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Abstract

This paper presentsa new setof forwarding behavios
thatfits rate-adaptiveand delay-sensitivapplicationswith
limited losstolerance We consideran applicationto have
limitedlosstoleranceif it needdoss-feeforwarding of spe-
cific padetsupto a certainrate Thenew setof forwarding
behavios are attractive for developingreal-timeapplica-
tionsfor the Internet. In particular, sud applicationscan
be designedo usereservedorwarding capacityefficiently
and competefor more bandwidthwhile beingfair to best-
effort traffic. To provide the new setof forwarding behav-
iors, we definea schedulingmedtanismthat can be imple-
mentedefiiciently Throughsimulationswe showthat this
medanismsupportshe definedforwarding behavios.

1. Intr oduction

Real-timeapplicationsare becomingincreasinglycom-
monin the Internet,e.g.video andvoice over IP. Suchap-
plicationsneedto presentiatato userswith shortdelay(i.e.,
they aredelay-sensitie). Real-timeapplicationsmay also
preferlow loss-ratesinceerrorresiliencethencanbetraded
for bettercompressiorfficiency andhigherquality. Appli-
cationsoptimizedfor low loss-ratearesaidto beintolerant.

Clearly, delay-sensitie andintolerantapplicationsgain
from guaranteesn boundeddelayandloss. Suchguaran-
teescanbe provided with the ExpeditedForwarding (EF)
perhopbehaior (PHB)[6]. EFis partof the Differentiated
ServiceqDiffServ)architecturd?2].

EF assumeshattraffic usingthe PHB is peak-ratdim-
ited. This canbeachievedby associatingiserswith service
profiles. Then,traffic is policedto fit theseprofilesasit en-
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tersDiffServcapablenetworks. EF traffic conformingto the

peak-rateof eachprofile is taggedwith thefor EF selected
DiffServCodePoint (DSCP)to be givenloss-freeandlow

delay forwarding, while EF excesstraffic is dropped(i.e.,

traffic exceedingthis peakrate).

EF fits delay-sensitie and intolerantapplicationsthat
needa certainrate, but do not gain from more forward-
ing capacityif available. Delay-sensitie andtolerantap-
plicationsthatneedsa minimal rateandcangainfrom addi-
tional capacityarehowevernotwell supportedy EF Such
applicationsadapttheir sendingrate asresponsdo paclet
loss(i.e., they arecongestion-respongt). Still, they may
needoss-fregforwardingof specificpacketsup to a certain
rate (e.g.,to maintaina minimal framerate). This kind of
congestion-respongt and delay-sensitie applicationsare
saidto have alimited losstolerance.

Applications with limited loss-tolerance being
congestion-respong and delay-sensitie include those
ervisionedfor the DatagramCongestionControl Protocol
(DCCP) [14, 15]. DCCP is currently being considered
for standardizatiorby the IETF. Theseapplicationsare
mediastreaming)nternettelephoty, andon-linegames.n
addition, we expectvideo conferenceapplications having
thesepropertiesto bedevelopedfor DCCPR

This paperdefinesanew PHB groupthatfits congestion-
responsie and delay-sensitie applicationswith limited
losstolerance.We namethis PHB groupIn-Time (IT). IT
consistsof threePHBSs; IT-conforming, IT-excess,and IT-
backgroundFor IT, we definethefollowing requirements:

e Conformingandexcesspacletsmustbeforwardedin-
time l.e., thesepacketsmustnot facequeuingdelays
longerthana pre-configuredhllowed maximum,d.

e Conformingand excesspaclets collectively mustbe
forwardedin-order. l.e.,in the sameorderasthey ar-
rive.

e Excesdraffic mustbe givenaloss-rateapproximately



equalto or higher than the loss-rategiven to back-
groundtraffic. This is the loss-ate relation require-
ment.

e Conformingtraffic mustbe sened at the configured
rate, or at a rate higherthanthe configuredrate. IT
shareghis requirementvith EF [6]. We referto it as
thedepartue raterequirement.

The departue rate requirementenablesguarantee®n
loss-freeforwarding for conformingtraffic. Suchguaran-
teescan be given by limiting the utilization of a network
(with known characteristicandamaximumnumberhopsat
ary path)throughtraffic conditionersat network edgeq1].

