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Abstract— The Internet is a large, heterogeneous system oper- traffic sampling, and researchers attempt to use “redlistic
ating at very high speeds and consisting of a large number of topology models. However, topology modeling is still in its
users. Researchers use a suite of tools and techniques in erd infancy—realistic models that include notions of capaaityl

to understand the performance of complex networks like the lat Eurther. f led traffic. i
Internet: measurements, simulations, and deployments onnsall atency are some years away. Further, irom sampied tramc, |

to medium-scale testbeds. This work considers a novel adiin IS hard to infer the performance of the original system.

to this suite: a class of methods toscale down the topology of The focus of this work and of its predecessor [1], [17],

the Internet that enables researchers to create and observa [18] is the addition of a new prong—a class érformance-

smaller replica, and extrapolate its performance to the expcted oo rying network downscaliigchniques that lets a designer

performance of the larger Internet. This is complementary b the . . . .

work in [1], where the authors presented a way to scale down study the b_ehawor of new services or mechanisms in a large

the Internet in time, by creating a slower replica of the original network using a scaled-down version of the network, where

system. the downscaling iglesigned to preserve one or more aspects
The key insight that we leverage in this work is that only the of the original network Studying engineering artifacts by

congested links along the path of each flow introduce sizable scaling them down (in addition to simulating them) has long
gueueing delays and dependencies among flows. Hence, on

might hope that the network properties can be captured by a %_e(_en an _established tradition in_o_ther disciplines. Fompla,
topology that consists of the congested links only. Using ®nsive  Civil engineers not only study finite-element models of &rg
simulations with TCP traffic and theoretical analysis, we slow structures, they also build scale models that attempt tb-fai

that it is possible to achieve this kind of performance scatig even  fy|ly replicate the proportional loading on various stuuret

on topologies the size of the CENIC backbone (that provides ; ;
Internet access to higher-education institutions in Califrnia). ﬁi;vmvs:]ktisn'gwe attempt to bring this methodology to computer

We also show that simulating a scaled topology can be up to two ) ) )
orders of magnitude faster than simulating the original topology. But what does it mean to design a performance-preserving

network downscaling technique? Consider a large network
r{lsuch as that of a backbone ISP), consisting of several ledndr
nodes and links, and traversed by hundreds of thousands of
flows. Psounis et al. [1] have introduced a method called
SHRINK ! that preserves some network properties by creating
a slower downscaled version of the original network. Specif-
Networking research has taken a multi-pronged approachi¢ally, SHRINK downscales link capacitiebut not network
understanding the performance of the Internet, and to giredisiz§ such that, when a sample of the original set of flows
ing its behavior under new algorithms, protocols, arcltitees is run on the downscaled network, a variety of performance
and load conditions. The community focuses on techniquestrics,e.g.the packet delay distributions, are preserved.
ranging from analytic modeling [2], [3], [4], [5], [6], [7], But is there more than one instance of a performance-
to measurement-based performance characterizationf[8], preserving downscaling technique? Yes. In this work, we
[10], [11], [12] to simulation studies [13], [14], [15], [16 propose two methods to perfortopological downscaling.
This is appropriate given the overwhelming size, compjexitin particular, starting from a complex network, we create a
heterogeneity, and the speed of operation of the Internet. smaller version of it with fewer links and nodes, observe the
This multi-pronged approach has its limitations. Firsg thbehavior of a sample of the original traffic on this network,
heterogeneity and complexity of the Internet makes it veghd extrapolate the observed performance back to the atigin
difficult and time consuming to devise realistic traffic mtsde network.
and models for the network. Second, for some of the sameTopological downscaling has three benefits. First, by ngjyi
reasons, as well as the increasingly large bandwidths in ihgly on a sample of the traffic, it reduces the amount of data
Internet core, it is very hard to obtain accurate and represgve need to work with. Second, by using actual traffic, it short
tative measurements. Even when such data are availabte, gits the traffic characterization and model-building pssce
very expensive to run realistic simulations at meaningtal&s  Finally, by reducing the number of links and nodes, it reduce
since the memory and CPU requirements of such simulatiop® complexity of the network that we work with. This, in

seem to be well beyond the reach of available hardware. ffn, expedites simulations, allows researchers to test ne
course, there are several approaches to alleviate somegx th

problems. The volume of measurements can be reduced bysHRINK: Small-scale Hi-fidelity Reproduction of Network étics.

Topology downscaling, Performance prediction, Efficie
network simulation, TCP/closed-loop networks.

