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ABSTRAT

We eplore the dicts of netwrk-level multiplexing policies on applicationel
performance in the conteof wide-area netarks that carry small fed-size cells.We
simulate an AM network with trafic sources, trditc sinks, routers, switches, and links.
Sources obenew empirical models of netark applications and use the TCP transport-
level protocol with the sla-start congestion control algorithnWe report on the delay
and throughput achied when the netark separates tréaf by application-leel conver-
sation, when it separates frafby application type, and when it treats all ficathe
same vay. A multiplexing policy that separates tfaf by corversation and services
gueues on a cell-by-cell round-robin basis is superior to policies that sepafetéotiaaf
lesser dgree and use first-in first-out queuin@his poligy offers lav delay and lav
variability of delay to interactie gplications, and prades a &ir share of the netwk
bandwidth to eachuik transfer applications,ven as retwork load rises to saturation.
This poligy is dso simple to implement in real natvks.

1. Introduction

Networks based on the Asynchronousiisfer Mode (AM) standard[19] are rapidlyagning popu-
larity. These netarks carry all data in small #x-size cells.Network applications that use theans-
mission Control Protocol (TCP)[26] are the dominantfitafources in current wide-area netks and
will remain important clients of these netiks for some time.Examples of these applications are file
transfers (FTP), netwk nevs (NNTP), electronic mail (SMTP), and remote terminal sessions (TEL-
NET), They fall into two broad catgories, interactie gplications (TELNET) and udk transfer applica-
tions (FTRNNTP, and SMTP). In general, interacte gplications demand Vo delay, while bulk transfer
applications aremore concerned with high throughpie reed to multiplg data trafic over wide-area
cell networks in ways that der good performance andif treatment to all tréit sources.

In this paperwe explore hav well cell networks using difierent multipling policies achiee these
performance, dirness, and @€iency objectives. We dmulate a wide-area PM network composed of
traffic sources, trdit sinks, routers, switches, and linké/e dive aur simulations with ng empirical
models of FTPNNTPR, SMTP, and TELNET trafic[5]. Sourcesand sinks communicate using TCP with
the slav-start congestionvaidance and control algorithm[14]Simulated routers, switches, and links
form the wide-area netwk fabric that carries data from sources to sinks.

We compare the delay and throughput characteristics of three mxittigleolicies: a polig that
separates trA€ by application-lgel conversation, a polig that separates tfaf by type of application,
and a polig that treats all trdic the same ay. We use the terntorversationto mean the stream of traf-
fic flowing between an application program on one host and an application program on anothEnéost.
network separates twiraffic streams by assigning each stream vis cell queue atwery multiplexing
point and servicing queues in a cell-by-cell round-robshion. Thenetwork treats tw greams equally
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by assigning them the same first-in first-out queugery eshared multipkeing point.

We find that wide-area cell netrks should separate tfiafby application-leel corversation. This
multiplexing policy provides interactie gplications with delays ery near to one netwk round-trip
time, the minimum delay possiblét also proides them with lev variability of delay Furthermore, this
policy provides lulk transfer applications with throughput equal taia $hare of thewvailable bandwidth.
This poligy is dmple to implement in the important and real case of connection-orieftdchatworks.

The remainder of this section further mvatés our vork and sureys the literature in the ares&ec-
tion 2 describes the simulationv@nment used in this studysections 3 through 5 present our simula-
tion results in detail.Sections 6 and 7xplore the sensitity of these results toaviations in tvo impor
tant simulation parameterg&inally, Section 8 discusses the feasibility of implementing the recommended
multiplexing policy in a real netvork.

1.1. Motivation

Our work is motiated by the dilure of past netarks to meet the stated multigleg objectves, and
by trends in future netwrking. Asan example of a current netwk, the Internet xhibits unacceptable
interactive celays in thedce of congestionCross-continental response times longer than 100 to 200 mil-
liseconds are commorfurthermore, these response times are higafialble, ranging from under 80 to
over 200 milliseconds. T Studies V&found that humans peregeiinteractve response to bebad” when
it takes longer than 100 to 200 milliseconds, and that predictable response times are prefesdhbldd¢o v
ones[27]. ltis often dificult for interactve wsers to wark productvely across the InternetWith regard to
bulk transfer applications, netwks like the Internet do not alays ofier a fair share of their bandwidth to
each trdfic source. TCP trafic sources can encounter phenomena suctyadronizationand ACK-
compessionthat reduce the throughput obtained by some sources to a fraction oithshrafre. These
phenomena ha been disceered through simulation[9,30] and also obsehin real netwrks[20,29].

