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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 service profile in the
Inter net. The curr ent architecture allows aggregatedflows
sharing a service profile. This paper looks at the problem
of achieving specificQoS goalsof 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 stateof individual flowsat
the edgeof the network and utilize this state effectively in
adaptively marking packetsof individual flows to meettheir
QoSgoals.

I . INTRODUCTION

Thedifferentiatedservices(diff-serv)architectureis re-
ceiving wide attentionas a proposalto provide different
servicesover networks in a scalablemanner[1], [2]. Cur-
rently, therearetwo PHBs(Per-Hop Behaviors) standard-
izedby theInternetEngineeringTaskForce(IETF). Expe-
ditedForwarding(EF) PHBprovidesguaranteedQoSser-
vicessuchaslow delay, low jitter andlow lossrate[3]. As-
suredForwarding(AF) PHB providesbetter service than
besteffort accordingto user’s serviceprofile [4]. In this
paper, we focuson AF PHB.

In anAF PHBdomain,theroutersat theedgeof thenet-
work monitorandmarkpacketsof flows(individualor ag-
gregated).Thepacketsof aflow thatobey theservicepro-
file aremarkedIN (in profile) andthepacketsthatarebe-
yondtheserviceprofile aremarkedOUT (out-of-profile).
The network gives preferenceto IN packets while drop-
ping OUT packets disproportionatelyat the time of con-
gestion.This preferentialdrop mechanismis expectedto
provide betterthroughputfor IN packetsthanOUT pack-
ets. The diff-serv architectureallows aggregatedsources
aswell asindividual sources.

Recentwork on diff-serv networks mostly dealt with
individual sources [5], [6], [7] and hasshown that the
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service provided dependson the interactionof the ac-
tionsof therouters/switchesinsidethenetwork, thesender,
the marker andthe interactionamongthedifferentflows.
Adaptive markingto achieve throughputtargetsfor single
sourcesis studiedin [7]. In [9], we proposedtwo new
markingschemes:IN-fair andBW-fair marking. IN-fair
markingresultsin fair sharingof contractrateamongflows
in anaggregation.Fair allocationof contractratealsohas
beenstudiedrecently in [11]. BW-fair marking aims to
achieveequalthroughputfor all theflowswithin anaggre-
gation.

In thispaper, weaddressamoregeneralproblem:given
individual target ratesfor eachflow, how to allocatea
fixedcontractrateamongflows within anaggregationun-
derdynamicnetwork conditions?Weproposeanadaptive
marker that relieson the TCP performancemodeldevel-
opedby usin [10]. Thispapermakesthefollowing signifi-
cantcontributions:(1) establishestherelationshipbetween
per-sessionbehavior, aggregatepacketmarkingandpacket
differentiationwithin a diff-servnetwork. (2) presentsex-
tensive simulationsto studybehaviors of individual flows
followed by anaggregatedmarker. (3) proposesanadap-
tive markingschemefor aggregatedflows andevaluatesit
throughextensive simulations.

I I . BEHAVIOR OF PROPORTIONAL MARKING

We first describethe problemof packet markingwhen
a marker doesnot maintainper-flow state. We call this
marker a proportional marker sinceapacket is markedby
aggregatedsendingrate,andconsequently, contractrate1

is distributedto individualflowsproportionalto theirsend-
ing rates. Fig. 1 shows the conceptualmodelwhich we
look at in this section.Themarker maintainsonly theag-
gregatedsendingrate.

Supposethatthereareflowssharingaggregatedcontract
rate,

�
, andthecurrenttotal sendingrateof theflows is�

. ��� ��� �	��
 � (1)�
In thispaper, weusecontract rate to meanprofileratecontractedby

aggregatedflows.
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where 
�� is the individual sendingrateof ����� flow, and �
is the numberof flows. When � is lessthan � , every
packet is markedIN. If � is greaterthan � , thenapacket
is marked IN with a probability of ����� . Therefore,we
have, ��� �����	 "! �	� � � �����	 
�� (2)

! �#� � � 
�� (3)

where ! � is the markingrateof ���%$ flow. Herenotethat����� is the sameto every individual flow within the ag-
gregation.Thus, ! � is proportionalto 
�� .