I. INTRODUCTION



architectures and algorithms in small experimental teitbethe distribution of the number of active flows and of their
while ensuring the relevance of the results, and can heiprmalized transfer times are left virtually unchangedsT#
operators manage existing networks more efficiently. verified using extensive simulations and a simple but pawerf
This approach also presents challenges. At first sight,titeoretical argument. These networks are representdtive o
appears optimistic. For example, it is possible that a grolmternet. (i) For networks which carry long-lived TCP4ik
of flows share some links in the original network but not iflows arriving in clusters, and which are controlled by a &yri
the replica. Hence, the replica may not capture some of thk active queue management schemes, a slightly different
correlations between these flows. However, a more carefwialing to the previous one leaves the queueing delay amd dro
look at the network reveals that it is only the congestgurobability unchanged as a function of time. This is verified
links along the path of each flow that introduce dependenciesing simulations and the differential-equation type ni®de
among flows and sizeable queueing delays [3], [19], [9], [20developed in [28]. (Such models have been widely used
[8], [21]. Further, it has been recently shown that linkshwitin designing control algorithms and for conducting control
capacities large enough to carry many flows without gettiribeoretic analysis of network behavior.) These networks ar
congested, are in a sense, transparent to the flows that peiskely used in simulations, e.qg. [29], [30], [31]. As memt&l
through them [22], [23], [24], [25]. Hence, one might hop&efore, this class of work hawt considered downscaling the
that the network properties can be captured by a topolody tisize of the topology.
consists of the congested links only. The very small number o There have been very few studies of the question of whether
congested links along the path of a flow makes this approamhe can reduce the topology of a network without losing
quite effective in reducing the size of the network that onenportant network properties. The most relevant to our work
works with. is the one by Eun et al. [22], [23], [24], [25]. In this line of
We have applied our approach in the topology of the CENI@ork, the authors show analytically that in a tandem of qgeue
backbone [26] and have successfully predicted queue and fievere arrivals are “fluid-like” or are dictated by Poisson-
statistics of the original network from the small replicattwi point-processes, as the capacity of upstream queues and the
very high accuracy. The accuracy of the approach does matmber of flows through them increases, the performance
depend on the load conditions, the active queue managen@ia downstream queue is about the same, as if all the
schemes used, the existence of two-way traffic, etc. Thpstream queues did not exist. However, this work considere
approach can be automated, that is, given the original éggyol the network as being an “open-loop” system. In our work, we
and traffic, a tool can easily create the scaled network, rwant to investigate if network downscaling is possible ig th
simulations, and extrapolate the performance of the aalginnternet, where traffic is dictated by TCP-like mechanisms,
network from the simulation results. And simulating thelsda that is, we are studying “closed-loop” systems.
topology can be up to two orders of magnitude faster thanOther studies, e.g. [32], have used graph properties as
simulating the original topology. metrics to judge the quality of network topological down-
The rest of this paper is organized as follows: Section $icaling. In particular, they have used metrics like the ager
briefly discusses prior work on scaling down networks. $ecti degree of a graph, the clustering coefficient [33], or the
Il gives a formal definition for congested links and disasss degree exponent [34]. Our approach towards scaling down the
the impact of congested and uncongested parts of a netwtoRology of a network is very different. The goal is to be able
to performance. Section IV introduces the proposed methddspredict the performance of the original network from the
and applies them to simple topologies, to realistic topigl®g scaled network. Like Psounis et al. [1], we want to be able to
where multiple congested links exist (CENIC backbone [26]predict flow transfer times, packet delays, queue sizessand
and to situations where two-way traffic is present. Extemsion.
simulation results are presented in Section V. It is shoveh th Another line of research that is relevant to our work
a variety of metrics, including packet queueing delays;®nd attempts to replace time consuming packet-level simuiatio
end flow delays, number of active flows, ACK delays, etc. cdyy modelling. Bohacek et al. [35] propose a hybrid modelling
be predicted from the replica. Formal proofs establishimg tframework that uses averaging of discrete variables owett sh
validity of the methods are presented in Section VI. Finallyime intervals, and can accurately predict network betravio
Section VII presents the savings - in terms of the time needfdter than packet-level simulations. Liu et al. [2] extend
to run an experiment - from the usage of these methods, ahd fluid models introduced in [28] to be topology-aware,
Section VIII concludes the paper. take into account congested links only, and accuratelyigtred
network dynamics by solving the fluid models. They show that
this takes less time than packet-level simulations, eafigci
when workloads and bandwidths are high. Our work does
Psounis et al [1] introduced a method called SHRiNIKot attempt to replace packet-level simulations with faste
that creates alower version of the original network. The methods, but rather to run them in smaller networks with fewe

main steps in the creation of the replica are to reduce lintaffic, which results in faster execution times.
capacities, increase propagation delays, and reducedtffie tr

arrival rate by sampling incoming flows. The main results
of this work are the following [1], [17], [18], [27]: (i)
For networks in which flows arrive at random times and The widely used term “congested link” has various mean-
whose sizes are heavy-tailed, performance measures sucings in the literature today, see, for example, [10], [38[7][

II. RELATED WORK

Ill. CONGESTEDLINKS: DEFINITION AND IMPACT



Typically, it is defined to be a link with either high utilizan,
low available bandwidth, high loss rate, long queueing yela
or a combination thereof. These definitions are not necessar-
ily equivalent. For example, a link connected to a small éuff C, = 20Mbps C, = 10Mbps
. . P, =100ms P, =200ms
may have a high loss rate but low queueing delay. Further, Ri lm B
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queueing delays on links with the same utilization may diffe o

significantly, if the link capacities are different. Finallthe

link with the smallest available (or residual) bandwidtbraj

a path, only determines the end-to-end throughput of thiht paFig. 1. Original network topology.
This doesn’t necessarily mean that the link is highly utitiz

or that the link queueing delays are large.