These shortcomings are due in géapart to the multipleng policies of netwrks like the Internet.
These netwrks indiscriminately mix applicationael traffic streams, use a first-in first-out queueing dis-
cipline to schedule data for transmission, and mukipkta with the granularity ofariable-sized pack-
ets. Underheary loads, this combination of policies can interact badly with the transmissionwindo
mechanism in transportvd protocols, resulting in high interaeé celay and urdirness in blk transfer
throughput.

Trends in wide-area nebsks suggest that the problems just described will inten3ife number
of hosts connected to the Internet is increasikmpeentially[18]. Theamount of trdic, carried by the
wide-area portion of Internet is also increasikgamentially[1]. Ewen if the gravth in the number of
hosts drops to sulbxponential, there isvidence that the amount of wide-areaftecafvill continue to grav
exponentially due to increases in wide-area iekwusage by indidual users[24].In contrast, the
installed capacity of the long-haul portion of the Internet is increasing at a muehr place.Wide-area
networks will continue to be hedy loaded due to the agggaion of trafic from mary sources.

We am to find multipling policies for use in cell netwks that coeist well with modern transport
protocols in spite of high load<Cell networks using round-robin queueing disciplines hold promise for
achieving our objecties without undue compidty because of the fine multipdeng granularity preided
by cells and the inhererdifness of round-robin.

T Measured on a typical weekday afternoon with the \pimig utility between the Uniersity of California at
Berkeley and Matsushita InformationeEhnology Laboratory in Princeton, Mderse.



1.2. Previous Work

There has been considerable reseaxgiioeng the behaor of transport-lgel protocols like TCP
over various types of netarks. Recenexamples are wk by Floyd and Jacobson[9], Zhang et al[30],
and Wider et al[29]. We refer to much of this ark throughout this papeiVe limit the folloving suney
to work that, like aurs, treats the benefits and wbacks of separating tfaf streams to arious dgrees
and using dierent queueing disciplinesin a virtual circuit setting, Hahne[13] and Man et
al[10,21,22] iwestigated the performance oanous queueing disciplines wherpesed to a mixture of
traffic types. They found that round-robin disciplines am@rfunder high load, while first-in first-out dis-
ciplines are not.Their results agree with those of Kadris[16], Nagle[23], and Demers et al[8], who
reached similar conclusions for datagram oeks.

Our work adds to praous eforts in two respects. Firstye drive aur simulations with ne traffic
models dekied from extensve neasurements of the Interneis shavn in the n&t section, these models
contradict man previous beliefs rgarding wide-area netark trafic. Secondwe specifically imestigate
the interaction between modern TCP and oeks based on PM. TCP with slow-start is the dominant
transport protocol in current wide-area netks, while AM is an an increasingly popular multiglag
technique. Prdous eforts hare wsed less realistic trfid models, protocols other than TCP withvglo
start, or netwrks not based on small éd-size cells.

2. Network Simulation

We huilt a discrete-gent simulatoy CELLSIM, to study the problem of multipteng data trdic
over wide-area cell netarks. Asshown in Figure 1, CELLSIM simulates fivrnetwork components:
sources, sinks, routers, switches, and lifksurces generate patk destined for the sinks and send them
along alink to the nearest routefRouters at the edge of the wide-area meknfragment pacdits into
cells, and send these cells to an adjacent switshitches forvard the cells along a path to the router
closest to the destination sinKhis router reassembles the original pgidikom the component cells and
forwards it to the intended sinlSinks send response and acklemigment packts along the kerse path.
Links connecttwo nodes of ap type (source, sink, routeor switch) and introduce transmission and
propagtion delay

TELNET Q TELNET

Frp Q - Q Q Frp
E ROUTER SWITCH ROUTER .
FTP Q FTP
SOURCES SINKS

Figure 1. Sample simulator configuration

CELLSIM is derived from NETSIM[15], an earlier simulator of wide-aredM networks. Func-
tionality added to NETSIM includes weempirical models of trdic sources, multiple mappings of appli-
cation-level corversations to netark-level channels, and multiple queueing disciplines.