As for EF, IT assumeghat conformingtraffic is peak-
ratelimited. While EF excesstraffic is dropped,IT excess
traffic is howevertaggedandforwardedthroughtraffic con-
ditionersat network edges. Hence,with IT, conforming,
excess,andbackgroundraffic areall forwarded,but with
differentDSCPs.

As thetraditionalbest-efort service the IT-background
PHB providesno guaranteeslT-backgroundcan, but does
not needto, be equalto the default PHB [16], which is
the best-efort servicethrougha DiffServ compliantnode.
Then, IT-backgroundand IT-excesssharebandwidthwith
default traffic, and bandwidthneedsto be explicitly allo-
catedonly for IT-conformingtraffic. We usethetermbest-
effort for the IT-background®HB.

Althoughnotbeingarequirementanimplementatiorof
IT shouldtreatexcessandbest-efort traffic approximately
equalwith regardto loss. Thereby thesetraffic aggreyates
cancompetefor availablebandwidthon similar terms. We
referto this asthe loss-rate fairnessdemandwhich com-
plementgheloss-raterelationrequirement.

Most real-time applicationsrequire datato be ordered
beforeprocessingWithoutorderedorwardingof conform-
ing and excesspaclets such applicationswould needto
buffer arriving pacletsto placedatain ordet Sincethis
introducesdelay we considerthe in-order requirementof
IT important.

IT contributeswith new differentiation propertiesnot
supportedy arny combinationof the PHBscurrentlyspeci-
fiedby thelETF. We believethesepropertiegdo beattractive
in developingreal-timeapplicationgor the Internet. With-
out IT, real-timeapplicationsneedto useresered capac-
ity only (e.g.,providedby EF), or operatewithout any up-
perboundon delay With IT, real-timeapplicationscanbe
designedo both competefairly with best-efort traffic for
morebandwidthanduseresened capacityefficiently.

Existing applicationscan be extendedto benefitfrom
IT. E.g., Bennettet al. presentan error resilient (to paclet
loss) and scalablecompressiommethodfor video that is
congestion-respong[18]. Therateis variedusingdiffer-
ent quantizationstepsand, whenthesestepscannotbe re-

ducedfurther, by sub-samplingheinputsequencéo reduce
the frame-rate. With loss-freeforwarding up to a certain
rate,decreasingheframe-ratecanbe avoided. In addition,
it might be possibleto tradeoff error resiliencefor better
compressiorefficiengy andhigherquality for the protected
sub-stream.

EF canbesupportedn outputbufferedrouterswith apri-
oritizedqueueschedulefi.e.,astrictnon-preemptie prior-
itized queue).Sucha scheduleiis appealingo EF sinceit
offerslow boundson lateng/*. Low lateng for conforming
traffic is importantalsowith IT. To offer low lateng with
IT, we extendaprioritized queueschedulewith supportfor
IT. This schedulerwhich we nameTICKET, offers equal
boundson lateng asa prioritizedqueuescheduler

Anotherappealingoropertyof aprioritizedqueuesched-
uleris thatit canbeimplementeckfficiently. Theextensions
for IT consumereasonablamountsof memoryand have
moderatgprocessingverheadon commonplatforms(e.g.,
Intel Pentiumlll). With anefficientprioritizedqueuesched-
uler asabasewe defineanefficient TICKET scheduler

Throughsimulations,we showv that TICKET meetsthe
requirement®f IT. TICKET hasoneconfigurableparame-
teronly, i.e.themaximumalloweddelay d. Longerd gives
lower loss-rategor excesdraffic2. A scheduleimplement-
ing IT mustsupportvery low d to meetdelayrequirements
of real-timeapplications.Moreover, while supportingsuch
alow d, loss-ratedor excessandbest-efort traffic mustbe
similar to enablesharingof bandwidth(i.e., the loss-rate
fairnessdemand). The simulationsshav that even with d
setto only afew ms, TICKET givesexcessandbest-efort
traffic similarloss-rates.

