
Realizing throughput guarantees in a di�erentiated services network �Ikjun YeomA. L. Narasimha ReddyDept. of Elec. Engg.Texas A & M UniversityCollege Station, TX 77843-3128AbstractThis paper discusses techniques for achieving desiredthroughput guarantees in the Internet that supportsdi�erentiated services framework. Di�-serv frameworkproposes using di�erent drop precedences to achievesoft service guarantees over Internet. However, it hasbeen observed that the drop precedences by them-selves cannot achieve the desired target rates becauseof the strong interaction of the transport protocolwith packet drops in the network. This paper pro-poses and evaluates a number of techniques to betterachieve the throughput guarantees in such networks.The proposed techniques consider (a) modifying thetransport protocol at the sender, (b) modifying themarking strategies at the marker and (c) modifyingthe dropping policies at the router. It is shown thatthese techniques improve the likelihood of achievingthe desired throughput guarantees and also improvethe service di�erentiation.Keywords : Di�erentiated service, Throughput guar-antee, Quality of service, RED, TCP1 IntroductionService guarantees over networks have received wideattention recently with the increased use and needfor mechanisms for delivering audio and video acrossnetworks. Di�erent multimedia applications requiredi�erent guarantees for delivery. Video-on-demandapplications can tolerate large delays and primarilyrequire throughput guarantees. Video-conferencingand IP telephony require delay guarantees as well asthroughput guarantees. Much work has been donein designing multimedia applications that can toler-ate delay and throughput variations by adjusting thequality of the transmitted stream. Simultaneously re-�This work was supported in part by a Texas ATP grant andby an NSF Career Award

search is being carried out in providing service guar-antees in networks. This paper deals with the issue ofproviding throughput guarantees in networks and howthe application transport protocol needs to be adoptedto take advantage of these guarantees.Many scheduling approaches have been studied forproviding service guarantees. These include variantsof fair scheduling [12, 13, 14, 15] and priority schedul-ing [16, 1]. Recently, there has been a push to min-imize the amount of work that needs to be done ina router to provide guarantees. Di�-serv frameworkis a proposal to provide service guarantees over net-works by providing di�erent drop preferences [2, 3, 4].In this framework, the routers at the edge of the net-work monitor and mark packets of 
ows (individual oraggregated). The packets of a 
ow that obey the ser-vice pro�le are marked IN (in pro�le) and the packetsthat are beyond the service pro�le are marked OUT(out-of-pro�le). The network gives preference to INpackets while dropping OUT packets disproportion-ately at the time of congestion. The router doesn'tdistinguish between packets of individual 
ows andcan use FIFO style scheduling mechanisms. This pref-erential drop mechanism is expected to provide betterthroughput for IN packets than OUT packets. Withappropriate network provisioning, it is expected thatthis could result in bandwidth guarantees as long asthe IN tra�c doesn't exceed the link capacities in thenetwork. Without other reservation mechanisms orroute pinning mechanisms, the edge routers can't an-ticipate how all the 
ows get routed through the net-work. Hence, it is possible that occasionally the INtra�c may exceed the capacity on a particular linkresulting in loss of guarantees. Figure 1 shows thedi�erent elements of a network. The realized through-put is a result of the interaction of the actions of therouters/switches inside the network, the sender, themarker and the interaction among the di�erent 
ows.The realized throughput is a result of the combina-1
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R HM:Router :Marker :HostFigure 1: Network elementstion of dropping policy of the network and the pol-icy of the transport protocol in how it reacts to thesedrops. TCP reacts to congestion by halving the con-gestion window and increases the window additivelywhen packets are delivered successfully. Exponen-tial decrease (halving the congestion window) is re-quired to avoid congestion collapse [8] and TCP treatsa packet drop as an indication of congestion. Whenunmodi�ed TCP reacts to an OUT packet drop byhalving its congestion window, it may not protect itsreservation rate.This paper studies this interaction between thetransport protocol and the di�erentiated drop policiesof the network in realizing the reserved throughputs.We propose a number of mechanisms to better realizethe target rates. The proposed mechanisms can beclassi�ed into modi�cations to the transport protocoland modi�cations to the marking and dropping poli-cies. Speci�cally, the paper makes the following contri-butions: (1) proposes new schemes for improving therealization of reserved rates in a di�erentiated servicesnetwork, (2) evaluates the proposed schemes throughsimulations to show that the new schemes provide bet-ter realization of throughput guarantees, (3) evaluatesthe sensitivity of the throughput guarantees to di�er-ent parameters such as round-trip-times (RTTs), (4)studies the impact of aggregation on the results and(5) proposes new quantitative measures for evaluatingthe various schemes.2 BackgroundLet ri denote the reserved rate of a 
ow i and C repre-sent the capacity of a bottleneck link in the network. Ifa number of 
ows pass through this link, thenPni=1 riof the link capacity is allocated for IN packets, wheren is the number of 
ows going through the link. The
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MFigure 2: Network topology for simulations.excess bandwidth at this link is then given bye = C � nXi=1 ri: (1)This excess bandwidth at the link beyond the allo-cated/reserved capacity can then be shared by all the
ows. This excess bandwidth can be shared in manydi�erent ways. Sharing proportional to the reservedrates and equal sharing are two of the logical choices.We will deal with equal sharing of the excess band-width in this paper. Equal sharing allows 
ows with-out any reservation to continue receiving some servicewhile proportional sharing may deny them of such ser-vice. Hence, a 
ow's target rate is given byti = ri + e=n: (2)The marking, dropping schemes along with thetransport protocol's reaction to congestion determinehow closely the 
ow can realize the target rate. Tounderstand the dynamics of this interaction, we con-ducted several simulation experiments using the ns-2 [9] simulator.Figure 2 shows a simple network topology that en-ables studying this interaction. Sources 1,2,...10 areTCP-Reno sources. The marker uses a sliding windowleaky bucket marking strategy proposed in [4]. Therouter uses RED parameters 20/40/0.5 for the OUTpackets and 50/100/0.02 for the IN packets. The re-served rates for each 
ow are shown in the �gure. Thetotal allocated bandwidth is 7.2 Mbps. The link band-width is set at 12 Mbs, 8Mbs and 6 Mbs in three di�er-ent experiments to simulate allocations of 60%, 90%,and 120% of capacity. All the 
ows are assumed tohave the same RTTs of 40 ms and run for 30 seconds.The results of the simulation are shown in Figure 3.2