Inside the simulated nebsk, cells are routed alonghannelsthat flov between tw routers. The
channels in CELLSIM consist of only twthings: a fixed path through the netrk for the lifetime of a
channel, and a separate cell queue for each channgratneultiplexing point. We b not assume an
resenation of resources, either memory or bandwidth; all data is statistically nxdtpl&\e dso do not
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assume anflow control within channels or grerror recavery beyond checks for the inggity of protocol
headers.

CELLSIM implements three multipkéng policies:channel-pefcorversation channel-peftype and
channel-perdestination Channel-percorversation multipl&ing assigns a netwk-level channel to each
application-leel cornversation flaving between tw routers. Eacltorversation gets itswn channel, and
thus its evn cell queue at each multigiag point. Channel-petype multipleing assigns a channel to
each type of trdic flowing between tw routers. Cowersations of the same type (FTNNTP, SMTP, or
TELNET) flowing between tw routers share the same channel and thus the same q@hamel-per
destination multiplging assigns only one channel for all timflowing between tw routers. Allcorver-
sations flaving between the same router pair share the same channel and thus the same queues.

2.1. Souces and Sinks

A source generates tfaf for one application-hel corversation at a time.In previous work, we
extracted from wide-area Internet traces important characteristics of applicagbodeaversations for
each major type of wide-area neik trafic (FTR NNTP, SMTP, and TELNET)[3]. These per
corversation characteristics remained stable across three adminihjrathd geographically separate
sites at which traces werathered, across more than one year of tracingigctacross diferent days of
the week, and across f@ifent times of the day

Our findings contradicted marcommon beliefs prgously incorporated into models of wide-area
data trafic. We found that blk transfer cowersations transfer less data thanvasly assumed; that
they contain pauses in transmission due to control hand@shakd thus do not transmit a continuous
stream of data paeks; that the are bidirectional rather than unidirectional; and thay tlmansfer small
paclets in addition to laye packts. W found that interacte cnversations account for a higher percent-
age of trafic than preiously believed; that thg can be strongly unidirectional rather than symmetrically
bidirectional; and that tlydransfer lage paclkts in addition to small paets.

In related vork, we dened new empirical workload models for dving wide-area internetork sim-
ulations[5]. Oumodels are realistic, in that theccurately reproduces characteristics of reafitrahey
are eficient, in that thg is auitable for simulations of high-speed wide-area eks while consuming
negligible amounts of computing resources; ang thre netvork-independent, in that there applicable
to network conditions other than the onesvatent when the traces werathered. Thesenodels are
embodied irtcplib[6], a library of softvare routines that we link with CELLSIM.

The simulator uses TCP[26] with the wlgtart congestionv@idance and control algorithm[14] to
manage the transmission of data generated by the models just des@iddsIM implements features
of modern TCP such as slgrowth of windavs up to a dynamic thresholdster gravth after the thresh-
old is reached, abrupt windoshutdovn upon detection of a dropped patkexponential bactffs in
retransmission upon conseegtipacket drops, andafst retransmits when duplicate aclktedgements
arrive. CELLSIM also enforces a static limit on the transmission wiwmdiae based on the windosize
adwertised by the recéing end of a TCP connection.

Sinks simulate the destination ends of applicatieatieornversations. Thg accept packts from the
network and reply with ackneledgments. Replietarger than a minimum-length pastksometimes
accompan these ackneledgements, as dictated by the measured characteristics of thengeesid of
real application-ieel corversations. Sinkslso manage the destination end of the TCP sliding windo

2.2. Routersand Switches

Routers assign aving paclets to a channel based on the multijig policy in use and the caner-
sation and type identifiers carried by the mackA queue of cells is associated with each channel termi-
nating in a routerWhen a paost arrives & a router from a host, it is fragmented into one or more cells,
and these cells are placed as a group on the appropriate channel Tjuesiedata from camrsations
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that share a channel is interled in a pcket-by-paclet first-in first-out order The set of channel queues
is serviced by a round-robin serv Thus, data from carsations that do not share a channel is inter
leaved in a ell-by-cell round-robin orderThe serer dequeues a cell whesmethe wide-area link is free
for another transmission and there arg eils to transmit.Finally, the cells are transmittedi@ the link

to the adjacent switch.