2. Algorithms and Data Structures

TICKET is createdthroughextensionsto a prioritized
gueueschedulemsingtwo FIFO buffers. We add a third
DSCPfor excesstraffic (i.e., in additionto the conforming
andthe best-efort DSCPs) andtime-stampsandsequence
numbersfor excessand conformingpaclets. Thesetime-
stampsand sequenceaumbersare local within eachnode.
With theseadditionswe definea naiveschedulethatmeets
thefour requirementsf IT.

The naive schedulelwith two buffers) cangive consid-
erably higherloss-rateto excesstraffic thanto best-efort
traffic (i.e., the loss-ratefairnessddemandmay not be met).
Thisis becaus¢heseaggrejatesareforwardedin the same
buffer. Then,excesstraffic may getonly smallamountsof
bandwidth which limits thevalueof IT.

lwith a strict non-preemptie prioritized queuethe delay bound for
conformingtraffic is equalto MTU/c, wherec is thelink speed4].

2| oss-ratesor excesdraffic is however, asrequiredby IT, awaysequal
or largerthanfor best-efort traffic.



To achieve similar loss-ratedor excessand best-efort
traffic, we extend the naive schedulerinto the TICKET
schedulerby adding queue tickets and two additional
buffers. TICKET meetstheloss-ratefairnessdemand.

A prioritized queueschedulewusingtwo FIFO buffersis
describedin Sect.2.1. In Sect.2.2 we define extensions
to this schedulercreatingthe naive schedulerandin Sect.
2.3we completethe TICKET schedulerThen,in Sect.2.4,
we discussmportantimplementatioranddesigndetailsof
TICKET. Finally, in Sect.2.5, we analyzetime and space
requirementsf TICKET. Commenteghseudaodedor the
naive and TICKET schedulersespectiely canbefoundin
[13, AppendixA)].

2.1 A prioritized queuescheduler

A prioritizedqueuescheduleis anappealingmplemen-
tationof EF sinceit offerslow boundson lateng [4]. With
suchascheduleEF pacletsareforwardedbeforeary best-
effort paclet. Thereare several approacheso createthis
behaior. We usetwo FIFO buffers (i.e., onebuffer, c, for
EF pacletsand anotherbuffer, b, for best-efort paclets).
This scheduleidoesnot preemptpaclets, but buffer ¢ has
absolutepriority over buffer b. l.e., whenoneor moreEF
pacletsarequeuedhefirst oneis dequeue@ssoonasthe
previous (EF or best-efort) pacletis completelysent.If no

EF pacletis queuedthefirst best-efort pacletis dequeued.

With two FIFO buffers whereofoneis prioritized, both
enqueuingand dequeuingcanbe donewith the sametime
compleity asfor asingleFIFObuffer,i.e.,O(1). Thespace
usedby this dual FIFO schedulelin additionto the space
usedto storepaclets)is the spaceneededn the buffersto
storepointersto thepaclets(i.e., N. + N, machinewords).

2.2 The naive scheduler

Any schedulesupporting T hasto meetits four require-
ments. The naive schedulermeetsthe departurerate re-
guirementinceit is basedon a prioritized queuescheduler
(i.e.,conformingpacletsareforwardedthroughbuffer ¢ as
with the pureprioritizedqueuescheduledefinedin the pre-
vioussection).

To meetthe in-time requirementof IT, we store, with
eachconformingandexcesgaclet,atime stampr = t+d,
wheret is the currenttime andd is the maximumallowed
delay Fromr, it canbedeterminedvhenconformingpack-
etsmustbe sentto meetthemaximumalloweddelay, d, and
whenexcesspacletsarelateandshouldbedropped.

Thepolicy we adoptis to sendasmary excessandbest-
effort pacletsaspossiblebeforesendingconformingpack-
ets. Thisis to avoid droppingexcesspaclketsdueto latengy
andout-of-ordering.Hence conformingpacketscanbede-
layed until they mustbe sent(to meetd). Note that con-

forming pacletsare only delayedif the outgoinglink has
anoverload.

To meetthe in-orderrequirementof IT, we store,with
eachconformingandexcesspaclet, asequencaumbero.
With o, wekeeptrackof thearrival orderamonghesepack-
ets.In addition,we storeo of thelastdequeueadonforming
paclet,X. Excesgacletswith o, lessthanX. aredropped.
When o, of the excesspaclet at the headof buffer b is
higherthan?:, but lessthanc,. of the conformingpaclet at
the headof buffer ¢, this conformingpacletis sentimme-
diately.