0 0.5 1 1.5 2

x 10
6

0

0.5

1

1.5

2

2.5
x 10

6

Reserved rate (bits/second)

A
c
h

ie
v
e

d
 r

a
te

 (
b

it
s
/s

e
c
o

n
d

)

Target      
Original RIO

(a) 60% 0 0.5 1 1.5 2

x 10
6

0

0.5

1

1.5

2

2.5
x 10

6

Reserved rate (bits/second)

A
c
h

ie
v
e

d
 r

a
te

 (
b

it
s
/s

e
c
o

n
d

)

Target      
Original RIO

(b) 90% 0 0.5 1 1.5 2

x 10
6

0

2

4

6

8

10

12

14

16

18
x 10

5

Reserved rate (bits/second)

A
c
h

ie
v
e

d
 r

a
te

 (
b

it
s
/s

e
c
o

n
d

)

Target      
Original RIO

(c) 120%Figure 3: Realized rates at di�erent subscriptionsThe realized throughput is considerably di�erentfrom the target rates for most of the 
ows. The 
owswith smaller targets exceeded their target rates andthe 
ows with larger targets did not achieve their tar-get rates. A similar result was observed in [2]. TCP re-acts to a packet loss by halving its congestion window.TCP then slowly increases the congestion window onsuccessful transmission of packets. This additive in-crease of congestion window after a packet loss resultsin di�erent recovery times to regain the congestionwindow for di�erent 
ows. A 
ow with a larger ratetakes longer time to reach its original rate comparedto a 
ow with a smaller rate. Hence, the smaller 
owsrealize higher rates.Why did packet loss occur even when the allocatedcapacity is below the link capacity? First, the beste�ort 
ows may transmit data above the excess band-width available. Second, TCP 
ows continue increas-ing their transmission rates even after reaching theirreserved rates until a packet drop. Third, bursty ar-rival may cause some packets to be dropped even whenthe combined sending rate is lower than the link ca-pacity. For each 
ow, the loss in bandwidth from thetarget rate is a function of the number of packets ofthat 
ow dropped and the recovery time (to the orig-inal sending rate) as a result of a packet drop. In thefollowing sections, we will look at methods that a�ect(a) the dropping rate and (b) the recovery time as aresult of a packet drop. The dropping rate can be af-fected by the marker, the network, the sender (bursti-ness of the sender, for example) and the interactionamong the di�erent 
ows at the network queues. Therecovery time is, however, only a�ected by the trans-port protocol.

These results indicate the need for studying mech-anisms that can better realize the target rates. Westudy a number of mechanisms in the following sec-tions. We will look at three di�erent levels of band-width allocation: (a) 60% of the available bandwidthis allocated, (b) 90% of the available bandwidth isallocated, and (c) Oversubscribed where the allo-cated bandwidth is 120% of the available bandwidth.With careful provisioning of the resources, the networkshould never operate in mode (c). However, with-out any mechanisms like RSVP [10] or path pinning,the 
ows with reservations could all go through thesame link to result in oversubscription. We study thismode (c) as well to understand how well the di�erentschemes work in such a situation.Recently, simulation work on marking and droppingstrategies has been done [2, 3, 4, 5, 6, 7]. These resultsindicated the need for better mechanisms for markingand dropping. Some of the conclusions of the ear-lier work include: (a) an application may not realizeits reserved rate even when bandwidth is not over-subscribed [2, 4, 5], (b) 
ows with smaller RTTs mayachieve higher bandwidth than 
ows with larger RTTs[2], (c) that realized rate is not proportional to the re-served rate when resources are plentiful [5]. These re-sults provided strong motivation for our work reportedhere. Some of the earlier work [6, 7] has focused onsimilar issues in networks where marking strategies aredi�erent than the ones studies here. Our work con-siderably extends this earlier work and proposes newapproaches to improving the realization of bandwidthguarantees.We will consider two quantitative measures in eval-3