When cells arvie & a router from a switch, router operation is symmetric to thev@bBackets are
reassembled as the component cell¥@rriVhen a paocst is complete, it is demultipted to the appro-
priate sink based on its cgmsation identifier

Switches accept cells from an incoming link and transfer them to an outgoing link based on a chan-
nel identifier carried by the cellA queue of cells is associated with each channel using an outgoing link.
The set of queues for an outgoing link is serviced by a round-robiarsehenger the link is free for
transmission and there areyaells to transmit. That is, data from diérent channels is interleed in a
cell-by-cell round-robindshion. Wherdata armwes to a outer or switch and there is not enougtifér
memoary to queue it, the data is dropped.

2.3. SimulationMethodology

We validated CELLSIM by comparing simulation output tected results. ¥dd this for sim-
ple deterministic cases where theected output could be calculated from the input through arithmetic.
We dso ran stochasticxamples where the output could be compared to results predicted by statistical
analysis. Finallythroughout our stugywe continually checkd detailed dalmging output from CELL-
SIM to confirm that it beheed as intended. CELLSIMpassed all these tests.

We further insured that our simulation results reflect more than just initial transients iorlnetw
behaior. By simulating \ery long runs and plotting important output metrigsrdime, we determined
that initial transients ceased before 1,000 round-trip times of simulation Athg&imulation experiments
reported in this paper ran for 4,000 round-trip times.

We dso esaluated confidence inteals to bound theariations intrinsic to stochastic simulatioRor
each multiplging scenario of interest, we ran a number of simulations with identical inmépteor the
seeds to CELLSIM random number generatoWe then calculated the mean and standardatien for
the set of results to obtain confidence inésyv Typically, we smulated each scenario with 10 or 20 dif-
ferent seeds ancerxified that the results we report lie within the 95% confidence alterv

2.4. SimulationScenario

This section describes the simulation scenario we used foutk®four study CELLSIM can be
configured may ways through a rich set of input parametetd, e maintained manparameters con-
stant to keep the number of simulations tractabVe later xplored the sensitity of our results to aria-
tions in important parameters, anerified that our results remaiald. We dscuss this sensitity analy-
sis tavards the end of this paper

In the experiments described in the foing sections, we configure CELLSIM to simulate a net-
work like the one in Figure 1This network has a number of tfiéd sources of a&rious types, correspond-
ing sinks, tvo routers, a switch, and the necessary linkstween simulation runs, wenry the multiple-
ing policy as well as the number and types of sources and siSksirces and sinks can beyafi FTR,
NNTPR, SMTP, and TELNET The multipling policy can be channel-parorversation, channel-peype,
or channel-pedestination. Otherelevant parameter choices are as folto

All links have zro propagtion delay with one &ception. Thelink between the switch and the
router attached to the sources has a 22.5 millisecond, edisph simulates a U.S. cross-continental net-
work with a 45-millisecond round-trip delayin addition, all links are 1.5 Mgebits per secondWe
match all link speeds so as not to limitshmuch a single source can load the raky We scale our sim-
ulation xperiments to a relatly low but realistic speed to allwa small number of concurrent sources
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to saturate the netwk, thus leeping our computation requirementsvdo We show that our results are
insensitve o increases in link speed later in the paper

We wse 8 Kilobytes as the rewei window size. Therecever window size is an upper limit on the
transport-lgel windows in the sourcesOur choice matches the netek round-trip windav in our simu-
lated netwrk. Thischoice insures that sources are not wimdionited, that is, that sources can transmit
paclets asdst as the netwk allovs without being unnecessarily throttled by transpasiitow control.

Sources bgin a nev corversation as soon as the pi@is one ends.There are no idle periods
between coversations, only idle periods within cegrsations. Interacte @mrversations contain long idle
periods because thénclude think times and other human pauses iwiictiBulk transfer cowersations
contain idle periods in the order of the netlwround-trip time during which control handskaktale
place. Thishoice of comersation interarxia pattern allavs a small number of concurrent sources to sat-
urate the netark, agiin keeping computation requirementsago

Finally, we configure routers and switches with enougiffidr memory to hold one nebtsk round-
trip window of data for each carersation flaving through them.The round-trip windw is the netvork’s
inherent storage capagityr the product of its bandwidth and round-trip pragtémn delay This choice
ensures that a single source can efak use of the netark bandwidth.