When buffer b is full, arriving best-efort and excess
pacletsare droppedindependenbdf their DSCPs. Hence,
thesepacletsareequallylikely to be droppeddueto buffer
overflow (assumingequalarrival processes).Note, how-
ever, that in addition to buffer overflow, excesspaclets
canbedroppeddueto lateng andout-of-ordering.Conse-
guently excesdraffic mayexperiencehigherloss-rateshan
best-efort traffic althoughthelossescausedy buffer over-
flow hits them equally often. Hence,the naive scheduler
meetsheloss-raterelationrequirementf IT.

2.3. The TICKET scheduler

Althoughthe naive schedulemeetsthe requirementsf
IT, it mightnotmeettheloss-rateairnessdemandatlow d.
The extensionsdefinedin this sectionprovide supportfor
this demand.

As notedabove,excespacletsaredroppeddueto buffer
overflow, lateng, andout-of-ordering. Best-efort paclets
are, however, droppeddueto buffer overflow only. Con-
sequently excesspaclets may experiencehigherloss-rate
than best-efort paclets. To achieve similar loss-ratesor
thesepaclet types,the numberof dropsdueto lateng and
out-of-orderingmustbereduced.

Excesspaclets alreadybeinglate or out-of-ordermust
be dropped. Thus, to reducethe numberof excesspack-
ets droppedfor thesereasonsother excesspackets must
be given precedencéollowing suchdrop events. TICKET
achievesthis by letting excesspaclets jump aheadin the
gueuewhenotherexcesyacletsaredroppeddueto lateny
or out-of-ordering.

Thejumpaheador excesacletsis achievedusingsep-
aratebuffers for excessand best-efort traffic (i.e., buffer
b for best-efort paclets,andbuffer e for excesspaclets).
Queueticketsareusedto controlthe orderin which buffers
b ande aresened.

QueudticketsaresequencaumbersQ, for acceptedsx-
cessand best-efort paclets’. Hence,buffersb ande are
scheduledn the sameorderasexcessandbest-efort pack-
etsareacceptedy the TICKET schedulerExcesaclets

SNotethatticketsarelocal for eachoutgoinginterface.



canhoweverusequeusticketsof previouslydroppedexcess
paclets,while best-efort packetsusetheirown ticketsonly.

Note thatsinceexcesspacketsmay usequeueticketsof
previously droppedexcesspacletsthey will jump aheadof
best-efort pacletsthatarecurrentlyin thebuffer. Thisdoes
not, however, leadto anincreasedorwardingcapacityfor
excesdraffic comparedo best-efort sinceanexcessaclket
thatshouldhave beenforwardedwasdropped.

To ensurethat excessand best-efort paclets still are
droppedfairly at buffer overflow, a commonlimit, N,
of the total numberof excessand best-efort paclets is
used. The limit hasto be smalleror equalto the length
of thesmallerof thebuffers (N, = min(N,, Ny)). Conse-
quently N, and N, shouldbeequal(N., = N, = N).

To summarizeTICKET, for eachacceptedpacket we
storea sequenceaumber a deadline(for conformingand
excesspaclets only), and a queueticket (for excessand
best-efort pacletsonly)*.

When the deadlinefor the next conforming paclet is
reached,it is immediately sent. Otherwise, dequeuing
is done accordingto sequencenumbersand queuetick-
ets. Note that an excesspaclet is droppedwhenit is late
(e < t), or hasa sequenc@umberlower thanthelastsent
conformingpaclet (. < X). If boththe excessandbest-
effort buffersareempty thefirst paclet from the conform-
ing bufferis dequeuedlf only oneof thesebuffersis empty
apacletis returnedrom the non-emptybuffer.

2.4. Implementation and designdetails

In this sectionimportantimplementatioranddesignde-
tails of TICKET arediscussed.