Now we presenta summaryof a throughputmodel
for TCPflows sharinga contractrateoriginally proposed
in [10]. In this model, we assumethat a TCP receiver
doesnotemploy delayed-ACK andIN-profile packet is not
dropped2. Wealsoassumethatthereis notime-outin TCP
flows for simplicity. This assumptionmaycauseoveresti-
mationin throughput,but it is notderivedto aclosedform
with time-out.

First, we begin with a simplethroughputmodelfor an
individual TCPflow.
��&�(') ! �+* '-, �)-.0/1/ 2 34 � (4)

where4 � is thedropprobabilityof OUT packet, and , � is
thepacket size.Then,thesumof 
�� , � is givenby�5� �� 
��	�(')6�7* �� '-, �)-.0/1/ � 2 34 � (5)

Let 89�:� ;�<=->"> <@? AB < , andusing(4) and(3), 
�� is expressed
by 
��C� ' �) � 
��+*5')	8�� (6)� ' 8 � �) �ED ' � (7)

Applying (5), finally we have
 � � ' 8��)GF ��H�	 89� �I* ') 8 � (8)J
In a diff-servdomainconfiguredappropriately, IN-profile packet is

expectedto betransmittedwithoutbeingdiscarded.

So far, we have presenteda simple model for aggre-
gatedflows in a diff-serv network. This model reveals
that throughputof an individual TCP flow 
�� is affected
by otherflows (moreprecisely

F 89� ). This propertyof the
proportionalmarkingmaycauseunstablestateof individ-
ual TCPflows anddegradeQoSconsequently.

I I I . ADAPTIVE MARKING FOR AGGREGATED FLOWS

In this section,we discusshow to control individual
throughputswith markingrateswithin anaggregationand
proposeanadaptive markingstrategy. Themostdesirable
situationis clearly to guaranteeindividual target ratesfor
all theindividual flows. However, it is alsoclearthatthere
exist situationsin which sometargetscannotbe reached:
(i) Whenthereis a severecongestionalongthe pathand
thecurrentavailablebandwidthis lessthanthetarget. (ii)
Whenthecontractrateis notenoughto achieve thetarget.
If we try to achieve the target by increasingmarkingrate
of an individual flow observingthe case(i), it makesthe
congestionmore severe and resultsin resourcewastage.
This is the very undesirablesituationfor both customers
andserviceproviders.

Weproposeanadaptive markingschemefor aggregated
flows which guaranteesat leastoneof thefollowing to all
theaggregatedflows:
1. Individual targetratewhenit is reachable.
2. MaximizedthroughputwithoutIN packet losswhenthe
currentavailablebandwidthis lessthantheindividual tar-
getrate.
3. Throughputachievedwith ����� markingratewhere�
and � arethe total markingrateandthe numberof flows
within theaggregation,respectively.
Thesethree goals correspondto (1) meeting individual
flow’sBW needs,(2) maximizationof utility of theaggre-
gatedcontractrateand(3) fairnessamongtheflowswithin
theaggregation.

Initially, we set the markingrateof eachflow propor-
tional to its target. If everyflow getsthroughputmorethan
theirmarkingratewithoutIN packet loss,thentheadaptive
marker worksasa weightedIN-fair marker. On theother
hand,if thenetwork pathof a flow is oversubscribed3 and
observesIN packet losses(resourcewastage),theadaptive
marker adjustsmarkingratesof individual flows in order
to avoid IN packet loss(achieving thesecondobjective).