The netvark configuration just described stresses the mutiipdeproblem at the router attached to
the sourcesThis router and the link to the its adjacent switch constitute the only bottlenecks in the net-
work. Any overload, and thus gnqueueing, will occur at these point$his configuration alls us to
isolate the problem and study théeets of netwrk-level multiplexing policies on application-del per-
formance. Simplescenarios such as thisviealeen successfully used in pieus simulation studies to
uncover important phenomenal21,30].

3. Network Load

Figure 2 shars the load imposed on the netk by the four tréffc types modeled by CELLSIMIt
graphs the \&rage bottleneck link utilization as the number ofwasations of each type of tfaf is
increased. Theurves are for the multipkéng policy with percorversation channels,ub all three multi-
plexing policies yield similar results under this metrigs shavn, file transfers (FTP) saturate the net-
work with only three or four simultaneous emsations. Atthe other gtreme, remote terminal sessions
(TELNET) leave the netvork mostly idle. Electronic mail (SMTP) and netwk nevs (NNTP) load the
network to varying dgrees.

The diferences in déred load follev from the application bekior reproduced by our triié mod-
els. Abulk transfer source sends the patskforming a data item aast as flav control allovs, except
when it is engged in a control handsteketween data itemsln the case of FTRhese data items are
files composed mostly of multiple maximum-sized sk Theresulting back-to-back awals of lage
paclets enables a small number of FTP sources to saturate tharlnetw contrast, NNTP and SMTP
send nws articles and mail messages, respelgti that are in may cases smaller than the maximum
paclet size. They thus send smaller paets than FTP with more frequent pauses for control handshak
As a result, a higher number of NNTP and SMTPvemsations are needed to saturate the oekw
Finally, interactve ©urces send mostly minimum-size patkseparated by pauses in human time scales.
The long pauses and small patkaccount for theatt that a great mgriTELNET sources are necessary
to perceptibly load the netwk. Eachtraffic type behwaes dfferently suggesting that the netwk should
treat each diérently

We haveso far presented simulation results for a rerkwthat carries trét of only one type.We
now present results using a mix daflk transfer and interaet taffic. Inthe simulations discussed belo
we use FTP as arxample of a blk transfer applicationWe maintain a single TELNET cwersation
while varying the number of simultaneous FTP\@gations.
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Figure 2. Load imposed on the netk by each trdic type acting alone

4. Interactive Delay

Figure 3 shars the delay obtained by interagtigplications under diérent multipleing policies.
It graphs the erage round-trip delay obsesd by a TELNET coversation as netark load increases.
Delay is &pressed in units of netwk round-trip times (RT), in our case 45 millisecond$lormalizing
metrics in this way helps yield a netwk-independent representation of our resulisad is epressed in
units of concurrent FTP coeasations. Figurd shows the standard dgition of delay obsend by inter
active gplications under the same conditions.

As shavn, pertype channels and peorversation channelsxaibit good performance under load
while perdestination channelxbibit poor performanceFor al three policies, delay lggns \very near 1
RTT, the minimum round-trip delay pvaed by the netark. Delayincreases almost imperceptibly with
load under petype and pecorversation channelsThese tvo multiplexing policies preide optimal per
formance from the point of weof interactve traffic sources.However, delay increases rapidly with load
under perdestination channelsin wide-area netarks with substantial round-trip times, faxaenple a
cross-continental netwk like the Internet backbone, this performancgredation is readily noticeable
by human users and is not acceptal@émilarly, for all three policies, the standardvidion of delay
begins \ery near zero.This low levd of variability remains constant with increased load undeityyer
and percorversation channelsHowever, variability increases rapidly with load under {ostination
channels.