2.4.1 Overlapping conforming packets

Although IT traffic is properly policed, two consecutie
conformingpacletsmayarrive to anoutgoinglink atarate
higherthantheout-link rate(e.g.,dueto pacletsarriving at
differentin-links). Then,thesepacletscannotbothbe sent
in-time if the first oneis delayedaslong asallowed by d
(Fig. 1). To determinefor how long, possiblyoverlapping,
conformingpacletscanbe delayed,r of previous paclets
canbeadjustedor 6 = maz(((t1+d)+sendTime(p1)) —
(t2 + d),0) wheret; andt, arethearrival timesfor thetwo
consecutie paclets.

Sincer of all conformingpacletsin queuemight need
to be adjusted this operationcan be expensve. To avoid
the costof making suchadjustmentsye maintaina time-
offset, A, for the clock. This offsetis addedto the current
time when decidingwhich buffer to sene. Whena con-
forming paclet arrivesthat overlapswith a paclet already

4In Sect.2.4.1we describeatime offsetusedn TICKET (for conform-
ing pacletsonly).

Inlink

t1 to t1 + dto +d

N

Outlink

Outlink (adjustedg
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P1 p

time

Figure 1. If py is delayed until t; + d, then ps
can not be sent before t5 + d. Hence p; must
be sent at t; +d — 4 (¢t; and ty are the arrival
times for two consecutive packets).

in the queue,s is addedto the offset A. The addedtime,
d, is storedwith the arrived conformingpaclet so that A
will bedecreasedbr 6 whenthe pacletis dequeuedSince
eacharriving paclet is handledseparatelyall overlapping
pacletscanbehandledn the sameway.

2.4.2 Ticket storage

Ticketsfor best-efort paclets canbe storedtogetherwith

thesepaclets. Ticketsfor excespacletsarehoweverstored
in a separatduffer, q. Thereby ticketsfor excesspaclets
arekeptfor futurereusewhenapacletis droppedandeven
if no excesgpacletis queued.

Sincetherecanbe (atmost)oneticket perexcesgaclet,
buffer g shouldbeof equalsizeasbuffere (i.e., Ny = Nep).
Buffer q canbefull althoughbuffer e hasspaceavailableto
gueuepaclets. Then,however, noticket hasto beallocated
for anarriving excesgpacletsincetherearealreadyenough
ticketsin buffer q (i.e.ticketsfor previously droppedexcess
pacletsarestoredin q).

2.4.3 Loss-ratediffer ences

Loss-ratescausedby buffer overflov may differ between
best-efort and excesstraffic if they have differentarrival
processes.E.g., the well known bias of drop-tail buffers
againstbursty flows [11] may causethe loss-raterelation
requiremendf IT to beviolated. Suchbiascanhoweverbe
reducedhroughactive queuemanagemeriB].

2.4.4 Per-flow out-of-order detection

An excesspacket may be in-order within its applications
dataflow while beingout-of-orderwithin the IT aggreate.



Hence,using the sequencenumberfor the last sentcon-
forming paclket within the sameapplicationdataflow in-
steadof for the aggregatemight reducethe numberof ex-
cesypaclketdropscausedyy out-of-ordering.The sequence
numbercanbe storedin a dictionary’ with aflow identifier
asakey.

A perflow out-of-orderdetectionvariant of TICKET
was consideredn preliminary simulations. Thesesimula-
tionsgavethesameresultsaswith the pureTICKET sched-
uler. The perflow variantmay however prove valuablein a
scenariovith moreflows usingIT. We considerthis asfor
furtherstudies.

2.5 Time and SpaceRequirements

Thespacaisedby the TICKET schedulers4 N.+3N .+
2Ny, + Ny = 4N, + 3Nep + 2Nep + Nep = 4N, + 6N
(i.e., in additionto the spaceusedto storepaclets). This
is merelysix wordsper paclet, which is a minor overhead
sincepaclets often consistsof several hundredsof words
(an integer word is equalto four byteson mostarchitec-
tures).

Thetime compleity for enqueuing/dequeuinig O(1).
Both enqueuingand dequeuingconsistsof, in additionto
FIFO buffer manipulations,a computationof the sending
time for a paclet. This computationinvolves a division,
which however canbe avoidedwith a pre-computedable.

