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Abstract— The differ entiated services architecture is re-
ceiving wide attention as a framework for providing dif-
ferent levels of service according to a sewice profile in the
Inter net. The current architecture allows aggregatedflows
sharing a sewice profile. This paper looks at the problem
of achieving specific QoS goals of individual flows by flexi-
bly managing resourcesavailable to an aggregatedsource.
We derive a simple analytic model for the relationship be-
tween per-sessionbehavior, aggregatepacket marking and
packet differ entiation within a diff-serv network. The paper
presentsan adaptive marker basedon a TCP performance
model within a diff-serv network. The paper shows that an
aggregatedmarker can maintain state of individual flows at
the edgeof the network and utilize this state effectively in
adaptively marking packetsof individual flowsto meettheir
QoSgoals.

I. INTRODUCTION

Thedifferentiatedserviceqdiff-serv) architecturds re-
cewving wide attentionas a proposalto provide different
servicesover networksin a scalablenannen1], [2]. Cur
rently, therearetwo PHBs(PerHop Behaviors) standard-
izedby thelnternetEngineeringraskForce(IETF). Expe-
dited Forwarding(EF) PHB providesguaranteeoSser
vicessuchaslow delay low jitter andlow lossrate[3]. As-
suredForwarding (AF) PHB provides better service than
besteffort accordingto users serviceprofile [4]. In this
paperwe focuson AF PHB.

In anAF PHB domain theroutersattheedgeof thenet-
work monitorandmarkpacletsof flows (individual or ag-
gregated).The pacletsof aflow thatobey theservicepro-
file aremarkedIN (in profile) andthe pacletsthatarebe-
yondthe serviceprofile aremarked OUT (out-of-profile).
The network gives preferenceo IN paclets while drop-
ping OUT paclets disproportionatelyat the time of con-
gestion. This preferentialdrop mechanisnmis expectedto
provide betterthroughputfor IN pacletsthanOUT pack-
ets. The diff-serv architectureallows aggrejatedsources
aswell asindividual sources.

Recentwork on diff-serv networks mostly dealt with
individual sources [5], [6], [7] and hasshavn that the

Thiswork wassupportedn partby a TexasATP grantandby anNSF
CareerAwardandby a gift from EMC Corp.

TexasA & M University
College Station,TX 77843-3128
reddy@ee.tamu.edu

service provided dependson the interaction of the ac-
tionsof therouters/switchemsidethenetwork, thesender
the marker andthe interactionamongthe differentflows.

Adaptive markingto achieve throughputarmgetsfor single
sourcesis studiedin [7]. In [9], we proposediwo newv

marking schemes:IN-fair and BW-fair marking. IN-fair

markingresultsn fair sharingof contractrateamongflows
in anaggreation. Fair allocationof contractratealsohas
beenstudiedrecentlyin [11]. BW-fair marking aimsto

achieve equalthroughputor all the flowswithin anaggre-
gation.

In this papeywe address& moregeneraproblem:given
individual tamget ratesfor eachflow, how to allocatea
fixed contractrateamongflows within anaggrgationun-
derdynamicnetwork conditions?We proposean adaptve
marler that relieson the TCP performancemodeldevel-
opedby usin [10]. This papemalesthefollowing signifi-
cantcontritutions: (1) establishetherelationshipetween
persessiorbehaior, aggrejatepaclket markingandpaclet
differentiationwithin a diff-servnetwork. (2) presentsx-
tensve simulationsto studybehaiors of individual flows
followed by anaggrgatedmarler. (3) proposesanadap-
tive markingschemdor aggregatedflows andevaluatest
throughextensve simulations.

[I. BEHAVIOR OF PROPORTIONAL MARKING

We first describethe problemof paclet markingwhen
a marker doesnot maintainperflow state. We call this
marker a proportional marker sinceapacletis marked by
aggrgatedsendingrate, and consequent|ycontractrate*
is distributedto individual flows proportionato theirsend-
ing rates. Fig. 1 shawvs the conceptuaimodel which we
look atin this section.The marker maintainsonly the ag-
gregatedsendingate.

Supposehatthereareflows sharingaggrejatedcontract
rate, M, andthe currenttotal sendingrate of the flows is

(1)

!1n this paperwe usecontract rate to meanprofile ratecontractedy
aggr@atedflows.
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Fig.1. Aggregatedmarking

whereb; is the individual sendingrate of ** flow, andn
is the numberof flows. When B is lessthan M, every
pacletis markedIN. If B is greatethan, thenapaclet
is marked IN with a probability of M/B. Therefore we
have,

n M n
M:Zm,-:EZb,- (2)
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wherem; is the markingrateof i‘h flow. Herenotethat
M/ B is the sameto every individual flow within the ag-
gregation. Thus,m; is proportionalto b;.