A common property of most types of “congested” links ishat a similar behavior is observed when packet arrival $ime
that they alter the packet arrival process as packets gaghro are dictated in an open-loop manner by real ethernet traces.
the link. For example, this is clearly the case when dropsioccRemark: In a network where paths are very long, a large num-
or when queueing delays are long and change over time. Taler of uncongested links might have collectively a significa
ing into consideration our goal to create small, perforneancimpact on the total end-to-end queueing delay of a packet. We
preserving network replicas by ignoring “uncongestedksin ignore this situation based on the well-known fact thatrimse
it is natural to define the latter as precisely those links tla paths are quite short; they are typically less than fourtegrs
not alter the packet arrival process. For simulation pugppsiong, and rarely more than eighteen hops long [39], [40].
we consider a link to be “uncongested” if no drops occur and
the average queueing delay incurred to a packet of any source IV. SCALING DOWN NETWORK TOPOLOGY

destination pair by this link is one order of magnitude semall | i1is section we present two methods for scaling down

than_ the total _end-to-_er_uj queueing delay of the packet. the topology of a network while preserving its performance.
~ With a specific definition at hand, we want to assess Wha{,r main assumption is that ignoring uncongested links does
is the impact of congested and uncongested links on perfge reqyit in a loss of information about the performance of
mance. In this work we argue that ignoring uncongested links, original network.

does not result in a loss of performance-related informatio 110 proposed methods operate on a given topology with
about the original network: This is based on the following ynq\wn traffic. (There is a large number of efficient tools that
two observations: (i) the packet arrival process |s__almbet tcan estimate source/destination pairs, the corresponéites,
same before and after an uncongested link, and (i) queueig paths followed by network flows, and the links that are
dglay; due to uncongested links do not have a S|gn|f|cr_:1nt Chgested, see, for example, [41], [42].) Under both method
tribution to end-to-end packet delays. These observa#es yhe gownscaled network consists of congested links from the
used in [21], where a scheme was proposed for Compu“nggﬁfinal topology. The first method, called DSCALEd (down-
end-to-end queueing delay through a backbone network, ade ysing delays), accounts for the missing uncongested
are va_lldated in detail in [20]. These are also the obsermati links by adding appropriate fixed delays to all packets. The
made in [3], where a method for modelling the backbone traffig, cond method, called DSCALES (downscale using sampling),
at the flow level was introduced. Similar results have beep..qunts for the missing links by sampling flows and properly

derived in [3] for traffic which observes the Large DeviaBon, i sting the capacities and propagation delays of theedcal
Principle, and were used in [38] to justify that the effeetiv . replica) network.

bandwidth of a flow remains unchanged throughout a network.\we now describe a simple topology used to introduce the

Another line of work in support of our claims is [22], [23], methods. Consider two links in tandem, as shown in Figure
[24], [25]. As briefly explained in the previous section, iy There are three routeR1, R2and R3, and three groups
this work the authors show analytically that when arrivaks aqf fiows grpl, grp2,and grp3. A group of flows comprises
“fluid-like” or are dictated by Poisson-point-processéshe | the flows that follow the same path from the source to the
internal links of a network (or upstream queues) have largg@ctination® The link R1-R2has speed’; = 20Mbps and
enough capacities and are serving (multiplexing) many ﬂo"‘ﬁ'opagation delay?, = 100ms. The linkR2-R3has speed
it is then safe to remove those links from consideration,taed C, = 10Mbps and propagation delai, = 200ms. Within
queueing behavior of the other network links (or downstreagyqp, group, flows arrive with some rate, i = 1,2,3. We
queues) remains unchanged. In the same study, simulatgpy ) s so that the linkR2-R3becomes congested whereas
results suggest that an upstream queue does not signiicag jink R1-R2remains uncongested. (For simulation purposes
contribute to the end-to-end queueing delay of a packet, agd asume the following. Buffers on the routers can hold 300

ackets, they use either DropTail or RED, and the RED’s
2Every link is fed with packets from a buffer, e.g. the buffdraorouter P y P

linecard. The properties of this buffer, e.g. queueing\delze also considered Parameters arening, = 100, maxy, = 250 and averaging
properties of the corresponding link. parameteny = 0.00005.)
SNote that if two packets belong to different flows that follaifferent
paths, it might be the case that the delay due to a “congetitdédtomprises  SNotice that in accordance with the usual practice [43], [f8]} packets are
a large proportion of the end-to-end delay for one but notterother packet. said to belong to the same flow if they have the same source estihation
4Clearly, one loses information about the network topoldmy, as we shall 1P address, and source and destination port number. A flovorg If its
see, this does not hinder ones ability to preserve the pedoce-related packets arrive more frequently than a timeout of some seccoHuds timeout
information of the original network. is usually set to something less than 60 seconds.

M
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time-shifts to packets that share a link but have differemnt-e
to-end paths, it is not clear whether the approach presénees
performance of the original network. In Section VI we prove
that this is the case.

Another subtle point is the following: While performance
preservation is intuitive under the assumption that unesteyl
links are transparent to packets, it still remains to be deén
practice, removing a large number of uncongested links tvon’

Given the network setup shown in Figure 1, we are integhange the dynamics of the network.
ested in creating a replica and predicting various perfogaa  Finally, it is easy to use this method in conjunction with
measures on linkR2-R3 which is the bottleneck link. A scaling in time [1], [17] to produce a smaller and slower
detailed description of the proposed methods that accsmplnetwork replica. In particular, once the smaller replica is
this task follows. produced, one can employ scaling in time independently.
Scaling in time has the benefit of reducing the amount of
traffic going though the network (via traffic sampling), winic
further expedites simulations.
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Fig. 2. Scaled system when using DSCALEd.