However, it is not easyfor a marker to find whethera
flow observesanoversubscribednetwork or notunlesstheK

In [10], oversubscribednetwork hasbeendefinedasa situationin
which a flow doesnot transmitany OUT packets sinceevery OUT
packetsaredroppedor no OUT packet is sentwhenthe sendingrate
is lessthanthecontractrate.In anoversubscribednetwork, aflow usu-
ally experiencessomenumberof IN packet losses.
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At everyobservationperiod:
1.for L#MON to P
2. if QSRUT@VXWZY L\[^]`_XY L\[�]bacY L\[
3. WZY Ld[fegWhY Ld[jibkmld_XY L\[onhacY Ld[Hp
4. elseif _XY Ld["qrQSRUT@V@WhY Ld[
5. WZY Ld[fegWhY Ld[sntkml\QSRUT@V@WhY Ld[-nZ_XY Ld[Hp
6. elseif _XY Ld["uracY Ld[
7. WZY Ld[fegWhY Ld[sntkmld_XY L\[onhacY Ld[Hp
8.Do Max-Min fair with WZY L\[ and vWZY Ld[ : Marking rateof Ldwyx flow_XY Ld[ : currentrateof L wyx flowacY L\[ : Targetrateof L wyx flowv : Totalmarkingrate= AggregatecontractrateP : Numberof flows

Fig. 2. An algorithmfor adaptivemarking

marker is combinedinto the sender. For markingof ag-
gregatedflows, themarker cannotbecombinedinto anin-
dividual sender. Thus, it canbe just estimatedfrom the
currentthroughput.To estimatethecurrentconditionof a
flow, weusethroughputmodelproposedin [10]. Fromthe
model,throughputz of aTCPflow experiencingoversub-
scribednetwork is givenbyz�{�|~}�������6�`��������t�c� ��~� ����"���r� ��6�c� (9)

where� is thecontractrateof theflow (or theIN-marking
rate), � is thepacket size,and �"��� is theprobabilityof IN
packet loss.From(9), whenthroughputachievedby aflow
is lessthan �����j� � , the flow shouldobserve an oversub-
scribednetwork.

Hence,weclassifyaflow into oneof thefollowing three
statesandtreatthesestatesdifferently. Here,� � is thetarget
rateof  �¡�¢ individual flow, � � is the markingrate,and £ �
is therealizedthroughput.Thetargetratecanbespecified
by the individual users,and ¤ � � is thecontractratefor
theaggregation.¥ £ �§¦ �����j� � � : In this state,the flow observes an over-
subscribednetwork, andsomeIN packetsarelost. Thus,
themarker reduces� � sothat £ � is maintainedto behigher
than �����j� � � to avoid wastingresources.¥ �����j� � �©¨ £ �ª¨ � � : In this state,theflow doesnot reach
its target. Sincethenetwork is not oversubscribed,£ � can
beincreasedby increasing� � . Thus,themarker increases� � of thatflow if resourcesareavailable.¥ � � ¦ £ � : In thisstate,theflow alreadyachievedits target.
Thus,themarker reduces� � to avoid wastingresources.

Fig. 2 shows an example algorithm for the adaptive
marker.
Theorem: The adaptive markingalgorithmfinds � � for
which £ �¬« |~}y�"�@� � � £�­@® � � £�¯ ® � � for � ¦   ¦±° where � � is

the target rate, £²­³® � is maximumachievableratesuchthat£ ��« �����j� � � , and £9¯ ® � is rateachievedwith ´�µ ° .