uating various schemes. First, do the 
ows receivebandwidth corresponding to the reserved rates? Sec-ond, is the excess bandwidth fairly shared among allthe 
ows? For an individual 
ow, without the knowl-edge of other 
ows, achieving the reserved rate is im-portant. However, if the service provider cannot pro-vide mechanisms to share the excess bandwidth fairly,the users may not perceive service di�erentiation withhigher reserved rates and may not be willing to payfor higher-cost services.The rest of the paper is organized as follows. Sec-tion 3 proposes a number of schemes to better achievetarget rates in a di�erentiated services network. Sec-tion 4 presents a comparative evaluation of the pro-posed schemes. Section 5 presents an evaluation of theproposed schemes when 
ows may be aggregated. Sec-tion 6 presents conclusions and directions for furtherresearch.3 Policies to achieve targetrates3.1 Limiting OUT packetsWe �rst focus on the 
ows with the higher target rates.We noticed that in the earlier simulation, there wereno IN packets dropped. A packet drop and a resultingcontraction in sending rate by TCP resulted in realiz-ing rates below the target rates. If a 
ow sent out fewOUT packets, it is likely that this 
ow will not expe-rience as many packet drops and hence may be ableto realize the target rate. This policy aims to impactthe number of packets dropped for each 
ow to betterrealize the target rates.We modi�ed the marker to send back informationto the sender whenever one of its packets is markedOUT. The sender reduces the window by a packet asa result of this indication to avoid sending out anymore OUT packets into the network. The result ofthis modi�cation is shown in Figure 4. It is observedthat the 
ows with higher target rates realize betterthroughput compared to the original RIO scheme. Allthe 
ows nearly achieved their reserved rates. How-ever, the 
ows with higher targets do not come close toachieving their target rates at 60% level. At this sub-scription level, there is considerable excess bandwidthand the no-OUT mechanism doesn't try to captureany of the excess bandwidth since it prevents a 
owfrom sending above its reserved rate. Thus, the excessbandwidth is fully captured by non-reserved best e�ort
ows. This is clearly unacceptable since non-reserved
ows get more bandwidth than other reserved 
ows.

This scheme doesn't result in fair sharing of the excessbandwidth, and hence cannot provide proper servicedi�erentiation. At the 120% level, there is no excessbandwidth, and hence this scheme achieves rates veryclose to the targets. Limiting the OUT packets workswell when the subscription level is high and doesn'twork well at lower subscription levels.3.2 Inverse-rate drop policyThis mechanism requires that every packet that is in-jected into the network is stamped with the servicelevel besides the IN/OUT marking. The service levelcould be the reserved rate. The dropping policy ismodi�ed to take the service level into account. Thehigher the service level, the lower the probability fordropping a packet of that 
ow. Since each packet ismarked with the service level, there is no need to main-tain a state for each 
ow at the router. The rationalefor this inverse drop policy (with respect to the servicelevel) is that the 
ows at higher service level shouldget less packets dropped to counter the longer recov-ery times of the 
ows with higher target rates. Thismechanism requires modi�cations to the marking anddropping policies.The realized throughput of a TCP 
ow [11, 18, 19]is given by t � 1:2 �B=(RTT � pp); (3)where B is the packet size of the 
ow, RTT is theround-trip-time and p is the drop probability. Con-sider two 
ows with di�erent target rates t1 and t2with the same packet size and RTT. Then, based onthe above equationt1=t2 = p(p2=p1): (4)When we compare the number of packets dropped ina unit of timed1=d2 = (t1�p1)=(t2�p2) = p(p1=p2) = t2=t1: (5)This indicates that the number of packets dropped ina unit time should be inversely proportional to thetarget rate of that 
ow.In a di�erentiated services network, a 
ow consistsof IN packets and OUT packets. The rate of IN pack-ets corresponds to the reserved rates and the rate ofOUT packets correspond to the share of excess band-width. Ideally, the rate of OUT packets are the samefor any two 
ows when excess bandwidth is equallyshared. Also, if the RIO parameters are chosen care-4
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(c) 120%Figure 4: No-OUT scheme at di�erent subscription levels.fully and if the network is not oversubscribed, thepacket drops will all be OUT packets. So, the numberof packets dropped in a unit time based on only theOUT packets of each 
ow is given byd1=d2 = (OUT1 � p1)=(OUT2 � p2) = p1=p2; (6)where OUT1 and OUT2 correspond to the rate ofOUT packets for 
ows 1 and 2 respectively andOUT1 = OUT2 in ideal situations. From the abovetwo equations, it is clear that the drop probabilitiesshould be inversely proportional to the target ratesin a di�erentiated services network where most of thedrops are OUT packets, i.e.,p1=p2 = t2=t1: (7)The marker is unaware of the excess bandwidth andhence cannot easily determine the target rates. Hence,we use the reserved rates for marking the packets in-stead of the target rates. This analysis gives an ideaof how dropping policy can be modi�ed to counter theTCP congestion avoidance to better realize the targetrates. The advantage of this scheme is that it doesn'trequire modi�cations to the TCP layers and hence canwork with the existing TCP software.Consider a non-responsive UDP 
ow sending dataat rate si, with a reserved rate of ri and a target rateof ti. Then, the excess packets above ti = si � tishould ideally be dropped from this 
ow [20]. Thedrop probability for this 
ow then should bepi = (si � ti)=si = (1� ti=si) (8)