A. DSCALEd: Downscaling using delays

The first method is quite intuitive and can be summarized
as follows: B. DSCALEs: Downscaling using sampling

1) Ignore uncongested links and retain all congested links.lt is interesting to investigate if one can seamlessly combi

2) Groups of flows that traverse congested links in the origpace and time downscaling in a single method. The resulting
inal network, will traverse the corresponding bottleneckcaled network would consist of fewer links, and due to taffi
links in the scaled system. sampling associated with time downscaling, would be tra-

3) Groups of flows that do not traverse bottleneck links akersed by fewer packets per unit of time. This, in turn, would
ignored. result in faster simulations as compared to plain DSCALEd

4) Assign to the links of the scaled system, speed atitht does not use scaling in time. Another reason to look for
propagation delay values equal to those they have nmore methods to downscale a network is to investigate if it is
the original network. possible to avoid adding a fixed delay to each packet, which

5) For every group of flows that had in their original paths a requirement of DSCALEGJ.
at least one link that is not included in the scaled system,With the above in mind, we propose a method that preserves
add a constant delay factor such that the end-to-epdrformance by sampling flows and carefully choosing the
propagation and transmission delays for each group edpacities and propagation delays of the links of the raplic
flows is equal to that in the original system. network. The method can be summarized as follows:

Let’s apply the method to the network in Figure 1. Since link 1) Ignore uncongested links and retain all congested links.
R1-R2is highly uncongested and no drops occur, there isn't2) Groups of flows that traverse congested links in the orig-

any interdependence betwegrpl andgrp2 flows. Moreover,
the rate by whichgrpl packets enter the liniR2-R3is not
affected by the queueing on lifR1-R2 Finally, the only link
that has an impact on the total queueing delaygmfl flows

is the congested linlR2-R3 Having the above comments in  4)

mind, we remove linkR1-R2from the original topology, and

consequently, ignorgrp2 flows. Hence, the scaled system will

consist of two groups of flowsg(pl, grp3) and one link,
denoted byR2'-R3’, as shown in Figure 2.

To compensate for the absence of liRL-R2from the
scaled system, a fixed delay is introduced to eaclyrpl

inal network, will traverse the corresponding bottleneck
links in the scaled system.

Groups of flows that do not traverse bottleneck links are
ignored.

Sample each group of flows with different probabilities.
(details described below)

Compute the capacities and propagation delays of the
links of the scaled network such that (i) the round trip
times of each group of flows remain unchanged (except
by a constant multiplicative factor), and (ii) the traffic
intensities of the links in the original and scaled network

packet. In this example, the value df equals the sum of are equal.

the propagation and transmission delay of liRE-R2 That Before describing the method in detail, we make the as-
is,d = P, + L/Cy = 100.416ms, whereL = 1040bytes is sumption that théotal end-to-endjueueing (and tranmission)
the packet size. Notice that a fixed delay like this can be vediglay is negligible in comparison to thetal end-to-end delay.
easily added to the round trip time of a packet by a simulatdrhis assumption is primarily made for ease of exposition.
Remarks: When the original topology and the number oDSCALEs can accurately predict a large number of metrics,
source/destination pairs are large, adding the fixed dedaysbut not all, even when queueing delays are large, as we show
exactly the point where uncongested network segmentsexistia theory and simulations in Section VI and V respectively.
in the original network may require significant bookkeepindNevertheless, it is interesting to point out that the néble

It would simplify simulations if one could add the fixed detay queueing delay assumption is not unrealistic for IP backbon
at the source of each packet, irrespectively of where altmg metworks, see, for example, [19]. In particular, in [9] it is
original path these delays occur. This is the approach tieat veported that the average measured queueing delay on an
follow in the simulations. Since this approach causes difie operational OC-3 link for two data sets was as low ags/0



Uy P, = agP’. (5)
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In other words, the round-trip time ajrpl flows is scaled

R R3’ ’ by a factor ofa—l1 and the round-trip time ofirp3 of flows is
scaled by a factor of-.
Fig. 3. Scaled system when using DSCALEs. This is reminiscent of the situation in [1], [17], where the

authors prove the following downscaling law: If network flow
are sampled with some factarand fed into a network replica

and 33:s respectively. Further, in [20], [8], [21] it is observe@Vhose link speeds are multiplied byand propagation delays
that packets not only experience insignificant queueinigiéns PY 1/, then performance extrapolation is possible. The main
a backbone, but also that the jitter is insignificant and thBPint of the law is to reduce the arrival rate and hence irmea
the link utilizations can reacB0% — 90% before queueing interarrival times via sampling by some amount, and slow
delays begin to exceed several ms. Also, in [21], it is shomﬁ?}"’n the network such that the round-trip time for every flow
that a minor excess bandwidth is needed to support endeto-éhincreased by the same amount. o

queueing delay requirements as low as 4ms. Hence, althougﬂ-he. difference here is that the round-trip times are scaled
a packet may experience significant queueing in some linkéh different factors depending on the group of flows. Hence
compared to others (e.g. at network access points v.s. éinksVe sample flows that belong grp1 with a factora, and flows

the core), it's total end-to-end delay is mainly dominatgd ghat belong togrp3 with a factoras, as shown in Figure 3.
the propagation delay. Note that sampling only dictates whether a particular flow is