Assumption:
1. ¶ ¯�·¶X¸ · « � : Throughputof a flow doesnot decreaseas
themarkingrateof theflow increseswhenothernetwork
conditionis notchanged.
2. ¶³¹ ¯�·¶X¸ ¹· ¦ � : Thereexists only one marking rate � � at

which £ � {º�����j� � � .
3. If £ �0¨ �����j� � � , thereis IN packet drop.
Proof:
For eachflow,¥ When |»}����@� � � £�­@® � � £9¯ ® � � {�� � ;If current£ � is lessthan� � , £ � shouldbegreaterthan�����j� � �
since � � is lessthan £�­@® � . Then, � � increasesfrom line 3.
Fromtheassumptionthat ¶ ¯�·¶X¸ · « � , £ � eventuallyreaches� � . Since� � is lessthan £9¯ ® � , � ¡ ® � , atwhich £ � is equalto � � ,
is lessthan ´�µ ° , andline 8 doesnot change� � .¥ When |»}����@� � � £ ­@® � � £9¯ ® � � {¼£ ­³® � ;
If current£ � is lessthan £�­@® � , £ � is greaterthan �����j� � � from
thedefinitionof £²­³® � and,atthesametime,lessthan� � since� � is greaterthan £�­@® � . Then,from line 3, � � increasesuntil£ � reaches£²­³® � . Herealso,since £�­@® � is lessthan £9¯ ® � , � ­@® �
is lessthan ´�µ ° , andline 8 doesnot change� � .¥ When |»}����@� � � £�­@® � � £9¯ ® � � {¼£�¯ ® � ;
If current £ � is lessthan £9¯ ® � , £ � is greaterthan �����j� � � and
lessthan � � since £9¯ ® � is lessthan £²­³® � and � � . Then,from
line 3, � � increasesuntil ´�µ ° . Then, £ � reaches£�¯ ® � .

Time complexity of this algorithmis ½ � °¿¾�ÀSÁG° � where° is thenumberof flows,andthis is allowablefor anedge
device marker. This algorithmcanbeinvokedat a coarser
level thanon a packet’s arrival at theedgedevice. In this
algorithm,we useTSW [5] to smoothout the individual
throughput.

IV. ACHIEVING TARGET RATES

In this section, we show how the proposedmarking
schemerealizes achievable individual target rates and
findsmaximizedthroughputswhenthetargetratesarenot
achievable.

Weconsidera multi-hoppathasshown in Fig. 3. There
are ° routers,andcrosstraffic is injectedto thisnetwork at
the   ¡�¢ routerandexits at the �   � � � ¡�¢ router.

1 2 n-1 nTagged flow Tagged flow

Cross traf. 1

Cross traf. 1 Cross traf. n-1

Cross traf. n-1

Fig. 3. Multi-hop topology
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To observe how themarkingrateis adjustedandan in-
dividual flow achieve its targetrate,we conducteda setof
simulations.In thesimulation,we setthe link capacity3
Mbpsanduse10 TCPflows for crosstraffic. Thecontract
rate for eachTCP flow is randomlyselectedfrom 0 to 1
Mbps,andthetotal contractof crosstraffic is 2.7Mbpsso
that thesubscriptionlevel is 90%. Thenumberof routers
( Â ) is five. For thetaggedflow, we usesingleTCPflow.

First, to observe pathcharacteristics,we usestaticcon-
tract rate for the taggedflow. We vary the contractrate
from 0 to 0.8 Mbps. In Fig. 4, the solid line shows the
achievedratewith staticmarkingrate,andthedashedline
indicatestheachievedrateis equalto the75%of marking
rate.It is clearthattheachievedrateincreasesasthemark-
ing rateincreasesuntil 0.5 Mbps. It is alsoobserved that
after 0.55 Mbps the achieved ratedoesnot inceaseeven
if we increasethe making rateupto 0.8 Mbps. This ob-
servation supportsour assumptionthat if we increasethe
markingratemorethanthepoint in whichtheachivedrate
is the75%of themarkingrate,theflow observesoversub-
scribedpathandwastesthemarkingrate.In thieexample,
themaximumachievablerateis about0.42Mbps.

Now thetaggedflow is anindividual flow within anag-
gregation with aggregatedcontractrate. The marker for
the aggregation employs the adaptive marking. We vary
the target rate for the taggedflow from 0.1 to 0.5 Mbps.
Fig. 4 shows the results. In eachfigure, dotsindicatein-
stantaneousmarkingandachievedrate,andasquareshows
theaverage.