This also shows that the drop probability should beinveresely related to the target rate of the 
ow (fora given sending rate), i.e., the higher the target rate,the lower the drop probability should be.We used the following equation to calculate the dropprobability of a 
ow with a reserved rate of ripi = k=(mk + ri=rmin); (9)where k, m and rmin are suitably chosen constants.We chose rmin to be 0.1 Mbs, the smallest reserv-able rate in our simulations. When ri = 0, pi = 1=m.Hence,m can be chosen based on the target drop prob-ability for a 
ow with zero reservation i.e., best-e�ort
ow. Similarly, the parameter k can be chosen basedon the target drop probability required for the 
owwith rmin reservation. We chose k = 4 and m = 2.Figure 5 shows the results of this mechanism at dif-ferent subscription levels. Most of the 
ows achievedtheir reserved rates better than in the original RIOscheme. The results also indicate that this inverse-drop policy achieved rates fairly close to the targetrates. However, this scheme has a bias towards thehigher rates. Similar trends in performance are ob-served at di�erent subscription levels. Target ratesare nearly achieved with a bias toward the higher rate
ows.To verify the sensitivity of this approach to the pa-rameters chosen, we ran the simulations with di�er-ent sets of target rates with the same parameters ofk, m and rmin. The results had similar trends. Thehigher rate 
ows achieved targets better than unmod-5
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(c) 120%Figure 5: Inverse-rate drop scheme at di�erent subscription levels.i�ed RIO scheme. Due to space limitations, those re-sults are not being presented here.3.3 Three Drop precedencesThis approach uses three drop precedences, IN, OUT-IN and OUT-OUT. The marker continues markingpackets IN when they conform to the leaky bucket pro-�le. Instead of marking the remaining packets simplyas OUT, it separates them into two categories. Themarker keeps track of the long-term sending rate ofthe sender. If the long-term sending rate is higherthan the reserved rate, more number of packets aremarked OUT-OUT and if the long-term sending rateis lower than the reserved rate, more number of pack-ets are marked OUT-IN. The router drops OUT-OUTpackets earlier than the OUT-IN packets to give pref-erence to responsive 
ows. This enables the marker togive a better treatment to 
ows that are falling behindin realizing their reserved rates.Ideally, realized throughput of the sender should beused as a long-term measure. The acknowledgmentsmay reach the sender through a di�erent path withoutgoing through the marker. Also, if the sender is send-ing di�erent sized packets, the marker would have tobe aware of the size to estimate the goodput correctlyeven if the acknowledgments are going through themarker. To minimize these problems, we simply usethe sending rate of the sender. As a result, for 
owsthat don't respond to congestion, most of the packetsabove the reserved rate will be marked OUT-OUT.Flows that respond to congestion may have sendingrates below the reserved rates and hence receive bet-