Now, let's describe the method in detail. In the origindpresent at the replica network or not. Once a flow is sampled,
topology (Figure 1), the linlR2-R3is traversed by two groups its packets tra\{erse the ngtv_vork according to the TCP and
of flows: grp1 and grp3. A packet of a flow that belongs to Network dynamics of the original or scaled system.
grpl will experience a (one-way) average end-to-end latency,L€t @1 +az = & for some constand that we choose such
equal to the sum of its queueing, transmission, and projagatthata: < 1 andaz < 1. (The specific value of this constant
delays. Thus, the total average latency from the sourceeto {f NOt important.) Then, this equation together with Ecprai

destination of agrp1 packet equals (4) and (5) can be solved to find, a3 and P’
I I I I To find C’ we require the traffic intensity in the congested
qé— + o + P + qé— + roN + P, (1) link under study to be the same in the original and the scaled
1 1 2 2

network. The traffic intensity is proportional to the ratibé o
whereq; and ¢, are the average queue sizes (measured tiie flow arrival rate over the link capacity. The total artiva
number of packets, not counting the packet being transjitt@ate of flows on linkR2-R3is \; + As. Due to sampling, the
for the queuesR1-R2and R2-R3respectively, and_ is the total arrival rate of flows on the scaled systenais\; +as\s.
packet size. Similarly, the end-to-end average latencygsh8 Hence, for traffic intensities to match,

packet equalsz® + £ + P,. Assuming that the queueing a4 asha

and transmission delays are negligible in comparison to the C'=5-Cy, where s = SV (6)
propagation delays, the round-trip time fgrpl flows is _ _ 1A
approximately equal to: Applying the method withh = 1 we geta; = 0.6, az =

0.4, C' = 5Mbps (s = 0.5) and P’ = 500ms.
RTTi=2(Pi+ ). @) Remarks: It is straightforward to study uncongested links
Similarly, for grp3 flows we have: using either of the methods. To do so, one only needs to add
to the scaled system the uncongested links of interestthtege
RTTs =2P;. () with the groups of flows that traverse them.

For the same reasons as before, we removeRibdR2from Further, the methods do not depend on the potential location
the original topology, and consequently, ignayep2 flows. of the congested links. These can be anywhere, i.e inside the
The scaled system will consist of two groups of flowsp(l, core, at public exchange points, at the edges of the network,
grp3) and one link, denoted big2’-R3". Let C’ be the capacity €tc. It is also possible that the location of the congesteksli
and P’ be the propagation delay of this link. changes over time, e.g. due to changes in load conditions. In

On the scaled system (shown in Figure 3), the average ofgch situations our method would merely need to be reapplied
way end-to-end latency of a packet belonging to eitijgrl  to the altered topology and traffic matrix.
or grp3 equals‘ﬁ + & + P', whereq' is the average queue
size on the scaled system. Assuming that the queueing andmultiple bottlenecks

transmission delays are negligible (comparing to the erd-t To demonstrate the applicability of our methods to larger

end delays) in the scaled system as well, the round-trip time ; . . .
on this system iTT'T" — 2P, rpopologles with multiple bottlenecks, we consider the CENI

backbone [26]. The topology of the CENIC backbone along

Notice that the round-trip time on the scaled system is t.r\]/\%th link information is shown in Figure 4,

same for both groups of flows. To capture the delay dynamlcs.l_he CENIC maps do not include information about the

?; Z?rtz t?]raotutﬁse, f\g ITO\I/Citr:Odtl\j\f:;WSaggzztﬁggygrr;?u(llt?;nznis propagation delays of the links and the traffic that traverse
q 9 q PUS them. We estimate the propagation delay of a link by dividing
(P + Py)=a1 P, (4) the length of the link over the propagation velocity of the




0C-3 (155 Mb/ Link | Propagation Delay(ms)
——— Q&34 I3 k) SDG(hpr)-LAX(hpr) 7.0
——— 864 SE./E)Gb/s) SDG(dc1)-TUS(dcl) 0.7
—— 10GE (10 Gh/s) SDG(dc1)-LAX(dc) 1.0
- e ) LAX(dc2)-TUS(dc1) 0.3
— e 1% | [AX(dc2) BAK(dcl) 1.0
Cisco 12410 - B BAK(dc1)-FRE(dc1) 1.0
FRE(dc1)-FRG(dcl) 05
FRG(dc1)-SAC(dcl) 1.0
SAC(dcl)-LAX(dcl) 3.0
SAC(hpr)-LAX(hpr) 3.0
SAC(hpr)-SVL(hpr) 1.0
SAC(hpr)-OAK(hpr) 0.6
SAC(dc1)-OAK(dc2) 0.6
LAX(hpr)-SVL(hpr) 2.8
LAX(hpr)-SLO(hpr) 1.6
OAK(hpr)-SVL(hpr) 0.3
OAK(dc1)-SVL(dc1) 0.3
SVL(dc1)-SOL(dcl) 0.7
SOL(dc1)-SLO(dcl) 0.8
SLO(dc1)-LAX(dcT) 1.6
SLO(hpr)-SVL(hpr) 15

TABLE |
LINK PROPAGATIONDELAY

shown in Figure 58 Each arrow represents all groups of
flows that traverse the corresponding link in the original
topology in the direction of the arrow. Note that the fig-
ure shows only the left-to-right direction of the traffic. &h
two links are being traversed in the opposite direction in
exactly the same way. In the scaled topology there are a
total of 120 groups of flows. An appropriate fixed delay
value is added to the round-trip time of all the packets of
each group, as explained before. For example ghptl be
the group of flows which in the original topology follows
the path:SDG(dc3)-SDG(dc1)-SDG(hpr)-LAX(hpr)-SVL(hpr)-
signal (taken ag33000 miles/sec). The propagation delay forSVL(dc1)-SVL(dc3)n the scaled topology this group traverses
all the links that belong to the same geographic area is taki SVL(hpr)-SVL(dc1pnly, and the fixed delay added to all

as0.1ms. For the rest of the links the propagation delays a@éP1 packets is_, P; + L/C; = 4.127ms, where the sum
shown in Table I. is over all links: along the path of the group in the original

system that are not present in the scaled system. For another
We let each possible source-destination pair in the togologxample, leggrp2 be another group of flows which in the orig-
to correspond to a group of flows. Hence, in total theii@al topology follows the pathSVL(dc3)-SVL(dc1)-SVL(hpr)-
are 600 groups of flows. The input traffic that we impose AX(hpr)-LAX(dc2)-TUS(dcl)n the scaled topologygrp2
forces linksSVL(hpr)-SVL(dc1andLAX(dc2)-LAX(hprfo be  traverses linksSVL(dc1)-SVL(hprignd LAX(hpr)-LAX(dc2)
congested. We are interested in studying the BXL(hpr)- and the fixed delay added to ajirp2 packets is3.213ms.