The reasons for the €@frence in performance are as folk Interactte urces mostly send
widely-spaced small paeks, while lolk transfer sources attempt to send re#hitilarge amounts of data
at once. The multipleiing policies using petype and pecorversation channels separate these types
of traffic, giving each its wn queue and servicing the set of queues in a round-ragiiioh. Thenterac-
tive traffic queues are assured of timely anglutar service gardless of ho much hulk transfer trdfc is
gueued, since the round-robin sarwisits the interacte queues as often as it visits thallb transfer
queues. lrcontrast, the multipleng trafiic using perdestination channels indiscriminately ms<the tw
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types of trafic in a shared first-in first-out queu&lnder load, interacte traffic is queued behindavying
amounts of blk transfer trdic, thus incurring longer and moranable delays.

5. Bulk Transfer Throughput

5.1. Average Throughput to Bulk Transfer Conversations

Figure 5 shars the aerage throughput obtained by FTP eersations under dérent multipleing
policies as netark load increasesThroughput is normalized to units of bottleneck link speed, in our
case 1.5 Mgabits per secondLoad is epressed in units of simultaneous FTP\@sations. Aback-
ground TELNET cowersation is also present in these simulations to maintain a basis for comparison with
the preious graph.

0.6
. Xt x Channel-pecorversation
AN a——— Channel-pedestination
0.5+ x \
N e Channel-petype

FTP
Throughput 0.4

(normalized to
bottleneck speed) 5 |

0.2

N N N N N
1 2 3 4 5

Offered Load (concurrent FTP c@nsations)

Figure 5. Bulk transfer throughput underfeliént multipleing policies

We e that all three multipking policies &hibit similar arerage throughput characteristidsor all
three policies, throughput gims at the maximum obtainable by a single FTPvemation. Thismaxi-
mum corresponds to the netek utilization under one FTP cesrsation shan in Figure 2. Throughput
then dgrades with load, Wi this is in@itable gven that three or more simultaneous FTP\@sations
saturate the netwk, as shan also in Figure 2The key dosenation is that gerage throughput dgades
equally with all three multipbéng policies.

The reasons for the comparable throughput Wiehare as follvs. Whenthe netvork is lightly
loaded, there is little queueinginder these conditions, the choice of multolg policy has little efect
on throughput.As the netwrk becomes congested, the bottleneck link saturates, queiletsip, and
gueuing delays rise, gerdless of the multipbeng policy. The transport-keel protocol in the sources only
sends ne data when ackneledgements returnWith higher delays, ackmdedgements tak longer to
return to sourcesThe transport-kegl protocol sends e data at a sher rate, and\aerage throughput
decreases for all sources under all three muktipdepolicies.
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Although the merage throughput characteristics are similar under all three muitiglgoolicies,
individual hulk transfer cowersations obsers inequal throughput under certain multigheg policies.
We adress thisdirness issue belo
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Figure 6. Rirness in blk transfer throughput under channel-perversation multipleing
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Figure 7. Rirness in blk transfer throughput under channel-gestination multipleing
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5.2. Rairness in Thioughput to Bulk Transfer Conversations

Figures 6 and 7 shothe throughput obtainedrer time by each of fig multaneous FTP coersa-
tions, under petype channels and under gigpe channels, respeatly. The results for petype chan-
nels are ery similar to those for patestination channels, and weveat out of the discussion belo As
showvn, percorversation channels dide netvork resourcesdirly and preide each corersation with the
same lgel of throughput. Incontrast, petype channels pxade some coversations with better through-
put than others.

The diferences in throughput are caused by the interaction of multiglgolicies in the bottle-
neck router and the transportdeprotocol in the sourcesPercorversation channels g¢ each conersa-
tion its avn queue and service the set of queues on a round-robin basigs case, all sourcegperi-
ence similar delays, thegeceve aknovledgments at similar rates, andyhensmit nev data at similar
rates. Theesult is nearly identical throughput for all sources.

On the other hand, péype channels mix cemwrsations of the same type in a single first-in first-out
gueue. Inthis case, a subset of the eersations win the race for netwk resourcesTheir data arkies
first at the front of the bottleneck queues and othevarsations necessarilalf behind. The winning
corversations see i@ delays in the form of timely ackmdedgements, and thiecontinue to send ne
data. Thdosing cowersations see higher delays, their acklsalgements taklonger to return, and the
send nes data at a shver rate. The result is higher throughput for the winners than for the losers.