ter treatment at the bottleneck link since more of theirpackets (above the reserved level) are marked OUT-IN.Long-term sending rates are calculated by the samescheme as the scheme used to mark packets IN orOUT, but with a longer time window of 10 sec-onds. For the simulations, we use RED parameters20/40/0.5 for OUT-OUT, 30/50/0.5 for OUT-IN and50/100/0.02 for IN packets.This approach requires modi�cation to the markerand the router. The router deals with three dropprecedences rather than two precedences in the otherschemes. The marker also has to keep state infor-mation for each 
ow. However, the state informationneed only be kept at the ingress router for each 
owand not at every router the 
ow passes through in thenetwork. Earlier schemes we discussed did not have aneed to maintain any state information for the 
ows.This scheme requires no changes to the sender.The results of the simulations are shown in Figure 6.Most of the 
ows achieved their reserved rates bet-ter than in the original RIO scheme. It is also ob-served that this scheme realizes rates fairly close totarget rates. However, we note that the 
ows withsmaller targets exceed their targets and the 
ows withhigher targets don't reach their targets. Similar trendsare observed at di�erent subscription levels. The tar-get rates are nearly achieved with a bias toward thesmaller 
ows. At lower subscription levels, all the
ows send data above the reserved rates and hencethe OUT packets are marked mostly OUT-OUT re-ducing the scheme to a two-drop precedence scheme.6
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(c) 120%Figure 6: Three drop precedences at di�erent subscription levels.3.4 Two-windows TCPSince the unmodi�ed TCP protocol is unaware ofreservation rates, congestion avoidance mechanismscould not protect the reserved rate of the 
ow. Toavoid this problem, the congestion window of TCP isbroken up into two pieces, the reserved window, rwnd,and the excess bandwidth window ewnd such thatcwnd = rwnd+ ewnd. The reservation window rwndis obtained by multiplying the RTT of the 
ow with itsreserved rate ri. TCP is then modi�ed to only reducethe ewnd by half when an OUT packet is dropped andcwnd as a whole is reduced only as a response to an INpacket loss. This requires that the sender keep trackof how his packets are marked IN/OUT and then de-termine the congestion avoidance mechanism based onthe dropped packet's marking. An OUT packet dropis considered as an indication of oversubscription ofthe excess bandwidth and an IN packet drop is con-sidered an indication of oversubscription of link band-width. The modi�ed congestion avoidance algorithmis shown in Figure 7. This scheme requires modi�ca-tions to the transport protocol. It also requires thatthe sender be informed of IN/OUT markings of pack-ets. This can be achieved by integrating the markerwith the sender or by the marker informing the senderof the markings. A similar scheme has been recentlystudied in [6] with a slightly di�erent marking strat-egy. We include this scheme here for completeness andto compare the other schemes with this approach.The results of the simulations are shown in Figure 8.It is observed that this scheme also achieves rates bet-ter than the original RIO algorithm. At 60% and 90%subscription levels, the 
ows with smaller target rates

After every packet loss detected

   if(OUT packet loss){
      rwnd = rtt * reserved_rate;
      if(rwnd < cwnd){
         ewnd = cwnd - rwnd;
         cwnd = rwnd + ewnd/2;
      }
   }
   else{             // IN packet loss
      cwnd = cwnd/2;
   }
            Figure 7: Modi�ed congestion avoidance algorithmexceed their targets and the 
ows with the higher tar-gets don't reach their target rates. At 120% subscrip-tion, the 
ows with higher target rates are favored.The throughput of each 
ow can be divided intoIN packets corresponding to the reserved rate andOUT packets corresponding to the shared excess band-width. After an OUT packet drop, the time to recoverto the original congestion window is inveresely pro-portional to the window size because of TCP's fastrecovery mechanism (where congestion window is in-creased by one only after all the packets in the win-dow are acknowledged). Hence, the 
ows with smallertarget rates send more OUT packets than the 
owswith higher target rates and get more excess band-width. However, the IN packet throughputs are hardlya�ected by the target rates because the congestionwindow size is maintained to be larger than the re-served window. Thus, at lower subscription levels,even though the 
ows achieve their reserved rates, the
ows with higher target rates cannot reach their target7
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(c) 120%Figure 8: Two-windows TCP at di�erent subscription levels.rates. TCP's burstiness was observed to cause packetsto be marked OUT even when there is su�cient band-width leading to discrepancies in the realized through-puts. Timer based transmission of packets could re-duce the burstiness to increase the realization of targetrates [6]. Suggested modi�cations (two-windows, useof timers) may make TCP more aggressive than cur-rent versions of TCP. Also, modi�cations to widelydeployed software may be harder than modi�cationsto the new network hardware to be deployed.4 Comparison of all the schemesTable 1 compares all the studied schemes against eachother. For each scheme, we compute the realized uti-lization of the link. We also computed the mean-square-error (MSE) of the target rates and the real-ized rates. Since No-OUT scheme cannot let the 
owswith reservations share the excess bandwidth, we willnot consider this scheme further, even though it showsgood results at higher subscription level.The results show that all the considered schemes dobetter at realizing reserved rates than the original RIOscheme. The new schemes (except for No-OUT) alsoachieve better realization of target rates (observed byMSE). The mean-square error of each scheme increasesas the subscription level is decreased. At 60% sub-scription level, there remains 40% excess bandwidth.The di�culty in sharing this excess bandwidth amongall the sources causes the achieved rates to divergefrom the target rates. The results of unmodi�ed RIOand three-drop schemes have the same trend that the
ows with lower reserved rates get more than their tar-