SVL(dcl) which is traversed in both directions by a totatontinuing this way we can compute the fixed delay for all
of 70 groups of flows §5 per direction of the link). Since the groups of flows.

some of the flows that traverse the congested link of interestUsing DSCALES, we can construct the scaled system shown
I?nk SVL(hpn)-SVL(dclhliso traverse the. other congesteq Iinkh Figure 6. The a’rrows show the direction of the traffic as
link LAX(dc2)-LAX(hpr) the scaled replica should consist otjefore. Looking at Figure 6, lef'l’ be the capacity of link

both links. Otherwise, the scaled topology will not capturg f . .
i VL(dc1)-SVL(hpr)C2' be the capacity of linkLAX(hpr)-
the effect that the congested linkAX(dc2)-LAX(hpr)has LAXEdczg and1(D’pb)e the propagatic?n dglay of both Ii(nlfs?

on the flows that go through it, and performance prediction
will be inaccurate. Flows within each group have exactly the Following the same methodology as in the simple topology
same characteristics as in the simple topology. (For sitiamla Scenario, we can write the following equations fppl and
purposes we assume that the routers can h@bdpackets, and
they use either DropTail or RED with parametensn., =
150, max, = 350 and averaging parameter = 0.00005.)

Fig. 4. The CENIC Backbone.

5This process can be automated. We have tools, available rguprest,
. . that automatically perform most of the required tasks, aedplan to create
Using DSCALEd, we can easily construct the scaled systeimoftware tool that puts everything together.
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Fig. 6. Scaled system with link and flow information (DSCALEs

grp2 respectively:
Y Pi=42=aP,

ZPJ» =34 =ay(P + P,

J

where the sums are over all linksrespectivelyj, along the
path ofgrpl, respectivelygrp2. Continuing this way we can
write down similar equations for the rest of th&8 groups of

flows.

of the link, and hence it suffices to compute it on one directio
only. All the equations together comprise a system of 125
equations and 125 unknownsuf ..., a120, C1, C%, s1, S2,
and P’). We solve the system using= 60 and get:C] =
450Mbps, C2' = 550Mbps, P’ = 4.78ms, and the values of
a1...aq29 (in this scenariav; = 0.88, as = 0.36, and so on).

In general, if we haveV groups of flows that travers&
bottleneck links in total, we can always write a set/®éf+
2K + 1 equations withNV + 2K + 1 unknowns.

D. Two-way traffic

Traffic on bidirectional network links is often asymmetric
[45]. This traffic asymmetry may result from the nature of
the applications. For example, web and ftp applications are
inherently asymmetric; One direction carries small retues
messages and the other direction carries the actual détsdsIn
case, one can assume that the TCP acknowledgements (ACKSs)
for the data will experience negligible queueing delaysisTh
is the case in the simple topology used to introduce the two
methods.

However, there are links where actual data transfer exists
in both directions (two-way traffic). This is the case in the
scenario with the CENIC backbone topology. In such cases,
ACK packets interact with data packets and may experience
significant queueing delays. In addition, in-contrast t@-on
way traffic where the ACKs provide a reliable clock to regelat
traffic and keep the queue length variations modest, in tag-w
traffic the ACKs can become compressed together and hence
loose their clocking properties. In the literature (e.g][462])
this phenomenon is callelCK compression

DSCALEd can be applied in the case of two-way traffic
without any modification. Applying DSCALEs is more in-
volved. In general, the corresponding set of equations ef th
DSCALEs method yield two different scaling factors, one for
each direction. Hence, one would scale the capacity along
one direction with a different factor than that along theenth

of equations:
120

Y ai=45 (9)
i=1

lei(i aiNi;
120
Dim1 Al
I if grp; traverses linkSVL(dc1)-SVL(hpr)
‘10 otherwise

S1 =

)

o Zand,

2= 920 « 7
dlimi Aidi

7 _ 1 if grp; traverses linkLAX(hpr)-LAX(dc2)

‘10 otherwise

C] = 51 - 1Gbps,
C’é = 59 - 1Gbps.

acknowledgments of the same flow differently, and, as atesul
the method would be inaccurate. Note that this is not an issue
when the two-way traffic is “symmetric”, that is, when flows
on both directions of a link arrive with the same rates and
follow the same paths inside the network. In this case, the
capacities of both directions are scaled by the same amount.

V. SIMULATION RESULTS

In this section we use ns-2 [47] to investigate whether our
methods can accurately predict the performance of IP n&swvor
from scaled-down replicas. We work with the simulation
setups shown in Figures 1 and 4.