The calculationof the sendingtime in dequeuecanbe
avoided by allowing an additional delay of conforming
paclets. In enqueuehe sendingtime is usedto separate
pacletsthatarrive soclosein time thatthe deadlinecannot
be met for the secondpaclet. The sendingtime is how-
evernotneededf conformingpacletsalwaysareseparated
with the sendingtime of aMTU sizedpaclet (i.e., all con-
forming pacletsareassumedo beof MTU size). This may
howeverhave anegativeinfluenceontheexcesdraffic since
conformingpacletswill be sentearlier Moreover, no de-
lay guaranteesanbe givenfor time scalesshorterthanthe
sendingtime of anMTU sizedpaclet. We considerthis as
for furtherstudy

The currenttime hasto be provided by the hardware.
However, sincethis timeis only usedto ensurehata prior-
itized paclet is not delayedmorethanallowed, it doesnot
necessariljhasto beprovidedby areal-timeclock. For ex-
ample,the numberof hardwareclock cycleselapsedsince
boottime is sufiicient (giventhatthe speedf the hardware
is known in advance).Therebythe currenttime is accessi-
ble simply througharegisterread.

5A dictionarycanbeimplementedising,for example,perfecthashing
[7,12], whereoperationsanbe performedn O(1) amortizediime.

3. Evaluation

In this section, we presentsimulationsevaluating the
TICKET scheduler We do not however shav simulation
resultsfor the naive scheduler As expected,theseresults
shav for low d considerablehigher loss-ratesfor excess
traffic thanfor best-efort traffic. The simulationsaremade
with the network simulatorversion2 (NS-2)[17].

3.1 Simulation Setup

Thetopology(Fig. 2) supportRTTs betweerl2 msand
approximately250 ms (including queuingdelay),which is
acommonrangein the Internet[9]. Queuingdelaysup to
256 pacletsoccuratlink CR(a)-CR(b)wherethe TICKET
scheduleris used,and up to 128 paclets at link CR(b)-
CR(a)wherea FIFO scheduleis used.Link CR(b)-CR(a)
is assignedessbuffersto make queuingdelaysof the two
congestedinks similar (the averagepaclet sizeis largerat

thatlink).
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Figure 2. Simulated topology .

Accesslink ratesanddelaysarereconfiguredandomly
with valuesbetween22 and 32 Mbps, and0.1 and0.9 ms
respectiely. Feldmanretal. usedsimilar valuesto emulate
switchedEthernet[8]. A positive consequencef making
thesereconfigurationss that they reducethe risk of flows
beingsynchronized.

Hostsh(07) throughh(15) have one TCP Friendly Rate
Control (TFRC) [10] connectiofl with eachof the hosts
h(01) through h(03) (i.e., 27 TFRC connectionstotally).
The traffic sourcesat h(01) throughh(03) have unlimited
amountsof datato send.SincelT aimsat supportingreal-
time applicationswe setthe pacletsizeto 320bytes.

At AR(2) throughAR(3), serviceprofiles of 2.4 Mbps
(i.e., 267 kbps/flav) are usedto police TFRC traffic into
conformingand excesstraffic with Time Sliding Window
(TSW) [5] basedraffic conditioners.

8TFRC can be negotiatedas the congestioncontrol mechanisnfor a
DCCPJ[15] connection.

"PCM codeddata(i.e., 64 kbps)givesa payloadsizeof 320byteswith
40 mspaclets.



270ParetodistributedON-OFFsourcesath(04)through
h(6) are usedto overloadlink CR(a)-CR(b). From these
hosts,h(07) throughh(15) downloaddatausing TCP Sack
and the best-efort service. Packet sizesare up to 1500
bytes.Threelevelsof overloadis createdwith differentav-
erageOFF periodlengths.Theseoverloadscausdoss-rates
atlink CR(a)-CR(b)of 0.7, 2.4 and5.1 percentin average
whenmeasureaver 180s.