The losing cowersations may also def paclet losses due to lack ofiffer memory inside the net-
work. Sincetheir data arxies last at queueing points, their data is moreljiko be droppedPacket
losses cause sources to stop sendimgpaelets, retransmit the lost paatk and wait for it to be acknal-
edged. Becausaf the randomnesaubt into retransmission stragges and natural pauses in transmission
within a comwersation, losers can become winners, causingique winners to become loser$hese
phase dynamics are apparent in Figure 7, wheferelift sources obtain preferred treatment demdint
times. Sgregdion of trafic sources into winners and losers, as well as the oscillations just noted, ha
been noted in pwous studies of TCP betiar[9,30].

5.3. Behaior of Transport-Level Windows

For another look at the dynamics behind the obsdrdiferences in blk transfer throughput, we
turn to the behaor of transport-leel windows. Figures8 and 9 shav the TCP windw size over time for
a sample FTP coversation, under perorversation channels and pdestination channels, respeely.
The windav behavior for pertype channels iseary similar to that for pedestination channels and we
leave it out of the discussion belo

As shavn, under pecorversation channels, win@osizes increase steadily until theeach their
maximum \alue and remain theréhese sources are able to mdkll use of their &ir share of the band-
width. In contrast, under pdype channels, windo sizes often shrink to their minimumalue before
growing agin. Whentheir windawvs shrinks, these sources cannot enlll use of the aailable band-
width until their windevs aguin reach their maximumalue. © make matters vorse, the shv-start algo-
rithm grovs windavs very slavly after a retransmissionThis windav behavior under peidestination
and peittype channels contrilbes to the ggregation phenomenon described &bo

The following summarizes our resultsgeeding the three multipleng policies. Channel-per
corversation multiplging offers lov delay and lev variability of delay to interacte gplications, while
providing a fir share of the bandwidth talk transfer applicationsChannel-petype multipleing
exhibits good interactie delay characteristics,ub sufers from unéirness in the throughput it pides
bulk transfer applications Channel-pedestination multiplging sufers from bad performance in both
delay and throughput metric§herefore, channel-p&orversation is the recommended multixteg pol-

icy.
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6. Sensitvity to Network Speed

Our results are insensié 1 increases in netwk speed.The simulations described alowsed a
relatively low link speed (1.5 Mgebits per second),ub the &act choice is unimportantVe were careful
to insure that our wrkload model is independent of link speesicaling the simulation to avlospeed
substantially reduced our computation requiremeRts.instance, we were able to bring about the multi-
plexing problems of interest by mixing an interaetiornversation with only a small number otk
transfer comersations (the netark saturates with 3 to 4 simultaneous FTPvemsations; we simulated
up to 5). However, these multiplging problems are not a function of the link speatidf the bottleneck
link utilization, that is, of the load on the netik. If we scale the netwvk speed up or den and scale
the ofered load accordinglyur multiplexing results should remain the same.

To verify this hypothesis, we repeated ouwtperiments with dister links (3 Mgabits per second).
As expected, we needed a correspondingly higher number &rgations to bring out the multiplimg
problem (the dster netwrk saturates with 7 to 8 simultaneous FTPvemsations; we simulated up to
10). All of the multipleing phenomena reported earlier remained intact under fheorelitions.

7. Sensitvity to Bulk Transfer Size

The conclusion that netwks should use channel-parrversation multipl&ing proved insensitve
to increases ink transfer size We nodifiedtcplib to remave an anomaly irvolving 2,315 FTP connec-
tions that each transferred only 74 bytes, atl three of whichwere between the sameadwosts, and
95% of which came between 30 and 45 seconds apar{[2f&].anomaly had biased the FTPmgation
model intcplib towards cowersations that transferred less data than FTRetsations in real netarks.
After remaring the anomalywe found that the uafirness in blk transfer throughput under channel-per
type and channel-palestination multipleing worsened because thedar lulk transfer size increased
gueueing delays for caersations that shared channeht the same time, channel-peorversation mul-
tiplexing retained its lav delay, low vaiability of delay and fair throughput characteristics.

One of the gpected dkcts of increasing communication speeds is an increase in the siakk of b
transfers. Oubne year and three months of measurementityctiid not shev this trend, bt we should
not ignore the possibility thaulk transfers will get lager For example, consider the rising popularity of
document &csimile (AX) and other digitized images, which cawalve lage amounts of data per item.
Larger hulk transfers wuld intensify thedirness shortcomings of multigieg policies that do not sepa-
rate application-le=l cornversations, increasing the desirability of channelqmawersation multipleing.