A word on network traffic properties is in order. It has been
shown that the size distribution of flows on the Internet is
heavy-tailed [7]. Hence, Internet traffic consists of a éarg
fraction of short flows, and a small fraction of long flows
that carry most of the traffic. Also, it has been recently adyu
that since network sessions arrive as a Poisson process [48]

Equations (10)...(13) ensure that the traffic intensity o t [49], [11] 7, network flows ares if they were Poisson [4]. (In

two congested links (from left-to-right) is the same in the

"That network sessions are Poisson is not surprising sincésadh process

Or'gmal and scaled network. .NOt'Ce that because. of .traﬁi@known to result from the superposition of a large numbeindépendent
symmetry, the factos; (i = 1, 2) is the same on both directionsuser processes.



particular, the equilibrium distribution of the number affls say H; and H,, we use the following histogram similarity
in progress isas if flows arrive as a Poisson process.) measure H SM):

We have taken these observations into account and used
in most of our simulations heavy-tail distributed, Poisson HSM =1-C,, (14)
flows. (Of course, while flow arrival times are Poisson, packe §
arrivals are dictated by the TCP dynamics.) We have also ruhere C, = \/g is the Cramer’s V coefficient, ang® =
simulations where flow arrival times are not Poisson, but axe (#1()=H2())* i the well-known chi-square statistic [50].

dictated from real traces. Notice that the Poisson assompti Thie sHulr(r?JirsH(Q)(\;)er all histogram chunks afig(i) (j = 1,2) is

the flow level isnota requirement for DSCALEG, it is only for 4,4 frequency of the events observed in tHechunk. Notice
DSCALEs as shown in the theoretical analysis in Section Mhat 1751/ takes values in0, 1], with 1 indicating that the
Interestingly, the simulation results in Section V-E impihat 9 histograms are identical (in this cagé = 0). The HSM
DSCALEs is reasonably accurate in predicting performance jaiye is given in the caption of each plot of this section.
practice, even when ﬂOW,S are not. Poisson. _ Figure 7(ii) plots the distribution of the queue lengths for
We use the ns-2 built-in routines to generate Sessiofi wo links. Again, the two distributions match. (Notettha

consisting of a single object each. This is what we call a floyg right-most point on the plot gives the probability tHzere
in the simulations. Each flow consists of a Pareto-disteé8ut 5.6 200 or more packets in the queue.)

number of packets, with an average size of 12 packets and a
shape parameter equal to 1.2.

0.045

drigind] system —e—

ofiginal System —e—
scaled system -

00s scaled system

0.035
0.03

A. Simple topology experiments

We begin by using DSCALEd to show that a number of§
performance measures of the original network depicted it
Figure 1 can be predicted by the scaled replica depicted -
in Figure 2. (Recall that the fixed delay factdr equals 0) i
100.416ms.) In particular, we compare the distributionhaf t _ , )
number of active flows, the histogram of the flow transfer ﬁm{ I?S?\}[ :'g?ggg?r?lo?l\flsﬂ"&g‘é'z{igf (s?rrr%l éIt{os[;]c\)fog:y)O -952), and (i) grp3
(flow delays) and the distribution of the queue length in fron
of link R2-R3of the original topology and linkR2'-R3’ of
the scaled topology. The flow arrival rates are the same mwithi Figure 8(i) plots the histogram of the flow transfer times
each group and equal 51 flows/sec. The results do not depéfi@v delays) for the flows ofgrpl, and Figure 8(ii) does
on whether the rates are equal or not, as we have verifiedthg same forgrp3. In both cases, we use delay chunks of
simulations. The average packet queueing delay onR@k 10ms each. It is evident from the plots that the distribution of
R3is 41ms and on linkR1-R22ms. The drop probability on the delays match. The peaks in the delay plot are due to the

link R2-R3is approximately4% and no drops occur on link TCP slow-start mechanism. The left-most peak correspands t
R1-R2 flows which send only one packet and face no congestion, the

portion of the curve between the first and the second peaks

0.025

on of Flows

0.02

0015
I 001
A [ 0,005
2 78

3 4 5 6 3 4 5
Delay(sec) Delay(sec)

Proportion of Flows

0.016

2 . SLaeggsem 2 g wgayien + | corresponds to flows which send only one packet and face
Lo : £ congestion (but no drops), the next peak corresponds to flows
§ o H g which send two packets and face no congestion, and so on.
5 o ! < L, The right-most point of Figure 8(i) represents the proportf

= i S ow flows that belong t@rpl and have a delay of more than 8sec.

£ om / Eg \ The right-most point of Figure 8(ii) represents the projoort
B o w0 w0 & %0 w wm == Of flows that belong tayrp3 and have a delay of more than

0] (ii) 6sec.

Fig. 7. Distribution of (i) the number of active flowg{(SM = 0.967), and We n,OW procegd tO. use DSCALEs. Recall that the scaled
(iiy the queue length on the bottleneck linkf M = 0.962). (DSCALEd, replica is shown in Figure 3, where, = 0.6, a3 = 0.4,
simple topology) C’" = 5Mbps andP’ = 500ms.