In the Internet, TCP ACK pacletsarelikely to be for-
wardedogethemith largerdatapaclets. Thiscaninfluence
the spacingbetweenACKs andthusthe burstinesof TCP
sources.Also, lost ACKs make TCP sourceshurstier To
simulatevarying ACK spacingandlost ACKs, link CR(b)-
CR(a)is overloadedwith 270 Paretodistributed ON-OFF
sourcesat h(07) throughh(15). From thesehosts, h(04)
throughh(06) download datausing TCP Sack. The loss-
ratesat link CR(b)-CR(a)are 0.9, 1.5, and 1.9 percentin
averagewhen measuredover 180 s. ACKs from h(04)
throughh(06) areforwardedtogethemwith datatraffic over
link CR(a)-CR(b)which reduceshe averagepacletsizeat
thatlink to approximately650bytes.

Loss-rates,queuingdelays, and throughputsare mea-
suredbetweer?0and200s. Resultsonloss-rateandqueu-
ing delaysare calculatedwith 95 percentconfidencenter-
vals. Theseinternvals are vary tight for all graphsbut the
onein Fig. 6. Therefore,we give confidencentervals for
this graphonly. For eachoverload,20 differentmaximum
allowed delays, d in the spanbetween0 and 100 ms are
evaluated.

3.2 Modestoverload

At aloss-rateof 0.7 percentin average the TFRC flows
get up to 390 kbps of excessthroughputin averagé at d
higherthan40 ms. Hence,with IT, theseflows geta con-
siderablehigherthroughpuicomparedo if they would have
usedEF with the sameamountof allocatedforwardingca-
pacity(i.e.,267kbps).

The additionalthroughputfor the TFRC flows comesat
the price of higherdelaysfor both conformingand excess
traffic (assuminghatEF cangive closeto zeroqueuingde-
lay to conformingtraffic). The excessthroughputper flow
is however360kbpsalreadyatad of 2 ms. Moreover, aver-
agedelaysat d lessthan50 msareconsiderabléowerthan
themaximumdelays(which areequalto d). Thisindicates
thatdelayswont accumulateover a pathto the sumof all d
atoverloadedinks®.

Maximal delaysof IT traffic areequalto d upto 50 ms
(Fig. 3). Averagedelaysarehowever considerabléessthan
thismaximum.Delaysexperiencedy best-efort traffic de-

8Graphson throughputarenot shavn dueto limited space.
9As mentionedn Sect.2.2, conformingandexcesspacletsaredelayed
atoverloadedinks only.

creasefsd increasesipto 50 ms. Thisis becaus¢he aver-
agesizeof pacletsin queuedecrease.e., the fraction of
smallerexcesspacletsincreasewith d).

Buffer Delay - Modest Overload
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Figure 3. Modest overload: Queuing delay.
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Figure 4. Modest overload: Loss-rate .

As requiredby IT, excesstraffic is given loss-ratesap-
proximatelyequalto or higherthanthe loss-rategjivento
best-efort traffic (Fig. 4). At low d excesspackets oc-
casionallyneedto be droppeddue to latengy or out-of-
ordering. Hence,loss-ratesare higherfor excesstraffic at
low d. The loss-rateis however acceptableaven for d as
shortas2 ms(i.e., 2.2 percent).

3.3. Moderate overload

At aloss-rateof 2.4 percentin average eachTFRC flow
getsapproximately110 kbps of excessthroughputfor all
d higherthan2 ms. Hence,larger fractionsof the queued
pacletsarebest-efort paclets,which in averagearelarger
than excesspaclets. Togetherwith the higher load, this
causegenerallyhigherdelaysthanfor the load evaluated
in the previoussection(Fig. 5).



Buffer Delay - Moderate Overload
110

100 [GPEEREe

G S
; O-q.
90 > 5
! - o
80 1 O -
i SEs T
PR s M )
70 i
£ o
2 o TR KKKk
8 i e
40 i
H N’
30 f ><‘ #
20 &

- ave EX B

= ave BE -—-K--

: / ave CO A
10 g max EX {3~

& g max BE O~

o max CO --3--
0 20 40 60 80 100

Maximum allowed delay (ms)

£
1%
4§

Figure 5. Moderate overload: Queuing delay.

Average Loss-rate - Moderate OverLoad

EX ——
BE -
5 A
5
4
g
2
s 3
8
S
L S M
: o
) 2 A & 4
1
0

[ 20 40 60 80 100
Maximum allowed delay (ms)

Figure 6. Moderate overload: Loss-rate .

