingexcessreal-
time trafc. We investigatethe costincurredby providing suchimproved serviceshroughbenchmarkinghe Linux
kernelimplementation®f JointQueueand ScfQueue.The compleity of ADQ is measuredising both the number
of operationsand buffer accesseseededper transmittedpaclet, and the actualtime spentin the enqueueand de-

gqueueprocessegnot including the paclet transmissiontime). We believe thatthe latteris important,becauseaot all



16

55+ "
6
st g o Conformant traffic o Conformant traffic o
throughput by ScfQueue. o _--7 “ “ throughput by ScfQueue ° _
45F @ —-—-— F:]eal-tllr:e "gﬁlé efffectlve o - -7 - sk Real-time traffic effective I} 7 // -
throughput by ScfQueue ° T - T throughput by ScfQueue o - T
P _ - - @
4 o -7 e} - — 7
PR E _- - o
[e) _ - - _ - 4+ o - > -
350 - - & - T &
o -7 - o .- -
N & - - @
N o _- - o - -
- - B 3r -7 T @
25F -7 & - P - ©
2F “ Real-time traffic effective 2r & Real-time traffic effective
s ~ T 7 throughput by JointQueue. ~ 7 throughput by JointQueue.
Ll .
151 Conformant traffic throughput Conformant traffic throughput
< by JointQueue. 1 by JointQueue.
1k +  + Conformant traffic input rate +  + Conformant traffic input rate
o o Ideal real-time traffic throughput 0 o ldeal real-time traffic throughput
0.5 L L L L L ] i | | |

I I L L L L
1 15 2 25 3 35 4 4.5 5 01 15 2 25 3 35 4 45 5

X:Average tokenrate marking the conformant traffic (bps). Y: bps. x 10° X:Average tokenrate marking the conformant traffic (bps). Y: bps. x10°
Fig. 13. JointQueuandScfQueuen scenarid with tokenbucket Fig. 14. JointQueueand ScfQueuean scenario2 with token
depthof 2000bytes. bucket depthof 6000bytes.

operationgake the sameamountof time, thusthe actualpaclet processingime is often a morerealisticmeasurenf
complity. The complity of JointQueueand ScfQueuds comparedwith that of the threeschemesve mentioned
before:the priority queueschemandthetwo SCFQschemes.

Theexperimentsareperformedon alocal testbed,Fig. 15, consistingof 4 PCsand1 switch (theswitchis only used
to con gurelink bandwidth). TheADQ moduleandtheotherschemesreimplementednthegatevay machinewith a
Plll 1 GHzIntel CPU,256 MB RAM andtwo Intel 10/100expresaNICs. It usegheRedHat7:2 operatingsystenwith
the2:4:2 kernel. Thetwo sendemachinegenerateeal-timeandbest-efort traf ¢ destinedo thereceverthroughthe
gatevay machine.SendeA is aMPEG4IPstreamingvideosener [15] thatgenerateSPEG-4videotraf ¢ requested
by the MPEGA4IP client on the recever machine. SenderB usesMGEN [16] to generateCBR UDP trafc. The
experimentcon gurationsarethe sameasthoseof the NS simulationsof scenarial but with alower real-timetraf ¢

volume.

real-time 165.123.226.3

switch 165.123.227.4

100 Mbps O  wowmps [
=
gateway receiver

10 Mbps input NIC IP addr:  output NIC IP addr:
best-effort 165.123.226.5 165.123.227.6
UDP CBR

5165.123.226.4
sender B

Fig. 15. Experimentestbedsetup.

As shavn in Fig. 16 andFig. 17, bothversionsof ADQ requiremoreoperationsaandbuffer accessethanthethree

simplerschemesve compareghemto. Whentheintensityof conformanttrafc increasesJjointQueuend ScfQueue
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shaw differenttrends.For JointQueuethe higherintensityof conformantraf c, the moretimely removal of expired

excesspacletsby synchronizationandthusthe fewer calls for clean-upproceduresThis resultsin fewer operations

andbuffer accessesinceclean-upsaaremorecostlythansynchronizationsln contrastfor ScfQueuealthoughfewer

clean-upsare neededthe decreasén excesstraf ¢ throughputdominates. The averagenumberof operationsand

buffer accessepertransmittedexcesspacletincreasedecausenoreexcespacletsareenqueuedbut nottransmitted.

Fig. 18 andFig. 19 shav thatJointQueuandScfQueuegain requiremoreenqueuanddequeugrocesgime than

the other schemedecausef the additionalcompleity involved. More clean-upproceduresare usually neededn

both enqueueanddequeugrocessesvhenJointQueuds used. As the intensity of the conformanttrafc increases,

the averagedequeueprocesdime of both schemeslecreasebecausef the greatemumberofsynchronizationshat

minimize the needof additional,costly clean-upoperations Overall, we notethatalthoughADQ is expectedlymore

comple thanthethreesimplerschemesve comparet to, the deltain compleity remainsrelatively small,i.e., from

abouttwice the numberof paclet operationgo a 20% increasan the numberof memoryaccessesthencomparedo

thethree-queuersionof SCFQ the only otherpossiblecontender
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VIlI. CONCLUSION

In this paper we proposeda nev schemeADQ, which combinesbuffer managemeraindschedulingmechanisms
to supportthe transmissiorof both conformantandexcessreal-timetrafc, while ensuringa givenlink-sharingratio
betweenexcessreal-timetraf ¢ andbest-efort traf c. The schedulingalgorithmsenforcedelayguaranteeandlink-
sharing,while the buffer managemernits responsibldor remaoving expired excesspaclets promptly from the queue.
This ensureghat no bandwidthis wastedon transmittingexpired packets. ADQ canbe con gured to presere the
orderingof real-timepacletswithout signi cantly sacri cing the overall performance.

We have evaluatedthe performanceand compleity of the two ADQ schemesby meansof simulationsand by
benchmarkingactualimplementations.The resultswere comparedwith threesimplerschemes.In all casesADQ,
particularlyJointQueueachiezed our designgoals,while the otherschemesitherwastedbandwidthby transmitting
expired pacletsor penalizedhe best-efort traf c excessiely. We believe that our implementationglemonstratéhe

feasibility of more e xible supportfor real-timetraf ¢, whichcouldfacilitatethedeploymentof real-timeapplications.
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