get rats, and the 
ows with higher reserved rates can-not reach their target rate. It is because of two funder-mental reasons. First is the TCP congestion avoidancemechanism. TCP was designed to share bandwidthequally (the additive increase results in fairer share[8, 17]), and thus the 
ows having more bandwidthlose more when congestion occurs. The second reasonis that the pro�le marker does not know the targetrates and uses reserved rates. In case of higher sub-scription level, the target rates and the reserved ratesare not much di�erent, and each source gets close tothe target rates. The results of inverse-rate drop andtwo windows schemes have opposite trend to the re-sults of unmodi�ed RIO and three-drop schemes. Thedivergence of the results of inverse-rate drop schemefrom the target rates is due to dropping packets basedon reserved rates instead of target rates. At lowersubscriptions, this results in larger errors.4.1 Impact of a non-responsive sourceA source not responding to congestion, ideally shouldnot take bandwidth away from sources that respondto congestion. Otherwise, a non-responsive 
ow candisturb the throughput guarantees of responsive mul-timedia 
ows. Figure 9 shows the impact of a non-responsive source with no reservation on the remainingsources. The simulation consisted of 10 TCP sourcesat 1 Mbps subscription and 10 best-e�ort sourcesalong with a non-responsive UDP source at varyingrates on a 20Mbps link. As the non-responsive sourcerate is increased, the reserved TCP 
ows start losingtheir reserved bandwidth in the unmodi�ed RIO. How-8



Table 1: Comparison of all the schemesSubscript. Lvl. 0 0.1 0.5 1.0 2.0 Util. MSE60%Target Rate 0.48 0.58 0.98 1.48 2.48 100% 0Original RIO 0.63 0.66 0.80 1.10 2.01 87% 0.29Inv. Rate Drop 0.33 0.35 0.83 1.49 2.77 96% 0.19No-OUT 1.66 0.24 0.62 1.12 2.12 96% 0.61Two Windows 0.38 0.52 0.71 1.06 2.46 86% 0.23Three drop prec. 0.56 0.65 0.81 1.20 2.12 90% 0.2290%Target Rate 0.08 0.18 0.58 1.08 2.08 100% 0Original RIO 0.09 0.35 0.64 1.04 1.81 98% 0.15Inv. Rate Drop 0.02 0.17 0.59 1.05 2.11 99% 0.03No-OUT 0.30 0.16 0.53 1.04 1.91 99% 0.13Two Windows 0.04 0.07 0.58 0.89 2.17 94% 0.10Three-drop prec. 0.20 0.21 0.57 0.99 1.97 99% 0.09120%Target Rate 0.00 0.08 0.42 0.83 1.67 100% 0Original RIO 0.01 0.09 0.43 0.78 1.67 99% 0.03Inv. Rate Drop 0.01 0.08 0.42 0.82 1.65 99% 0.01No-OUT 0.01 0.09 0.42 0.82 1.65 99% 0.01Two Windows 0.01 0.04 0.26 0.66 1.81 93% 0.12Three-drop prec. 0.01 0.09 0.47 0.88 1.54 99% 0.06
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Figure 10: Impact of a non-responsive 
ow with reser-vation.ever, the other schemes better protect the TCP 
owswith reservations. As the non-responsive source rateis increased, it realizes more and more bandwidth un-til it reaches a bandwidth of 10 Mbps. In inverse-dropand three-drop precedences schemes, the TCP reserva-tions are protected, while the best-e�ort connectionsrealize less and less bandwidth with increasing non-responsive source rates. In the unmodi�ed RIO andthe two-windows schemes, the reserved 
ows also geta�ected. The inverse-rate scheme and the three-dropprecedence schemes provide better service di�erentia-tion between reserved 
ows and best-e�ort 
ows. Inall the schemes, the non-responsive source gets con-tained around 10Mbps.Figure 10 shows the impact of a non-responsivesource with a reservation of 1 Mbps on 10 other TCPsources with reservations of 1Mbps. The link band-width is kept at 12 Mbps. The non-responsive sourcesending rate is kept at 6 Mbps. The non-responsive
ow achieves better bandwidth in all the cases. Thenon-responsive 
ow achieved a rate of 2.76 Mbps inthe unmodi�ed RIO case, 2.4 Mbps in the inverse-rate drop scheme, 1.5 Mbps with three drop prece-dences and 2.5 Mbps in the two-windows scheme witha corresponding loss in the realized bandwidth of theTCP sources. All three proposed schemes containedthe non-responsive 
ow better than the unmodi�edRIO scheme. The performance with three drop prece-dences is much better than the other schemes. It isalso observed that all the schemes performed worse atreducing the impact of a non-responsive 
ow when thenon-responsive 
ow has a reservation. This indicatesthat other schemes to identify (and possibly punish)non-responsive 
ows are required in addition to themarking and dropping policies.