8. Easeof Implementation

The channel-pecorversation multiplging policy is smple to implement in a connection-oriented
ATM network. Suchnetworks route cells along virtual circuits muchdikhe channels that CELLSIM
simulates. lis simple to allocate a queue to each virtual circuivetyemultiplexing point during virtual
circuit establishmentSince A'M cells carry a virtual circuit identifiert is dso simple to place cells in
the appropriate queue when yharrive & a multiplexing point. Virtual circuit networks such as
Datakit[11] hae supported similar schemes for some time.

A round-robin serer for queues of fixd-size cells is also simple to impleme@ne particularly
efficient technique maintains a separate queue @nwkhat identify non-empty cell queue&lhen the
token queue is emptyhere are no cells to transmiWhen a cell is placed on a preusly empty cell
gueue, an identifier for that queue is added to the back of tha thieue.To determine which cell to
transmit n&t, the serer dequeues the tek at the front of the tek queue, dequeues a cell from the iden-
tified cell queue, and transmits the cdli.the cell queue is left empty by the pi®us operation, the
sener discards the t@h and reisits the front of the tadn queue to obtain aweaoken. Otherwisethe
sener places the old tek in the back of the tek queue and thenwisits the front. The serer never
scans the set of cell queues looking for a cell to transmit, a significant optimization anksetinat sup-
port thousands of virtual circuits, such as current and proposed wideddveaetworks. Switcheén the
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Xunet 2 wide-area M network contain hardare that can carry out the algoqueue management
scheme at 45 Mgbits per second[12].

Allocating a netwrk-level channel to eery application-l@el conversation requires that theTM
network identify indvidual comwersations. Ourtraffic analysis softare accomplished this task by
inspecting each TCP/IP paatk Itreached into the stack of protocol headers for IP addresses that identify
hosts and TCP port numbers that identifyvansations within hostsAn ATM network network can do
the same when it reces a TCP/IP packt from a host.This procedure violates strict protocol layering,
but it is necessary in an internetwk where transportdel protocols are not closely irdeated with net-
work-level protocols. Theproblem is common to other multigieag schemes that act on imtlual appli-
cation-lerel corversations, for gkample Rir Queueing[8]. The problem is som¢hat simplified if the
ATM network reaches to the hostn that case, both TCP/IP and M-related protocols reside on the
host. Thiscloser coupling of transportiel and netvork-level protocols &cilitates their xchange of
information rgarding indvidual comversations. AM is rapidly gaining popularity for local-area netnk
use[2,4,7,17,28], so that future wide-arddvAnetworks will indeed reach to indidual hosts.

A major motivation behind AM is its ability to support trdéit from non-traditional sources, such as
audio and video, as well as fiaffrom the traditional TCP sources discussed in this papen-
traditional trafic sources hae grict performance requirements that require that eactecsation be iso-
lated from otherslsolating TCP cowversations by follaing a channel-petonversation multipleing pol-
icy would thus fit well with the werall operation of an AM network.

9. Conclusions

We haveshaovn that a wide-area cell netwk that carries data tfaf should separate application-
level cornversations. Itshould assign each ogmsation its an queue at\ery multiplexing point and
sene those queues in a cell-by-cell round-robin bagisshould not separate cgersations to a lesser
degree and use first-in first-out queueing disciplin€ae channel-pecorversation multipleing policy
provides law delay and lev variability of delay to interacte @rversations, and aafr share of the\ail-
able bandwidth toddk transfer cowmersations. Theoolicy is robust in the &ce of high loads, increasing
network speeds, and Iger kulk transfers. Furthermore, it is simple to implement in a connection-
oriented cell netark.

Our results are of particular relece to AM networks that carry TCP trA€. ATM is an interna-
tional standard with broad support from telecommunicationgdgers and computer maragturers alik.

At the same time, TCP with slestart will continue to be used widely due to itsyaofunctionality and
immense installed basd-uture AM networks should incorporate the recommendations made in this
paper in order to &€iently provide good performance andiff treatment to TCP cearsations.
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