Theaveragedelaysfor excessandconformingtraffic are
closeto zerofor d up to 35 ms (Fig. 5). At low d most
forwardedexcesspaclets usesqueuetickets of previously
droppedexcesackets.Hence atlow d, excesgpaclketsare
forwardedalmostimmediately(or dropped). Conforming
pacletsarealsoforwardedearlyto stayin orderwith excess
paclets.

Loss-ratesrehighatd lowerthan35ms. At thesed, the
fractionsof large best-efort pacletsin queuearehigh (i.e.,
few excesspacletsarequeuedsincemary suchpacletsare
immediatelyforwarded). This causeshigherdelays® than
whena moreeven mix of excessandbest-efort pacletsis
gueuedFig. 5). High delaysmeandessqueuespaceo ab-
sorbbursts. Consequentlymorepacletsaredroppedwhen
traffic is bursty.

We expectanadditionalreasorfor highloss-ratestlow
d to be low delaysfor TFRC flows. At low delays,these
sourcesneed higher loss-ratesto get similar forwarding

100nly best-efort paclet seethis delaysincemary excesspacletsare
forwardedimmediately

ratesaswith higherdelays?!. This assumptions supported
by the fact that the averagethroughputof TFRC flows is
similarfor all d betweer2 and100ms.

3.4. Severeoverload

At aloss-rateof 5.1 percentin average eachTFRC flow
getsapproximately40 kbps of excessthroughputfor all d
higherthan2 ms. Delaysandloss-ratesareslightly higher
thanat moderateoverload,but follows the samepatterns.

At d lessthan 40 ms, best-efort traffic experiences
higherloss-rateghan excesstraffic. The 95 percentcon-
fidenceintervalsdo however overlap. The higherloss-rates
for best-efort traffic canbe explainedby the bias against
bursty flows of the drop-tail strateyy [11]*2. As mentioned
in Sect.2.3, TICKET only offer equalratiosof acceptedr
rivalsandsuccessfutransfers.This meanghatdifferences
in burstinesscancauseheloss-raterelationrequirementf
IT to beviolated.

3.5. Summary of the evaluation

The simulationsshow thatIT canbe implementedwith
the TICKET scheduler With TICKET, excesstraffic get
a usefulamountof bandwidthsinceit is given loss-rates
closeto the loss-ratesest-efort traffic experiences.The
simulationsindicate that excessand best-efort traffic can
begivensimilarloss-ratestd asshortas2 msata 30 Mbps
link.

At high load, alow d causesigherloss-ratego excess
and best-efort traffic than with a higher d. Reasondor
thesehigherloss-ratesare that more datais being queued
and TFRC sourcesgeneratehigherload at low d thanat
highd.

Thesimulationsindicatethatexcesdraffic maybegiven
lower loss-rateghanbest-efort traffic. The differencesare
however small and we thereforedo not considerthemto
violatetheloss-raterelationrequiremendf IT.

4. Conclusion

This paperpresentdhe In-Time (IT) PHB group. IT is
justified by needdor extensionsof EF enablingdelaylim-
ited forwardingof excesspaclketsin-orderwith conforming
paclets.

In additionto the departurerate requiremeniof EF, IT
requiresdelaylimited andin-orderforwardingof conform-
ing andexcesspaclets. Also, the loss-rateof excesstraf-
fic is requiredto be approximatelyequalto or higherthan

11As with TCPR ratesof TFRC sourcesncreaseasloss-ratesandRTTs
decreases.
12TCPis moreburstythan TFRC[10].



theloss-rateof backgroundraffic (e.g.,best-efort traffic).
Finally, to enablefair sharingof bandwidthbetweenex-
cessandbackgroundraffic, animplementatiorof IT should
treattheseaggreyatesapproximatelyequalwith regardto
loss.

We presentthe TICKET scheduletthatimplementsiT.
This schedulerconsumegeasonableamountsof memory
and have moderateprocessingoverheadon commonplat-
forms (e.g., Intel PentiumlIl). Through simulationswe
shav thatTICKET meetgherequirementsf IT. Moreover,
we show thatit givesexcessandbackgroundraffic similar
loss-rateatlow delaylimits.
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