4.2 Impact of di�erent RTTsThe bandwidth realized by TCP 
ows is sensitive toRTTs between the senders and the receivers. So far,our simulation experiments conidered 
ows with thesame RTTs. How do the results get a�ected when dif-ferent RTTs are considered. To understand this, weconsidered 
ows at RTTs of 20ms, 40ms, 60ms, 80ms,and 100ms. At each RTT, we considered three 
ows,one with a high reservation, the second 
ow with alower reservation and a third 
ow that is best-e�ortfor a total of 15 
ows. In the �rst experiment, we con-sidered reservation levels of 1Mbps and 0.5Mbps anda link bandwidth of 10 Mbps (with 7.5 Mbps allocatedout of 10Mbps). In a second experiment, we consid-ered the same 
ows on a link bandwidth of 30Mbpssuch that only 25% of the bandwidth is allocated.The simulation results are shown in Table 2.Clearly, in all the schemes, the 
ows with smallerRTTs experienced better service than 
ows withlonger RTTs. However, no scheme seems to have aclear advantage over the others. To quantify the dif-ferences, we used the following measures: (a) MeanSquare Error (MSE) used earlier based on the achievedand target rate di�erences, (b) Utilization, (c) Fair-ness within a service class (best-e�ort, 0.5M reserva-tion, 1M reservation) measured by the maximum ratedivided by the minimum rate within the same reser-vation level, (d) Service di�erentiation measured bythe minimum rate achieved at a particular reservationlevel divided by the maximum rate achieved at thenext lower reservation level, and (e) Reservation suc-cess measured by counting the number of 
ows reach-ing the reserved rate. Since we considered three dif-ferent service levels, we get three fairness values (onefor each class) and two service di�erentiation values(min of 0.5M/max of BE, min of 1M/max. of 0.5M).Ideally, fairness values should equal 1 and the servicedi�erentiation values should be greater than 1. Thesequantitative measures are shown in Table 3 for boththe experiments. For example, two-windows schemeachieve a fairness measure of 3.18 for 1 Mbps 
owsat 25% subscription i.e., a 
ow (with RTT of 20ms)achieved 3.18 times the bandwidth achieved by an-other 
ow with the same reserved rate of 1Mbps. Sim-ilarly, a service di�erentiation of 0.4 between 0.5 Mbps
ows and 1 Mbps 
ows means that a 
ow with a reser-vation of 1 Mbps achieved only 40% of the bandwidthachieved by a 
ow with a reservation of only 0.5 Mbpsdue to di�erences in RTTs.From the table, it is observed that proposed schemesdo better at realizing reserved rates and provide bet-10



Table 2: Throughputs of di�erent schemes at di�erent RTTs.Scheme 20ms 40ms 60ms 80ms 100msBE/0.5M/1M BE/0.5M/1M BE/0.5M/1M BE/0.5M/1M BE/0.5M/1M75%Target rates 0.17/0.67/1.17 0.17/0.67/1.17 0.17/0.67/1.17 0.17/0.67/1.17 0.17/0.67/1.17Original RIO 0.46/0.71/1.23 0.29/0.68/1.09 0.23/0.61/1.09 0.27/0.61/0.90 0.18/0.50/0.92Inv. rate drop 0.06/0.65/1.65 0.08/0.64/1.41 0.06/0.58/1.17 0.02/0.55/1.19 0.01/0.55/1.20Three drop prec. 0.43/0.69/1.19 0.28/0.70/1.12 0.25/0.62/1.02 0.19/0.52/1.01 0.20/0.53/1.02Two windows 0.15/1.04/1.27 0.01/0.70/1.03 0.02/0.53/0.99 0.03/0.51/0.93 0.01/0.46/0.9125%Target rates 1.50/2.00/2.50 1.50/2.00/2.50 1.50/2.00/2.50 1.50/2.00/2.50 1.50/2.00/2.50Original RIO 3.09/3.17/3.37 1.66/1.93/2.20 1.18/1.50/1.71 1.02/1.03/1.40 0.96/1.14/1.40Inv. rate drop 1.03/2.87/6.84 0.46/1.81/4.58 0.29/1.08/3.28 0.23/0.94/2.12 0.19/0.87/2.32Three drop prec. 3.09/3.17/3.37 1.66/1.93/2.20 1.18/1.50/1.71 1.02/1.03/1.40 0.96/1.14/1.40Two windows 1.98/3.22/4.01 1.42/2.02/2.66 0.93/1.63/1.82 0.73/1.12/1.56 0.63/1.10/1.26Table 3: Performance summary of di�erent schemes at di�erent RTTs.Scheme MSE(Mbps) Util. Fairness Serv. Di�erentiation Reservation(BE/0.5M/1M) (0.5M/BE)/(1M/0.5M) success75%Original RIO 0.14 98% 2.53/1.41/1.39 1.09/1.30 80%Inv. rate drop 0.16 99% 8.43/1.17/1.37 8.85/1.84 100%Three drop prec. 0.12 99% 2.11/1.31/1.11 1.21/1.54 100%Two windows 0.18 87% 15.8/2.25/1.38 3.17/0.87 60%25%Original RIO 0.83 90% 3.18/2.77/2.40 0.37/0.44 100%Inv. rate drop 1.50 96% 5.37/3.28/2.95 0.84/0.80 100%Three drop prec. 0.83 90% 3.18/2.77/2.40 0.37/0.44 100%Two windows 0.82 87% 3.13/2.92/3.18 0.56/0.40 100%ter service di�erentiations. It is also observed thatthe MSE is higher at lower subscriptions for all theschemes, pointing again to the di�culty in assigningthe excess bandwidth fairly. The three-drops schemeand the two-windows scheme have better mean squareerror from the target rates at 75% and 25% subscrip-tion level, respectively. They also have better fair-ness measures compared to the other two schemes. Inthree-drops and inverse-rate drop schemes, all 
owsreach their reserved rates. Inverse-rate drop schemeachieves the best service di�erentiation among theschemes considered.5 E�ect of aggregated sourcesIn this section, we present simulation results with ag-gregated sources. The motivation of these simulationsis the fact that it may not be practical to reserve band-width and put a pro�le marker at each host in thereal Internet. A pro�le marker may be assigned toa group of hosts (a university or a company, for ex-ample). In this situation, we have two issues. Firstissue is how does aggregation impact the guaranteesof all the 
ows, aggregated or otherwise. The second