Now we presenta summaryof a throughputmodel
for TCP flows sharinga contractrate originally proposed
in [10]. In this model, we assumethat a TCP recever
doesnotemploy delayed-AK andIN-profile pacletis not
dropped. We alsoassumehatthereis notime-outin TCP
flows for simplicity. This assumptiormay causeoveresti-
mationin throughputput it is notderivedto aclosedform
with time-out.

First, we bagin with a simplethroughputmodelfor an
individual TCP flow.

3 3k; 2
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wherep; is the drop probability of OUT paclet, andk; is
thepacletsize. Then,thesumof b;, B is givenby

B= Zb— Z \/7

Letc; = R{E—T\/pz andusing(4) and(3), b; is expressed
by

4RTT ®)

3IM 3
b = 4Bb + G (6)
_ 3¢;B
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Applying (5), finally we have
3c; 3
b; = 5y 1CZM+4Cz (8)

2In a diff-servdomainconfiguredappropriatelyIN-profile paclet is
expectedo betransmittedvithout beingdiscarded.

So far, we have presenteda simple model for aggre-
gatedflows in a diff-serv network. This model reveals
that throughputof an individual TCP flow b; is affected
by otherflows (moreprecisely}” ¢;). This propertyof the
proportionalmarkingmay causeunstablestateof individ-
ual TCPflows anddegradeQoSconsequently

In this section,we discusshow to control individual
throughputswvith markingrateswithin anaggrgationand
proposeanadaptve markingstratgy. The mostdesirable
situationis clearly to guaranteendividual target ratesfor
all theindividual flows. However, it is alsoclearthatthere
exist situationsin which sometargetscannotbe reached:
() Whenthereis a severe congestioralongthe pathand
the currentavailable bandwidthis lessthanthetamget. (ii)
Whenthe contractrateis not enoughto achieve thetamet.
If we try to achiere the tamget by increasingmarkingrate
of anindividual flow observingthe case(i), it makesthe
congestionmore sesere and resultsin resourcewastage.
This is the very undesirablesituationfor both customers
andserviceproviders.

We proposeanadaptve markingschemdor aggregated
flows which guaranteeat leastoneof the following to all
theaggregatedflows:

1. Individual taigetratewhenit is reachable.

2. MaximizedthroughpuwithoutIN pacletlosswhenthe
currentavailable bandwidthis lessthanthe individual tar

getrate.

3. Throughputachieredwith M /n markingratewhereM

andn arethetotal markingrateandthe numberof flows
within theaggregation,respectuely.

Thesethree goals correspondto (1) meetingindividual

flow’s BW needs(2) maximizationof utility of theaggre-
gatedcontractrateand(3) fairnessamongtheflows within

theaggregation.

Initially, we setthe markingrate of eachflow propor
tionaltoits tamget. If everyflow getsthroughpuimorethan
theirmarkingratewithoutIN pacletloss,thentheadaptve
marker works asa weightedIN-fair marker. Onthe other
hand,if the network pathof aflow is oversubscribetland
obseresIN pacletlosseqresourcavastage)theadaptve
marker adjustsmarkingratesof individual flows in order
to avoid IN pacletloss(achieving the secondobjective).

However, it is not easyfor a marker to find whethera
flow obseresanoversubscribedietwork or notunlesshe

ADAPTIVE MARKING FOR AGGREGATED FLOWS

3In [10], oversubscribedhetwork hasbeendefinedas a situationin
which a flow doesnot transmitary OUT paclets since every OUT
pacletsare droppedor no OUT paclet is sentwhenthe sendingrate
is lessthanthe contractrate.In anoversubscribedietwork, aflow usu-
ally experiencesomenumberof IN pacletlosses.



At every obsenationperiod:
lfori+ lton
if 0.76m[i] < b[1] < t[¢]
mli] = m[i] + A(b[4] — t[3])
elseif b[i] < 0.75m][4]
m[i] = m[i] — A(0.75m[i] — b[d])
elseif b[i] > ¢[i]
mli] = m[i] — A(b[i] — #[4])
8.Do Max-Min fair with m[i] and M
mli]: Markingrateof it flow
bli]: currentrateof ** flow
t[i]: Targetrateof it flow
M Total markingrate= Aggregatecontractrate
n: Numberof flows

NogA~wN

Fig. 2. An algorithmfor adaptve marking

marker is combinedinto the sender For marking of ag-
gregatedflows, themarker cannotbe combinednto anin-

dividual sender Thus, it canbe just estimatedfrom the
currentthroughput.To estimatethe currentconditionof a
flow, we usethroughpuimodelproposedn [10]. Fromthe
model,throughputB of aTCPflow experiencingoversub-
scribednetwork is givenby

k 1 8 1
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wherem is thecontractrateof theflow (or theIN-marking

rate),k is the paclet size,andp;,, is the probability of IN

pacletloss.From(9), whenthroughputichievedby aflow

is lessthan 0.75m, the flow should obsere an oversub-

scribednetwork.