In this path,a flow gets0.15 Mbps with zerocontract
rate. Whenthe target rate is 0.1 Mbps (Fig. 4(a)), there-
fore, themarkingratestaysaroundzero. Whenthetarget
rateis achievable(lessthan4.2 Mbps), it is observed that
theadaptive markingschemefindstheminimummarking
rateto realizethe target (Fig. 4(a) to 4(b)). In Fig. 4(c),
it is also observed that the marking rate staysless than
0.55 Mbps to avoid resourcewastagewhen the target is
unachievable.

So far, we have looked at throughputof an individual
flow within an aggregation. Now we observe aggregated
flows. Therearenineflows aggregated.Thecontractrate
for the aggregationis 5 Mbps. We setthe individual tar-
getratesdifferentlyandoffer differentcrosstraffic ateach
link betweenÃ andareceiverto producedifferentnetwork
conditions.

Fig. 5 shows realizedthroughputsandmarkingratesof
someindividual flows. When the targetsare achievable
(Fig. 5(a)), the realizedthroughputsstayaroundtheir tar-
getswhile the marking rateskeepchangingto adaptto
the network conditions. Whenthe target is unachievable
(Fig. 5(b)), the marking rate is managedto maintainthe
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Fig. 5. Realizedthroughputwith theadaptivemarking

achievedrateto bethe75%of themarkingrate.
TableI shows the summaryof the results. It is clearly

shown that the adaptive marker avoids resourcewastage
(Ä"Å�ÆÈÇºÉ for all theflows). At thesametime, it maximizes
throughputfor theflows (4, 5 and6 in thetable)with un-
achievabletargets(Ä"ÊÌË@ÍÏÎÑÐ andutilization by IN packetÎ 1). Theflowswith infinite targetratesarefor simulating
FTP kind of applicationsandconsumethe residualcon-
tractrates.

Now, we observe how the adaptive marker dealsflows
with differentRTTs. To producedifferentRTTs for each
flow, we usea topologyin which 40 TCPflows areaggre-
gatedandcompetea 25 Mbpsbottlenecklink. Theaggre-
gatedcontractrateis 10 Mbps. RTT (excludingqueueing
delay)of eachflow is randomlyselectedfrom 50 to 150
msec. Fig. 6 shows the result. It is clear that the adap-
tive markingeffectively removesRTT-biasof TCP flows
andrealizesQoSgoalsof individualflowswithin aggrega-
tions.

V. CONCLUSIONS

In this paper, we have addressedtheimportantproblem
of establishinga relationshipbetweenper-sessionbehav-
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Fig. 4. Achievedrateswith theadaptivemarking

TABLE I
SIMULATION RESULTS WITH ADAPTIVE MARKING

Targetrate Marking rate Achievedrate Ò³Ó�Ô Ò@Õ×Ö�Ø Util. by IN

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. Throughputof flowswith differentRTT

ior, aggregatepacket marking and packet differentiation
within a differentiatedservicesnetwork. We have pre-
sentedanalyticalformulationof this relationshipandval-
idatedthis throughextensive simulations. Our work has
shown thatproportionalmarkingis ineffecientin manag-
ing aggregateresources.

We proposeda new adaptive markingalgorithmbased
on theTCPperformancemodelwithin diff-servnetworks.
Theadaptive marker enablesreachingspecificQoSgoals

of individual flows while efficiently managingthe aggre-
gateresources.Wehavepresentedanextensivesimulation
studyof thebehavior of theadaptive markerundervarious
parameters.Our simulationexperimentson the adaptive
markingstrategy show that: (a)anaggregatesourcecanef-
fectively manageresourcesby markingpacketsof individ-
ualsourcesdifferently. (b) theadaptivemarkingstrategy is
effective in dealingwith differentnetwork conditionssuch
asdifferentRTTs.
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