issue is how to assign the reserved group bandwidth toeach host in the group so that an individual applica-tion (such as IP telephony) can realize the necessaryguarantees. In this paper, we focus on the �rst issue.The simulation topology is the same as the topologyused in the previous simulations shown in Figure 2 ex-cept that the odd-numbered sources (1, 3, 5, 7, and 9)now consist of an aggregation of three separate 
ows.Hence, at each reservation level, we have an individual
ow and an aggregated 
ow. We used the same REDparameters and reservation rates, and the bottleneckbandwidth is set to 9 Mbps. Since a total of 7.2 Mbpsis allocated, the subscription level is 80%. We rantwo simulation experiments using this con�guration.In the �rst experiment, we used the same RTT, 60 msfor all the 20 
ows. In the second experiment, we usedRTTs of 40 ms, 60 ms, and 80 ms for the three sourcesof an aggregated pool, and an RTT of 60 ms for sin-gle sources. Flows within an aggregated source mayhave di�erent RTTs as they may be talking to di�er-ent hosts after passing through the same bottlenecklink.Figure 11 shows the results of the simulations. In all11
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(d) Two windows TCPFigure 11: Comparisons between aggregated sources and single source
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Figure 12: Measured rates vs. time of single and ag-gregated sources with 2Mbps subscriptionthe schemes, the results are not much di�erent acrossthe two experiments. This may indicate that aggre-gation may blunt the e�ect of RTT di�erences. Inall the schemes, the aggregated sources realize higherthroughputs than a single source. The three 
owswithin an aggregated source claim three times as muchof the shared excess bandwidth than a single sourceand hence the di�erence.Figure 12 shows the bandwidth realized by twosources, one aggregated and one single source, bothat 2 Mbps reservation. In the �gure, the peak ratesof the aggregated sources are much higher than thepeak rates of the single source. It means that the ag-gregated sources get more excess bandwidth than thesingle source. The �gure also shows that the measuredrate of the single source 
uctuates more frequentlythan the rate of aggregated sources. Since each of theaggregated sources reacts to congestion individually,the rate of the aggregated sources is smoother.6 ConclusionsMultimedia applications require throughput guaran-tees for delivery over networks. In this paper, we haveproposed and evaluated several schemes to improvethe realization of throughput guarantees in the futureinternet that employs a di�erentiated services frame-work. The proposed schemes are shown to improvethe realization of reserved rates and to provide betterservice di�erentiation than the original RIO scheme.The results also show that non-responsive sources canbe controlled better by the proposed schemes. Amongthe proposed schemes, inverse-rate drop realized ratescloser to target rates and provided better di�eren-

tiation of services. Three drop precedences schemehas advantage in controlling a non-responsive sourcesand reducing the impact of di�erences in RTTs. Boththese schemes do not require modi�cations to trans-port (TCP) layers. The two-windows scheme modi-�es TCP to provide similar bene�ts. All of the pro-posed schemes require enhancements to the basic RIOscheme, either at the marker, sender or in the network.We also reported on extensive simulations on thesensitivity of the results to di�erences in RTTs of 
owsand aggregation of 
ows. Our results indicate that theprovided guarantees are soft i.e., not realized in allthe situations. It was observed that a non-responsive
ow can disturb the throughputs of other 
ows. Itwas observed that di�erences in RTTs resulted in therealization of di�erent rates even when 
ows had thesame reservations. However, it was shown that theimpact of di�erences in RTTs could be reduced by theaggregation of sources and fair sharing of bandwidthat the edge routers. Even though fair-sharing of excessbandwidth proved to be a challenge, the reservationscould be mostly met.Our future work will focus further on minimizing thethroughput variations due to RTT di�erences, non-responsive 
ows and 
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