Hencewe classifyaflow into oneof thefollowing three
statesaandtreatthesestatedifferently Here,t; is thetarget
rate of 3" individual flow, m; is the markingrate,andb;
is therealizedthroughput.Thetargetratecanbe specified
by theindividual users,and}_ m; is the contractrate for
theaggraation.

e b; < 0.75m;: In this state,the flow obseres an over
subscribethetwork, andsomelN pacletsarelost. Thus,
themarkerreducesn; sothatbd; is maintainedo behigher
than0.75m; to avoid wastingresources.

e 0.75m; < b; < t;: In this state theflow doesnotreach
its talget. Sincethe network is not oversubscribed); can
beincreasedy increasingn;. Thus,themarkerincreases
m; of thatflow if resourcesreavailable.

o t; < b;: Inthisstate theflow alreadyachievedits taget.
Thus,themarker reducesn; to avoid wastingresources.

Fig. 2 shavs an example algorithm for the adaptve
marler.

Theorem: The adaptve marking algorithm finds m; for
which b; > min{tiaba,iabb,i} for1 < i < n wheret; is

the targetrate, b, ; is maximumachie/able rate suchthat
b; > 0.75m;, andb,; is rateachieved with M /n.

Assumption:
1. % > 0: Throughputof a flow doesnot decreaseas
the marklngrateof the flow incresesvhenothernetwork
conditionis notchanged.

2. 3—723 < 0: Thereexists only one marking rate m; at

WhIChb = 0.75m;.

3. If b; < 0.75m;, thereis IN pacletdrop.

Proof:

For eachflow,

. Whenmin{ti, ba,i, bbﬂ'} =t;;

If currentb; is lessthant;, b; shouldbegreatethan0.75m;

sincet; is lessthanb, ;. Then,m; increasesrom line 3.

Fromtheassumptlor'that@L > 0, b; eventuallyreaches

t;. Sincet; is Iessthanbbz,mt, , atwhich b; is equalto t;,

is lessthan M /n, andline 8 doesnotchangen;.

. Whenmin{ti,ba,,-,bb,,-} = bg i;

If currentd; is lessthanb, ;, b; is greatethan0.75m; from

thedefinitionof b, ; and,atthesameime, lessthant; since

t; is greatetthanb, ;. Then,fromline 3, m; increasesintil

b; reached, ;. Herealso,sinceb, ; is lessthanby ;, mq ;

is lessthan M /n, andline 8 doesnotchangen;.

. Whenmin{ti,ba,i,bb,i} = by i;

If currentd; is lessthanb ;, b; is greaterthan0.75m; and

lessthant; sinceby; is lessthanb, ; andt;. Then,from

line 3, m; increasesintil M /n. Then,b; reachesy, ;.
Time compleity of this algorithmis O(n logn) where

n is thenumberof flows, andthis is allowablefor anedge

device marker. This algorithmcanbeinvoked ata coarser

level thanon a paclet’s arrival at the edgedevice. In this

algorithm, we use TSW [5] to smoothout the individual

throughput.

IV. ACHIEVING TARGET RATES

In this section,we shav how the proposedmarking
schemerealizes achivable individual tamget rates and
finds maximizedthroughputavhenthetargetratesarenot
achievable.

We considera multi-hop pathasshavn in Fig. 3. There
aren routersandcrosstraffic is injectedto this network at
thes?® routerandexits atthe (i + 1)** router

Cross traf n-1

Tagged flo E..---E E Tagged fl ow

Cross traf n-1

Fig. 3. Multi-hop topology



To obsere how the markingrateis adjustedandanin-
dividual flow achieve its tamgetrate,we conducteda setof
simulations.In the simulation,we setthe link capacity3
Mbpsandusel0 TCPflows for crosstraffic. Thecontract
ratefor eachTCP flow is randomlyselectedrom O to 1
Mbps,andthetotal contractof crosstraffic is 2.7 Mbpsso
thatthe subscriptiorlevel is 90%. The numberof routers
(n) is five. For thetaggedflow, we usesingle TCP flow.

First, to obsere pathcharacteristicsye usestaticcon-
tract rate for the taggedflow. We vary the contractrate
from 0 to 0.8 Mbps. In Fig. 4, the solid line shavs the
achievedratewith staticmarkingrate,andthe dashedine
indicatesthe achieredrateis equalto the 75% of marking
rate.lt is clearthattheachievedrateincreasesasthemark-
ing rateincreasesntil 0.5 Mbps. It is alsoobsenred that
after 0.55 Mbps the achieved rate doesnot inceaseeven
if we increasethe making rate upto 0.8 Mbps. This ob-
senation supportsour assumptiorthat if we increasehe
markingratemorethanthepointin whichtheachvedrate
is the 75% of the markingrate,theflow obseresoversub-
scribedpathandwasteghe markingrate. In thie example,
the maximumachievablerateis about0.42Mbps.

Now thetaggedow is anindividual flow within anag-
gregation with aggrejatedcontractrate. The marker for
the aggregation emplgys the adaptve marking. We vary
the tamget rate for the taggedflow from 0.1 to 0.5 Mbps.
Fig. 4 shaws theresults. In eachfigure, dotsindicatein-
stantaneousiarkingandachiezedrate,andasquareshavs
theaverage.

In this path, a flow gets0.15 Mbps with zero contract
rate. Whenthetaigetrateis 0.1 Mbps (Fig. 4(a)), there-
fore, the markingratestaysaroundzero. Whenthe tamget
rateis achiezable (lessthan4.2 Mbps), it is obsered that
the adaptve markingschemdinds the minimum marking
rateto realizethe tamget (Fig. 4(a)to 4(b)). In Fig. 4(c),
it is also obsered that the marking rate stayslessthan
0.55 Mbps to avoid resourcewastagewhenthe tamget is
unachieable.

Sofar, we have looked at throughputof an individual
flow within an aggregation. Now we obsere aggregated
flows. Therearenine flows aggrgated. The contractrate
for the aggreationis 5 Mbps. We setthe individual tar
getratesdifferently andoffer differentcrosstraffic ateach
link betweenRk andareceverto producedifferentnetwork
conditions.

Fig. 5 shaws realizedthroughputsandmarkingratesof
someindividual flows. Whenthe tamgetsare achiezable
(Fig. 5(a)), therealizedthroughputsstayaroundtheir tar
getswhile the marking rateskeep changingto adaptto
the network conditions. Whenthe tamget is unachigable
(Fig. 5(b)), the markingrate is managedo maintainthe
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Fig.5. Realizedhroughputwith theadaptve marking

achievedrateto bethe 75%of the markingrate.

Tablel shavs the summaryof the results. It is clearly
shavn that the adaptve marker avoids resourcewastage
(pin, = O for all theflows). At thesametime, it maximizes
throughputfor theflows (4, 5 and6 in the table)with un-
achievabletamets(p,: =~ 1 andutilization by IN paclet
~ 1). Theflowswith infinite tagetratesarefor simulating
FTP kind of applicationsand consumethe residualcon-
tractrates.

Now, we obsene how the adaptve marker dealsflows
with differentRTTs. To producedifferentRTTs for each
flow, we useatopologyin which 40 TCP flows areaggre-
gatedandcompetea 25 Mbps bottlenecKink. Theaggre-
gatedcontractrateis 10 Mbps. RTT (excluding queueing
delay) of eachflow is randomlyselectedrom 50 to 150
msec. Fig. 6 shavs the result. It is clearthat the adap-
tive marking effectively removes RTT-biasof TCP flows
andrealizesQoSgoalsof individual flows within aggrea-
tions.

V. CONCLUSIONS

In this paper we have addressetheimportantproblem
of establishinga relationshipbetweenpersessiorbeha-
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TABLE |
SIMULATION RESULTS WITH ADAPTIVE MARKING

[ Tametrate | Markingrate [ Achievedrate | pin | pout | Ut byIN |

0.1 0.034 0.108 0 0.051 0.321
0.3 0.301 0.302 0 0.102 0.852
0.5 0.529 0.507 0 0.154 0.947
0.7 0.468 0.339 0 0.998 1
0.9 0.591 0.408 0 0.951 0.999
1.1 0.768 0.621 0 0.973 0.999
INF 0.769 0.808 0 0.006 0.794
INF 0.769 0.801 0 0.007 0.799
INF 0.769 0.921 0 0.003 0.611
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Fig. 6. Throughpubof flowswith differentRTT

ior, aggr@ate paclet marking and paclet differentiation
within a differentiatedservicesnetwork. We have pre-
sentedanalyticalformulationof this relationshipandval-
idatedthis throughextensie simulations. Our work has
shawvn that proportionalmarkingis ineffecientin manag-
ing aggregyateresources.

We proposeda new adaptve marking algorithm based
onthe TCP performancenodelwithin diff-servnetworks.
The adaptve marker enablegeachingspecificQoSgoals

of individual flows while efficiently managingthe aggre-
gateresourcesWe have presente@nextensie simulation
studyof thebehaior of theadaptve marker undervarious
parameters.Our simulationexperimentson the adaptve

markingstratgy shav that: (a) anaggregatesourcecanef-

fectively manageesource®y markingpacletsof individ-

ualsourcedlifferently (b) theadaptve markingstratgy is

effective in dealingwith differentnetwork conditionssuch
asdifferentRTTs.
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