A comment on how we sample flows is in order. Because of
the heavy-tailed nature of the traffic, there is a small numbe
"of very large flows that has a large impact on congestion. To
N guarantee that we sample the correct number of these flows
that the two distributions matcH. within each group, we separate flows into large (elephants) a

In add_|t|(_)n to V|_sually comparing _dlstn_butlons and _h's'small (mice) and sample exactly a proportion i — 1,3, of
tograms it is also important to quantify differences using Mem

statistical measure. To this end, to compare two histograms—,,, plots of the distribution of active flows and the dis-
R . o , tribution of the queue lengths are identical between the two
In this scenario the distributions of the number of aciiyrel and grp2

flows also match between the two systems. We do not presepldtesince methods so we don't _ShOW them again. Howev_er’ under _the
they are similar to Figure 7(j). second method, the histogram of flow transfer times requires

Figure 7(i) plots the overall distribution of active flows o
links R2-R3and R2'-R3". It is visually evident from the plot
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! T s : s =] LAX(dc2)-LAX(hpr)and LAX(hpr)-LAX(dc2)are respectively
£ oo E - l 0.15ms, 0.31ms, 0.18ms and0.13ms. Drops occur only on
5 o 5 om SVL(hpr)-SVL(dc1)with a probability2%.

g o 2w ¥ Because of limitations in space we do not present re-
é*of:f ! 5%";’;? M . sults for all the groups of flows. We only present flow
| ] delay histograms forgrpl and grp2 flows, which were
B ‘Delayseq)” | ° ° R * pelayseey © © | defined in Section IV. (recall thatgrpl flows follow

0] (ii) the path:SDG(dc3)-SDG(dc1)-SDG(hpr)-LAX(hpr)-SVL(hpr)-
Fig. 9. Histogram of normalized flow delays of @yp1 (HSM = 0.903), SVL(dc1)-SVL(dc3andgrp2flows follow the pathSVL(dc3)-
and (i) grp3 (H.SM = 0.902) flows. (DSCALEs, simple topology) SVL(dcl1)-SVL(hpr)-LAX(hpr)-LAX(dc2)-TUS(dc1We also

present the packet delay histograms and the distribution
of active flows on linksSVL(hpr)-SVL(dc1) and LAX(dc2)-

some normalization. Figure 9(i) plots the histogram of theAX(hpr) Further, we show that the two methods can predict
normalized flow transfer times (flow delays) for the flows offCK compression by providing the ACK delay histograms in
grpl, and Figure 9(ii) does the same fgrp3. In both cases, both directions of linkKSVL(hpr)-SVL(dc1)Similar results hold
we use delay chunks afoms each, and the normalization ior the rest of the groups of flows and for the queue length
done as follows: (Normalized Flow Delay} a; (Delay due distributions.

to Propagation T|me)|_ s (Tota| Queueing De|ay), Wher@i, We begin by using DSCALEd. The scaled System is shown
1= 173, are the Samp"ng ratios andequa'sg, the ratio of in Figure 5. The fixed delay factor for each of tHe0

the capacities of the congested link in the original andestal9roups present in the scaled system is computed as described
network. Equations (4) and (5) provide the justification foi Section IV. Figures (10).. (13) represent the simulation
the multiplication with thea;’s. A rigorous justification for results when using DSCALEd.

the use ofs is given in Section VI. The intuition behind this

0.025

decision is that if queue sizes are the same in the two system§ ... Wggem | § TR

queueing delay is inversely proportional to the link capaci s °* a s $

(Note that from a practical point of view, it is quite easy to 3 o= f ' 8 ows

separate in simulations the queueing delay from the resteoft 5 ... ‘i ’; 5 o

delay. Hence, it is easy to perform the required normabzali % o i % A

Returning to the figures, it is evident from the plots that theg j g

distribution of the normalized delays match. T oW w0 om0 w0
In summary, both methods are quite accurate: they achieve 0) (if)

HSM values that are at least 0.90. Clearly, it is not possible {@. 10. (i) Distribution of number of active flows oBVL(hpr)-SVL(dc1)
achieveH S M values equal to one, since both scaled systertféSM = 0.944), and (i) Distribution of number of active flows on
ignore the small, yet non-zero, queueing delay of IRK- LAX(dc2)-LAX(hpr(H SM = 0.953). (DSCALEd, CENIC topology)

R2 Notice also that DSCALEd is a bit more accurate than

DSCALEs. The former yieldd/ SM values larger than 0.95

while the later yields values that are at least 0.90. Theoreas  ° TR TEE
for this is that DSCALEs uses sampling. In theory, randomg W g T¥
sampling captures the statistics of an infinite length input - Lo i
accurately. But, in practice, we work with a finite lengthump g o ” § o i
that is, with a finite number of flows. Hence, the statisticsg HA g o m"
of the subset of sampled flows might differ a bit from the& °= iy & (¥
g . - iV CON L
statistics of the set of all flows. Since flow sizes are heavy- o= o oo sorsor . O 07 007 005 0% oo b .
. . . Delay(sec) Delay(sec)
tailed, some flows might be exceptionally large. If some of (i) (ii)

these flows are not samp_leq, their absence can have a smeeﬁleﬂ' Histogram of flow delays of (yrpl (F/SM — 0.852). and (i)

effect on the overall statistics of the sampled flows. Ye thypo (7507 = 0.853) flows. (DSCALEd, CENIC topology)

total number of flows in our experiment is large, and the

performance penalty that we pay due to sampling is quite

small. For a more detailed discussion on the relationshipF™om the plots we can conclude that the scaled system

between traffic sampling and accuracy, see Section VII. produced by DSCALEd can predict the various performance
measures of interest with a high accuracy.

) We now move to the second method for which the scaled
B. CENIC backbone experiments system is shown in Figure 6. Recall from Section IV that
We now present simulation results for the topology show@i; = 450Mbps, C2' = 550Mbps, P’ = 4.78ms, and we
in Figure 4, when using either of the proposed methods (thkeow the values of;’s, (i = 1...120).
corresponding scaled systems are shown in Figures 5 andhe results are shown in Figures (14) (17). The nor-
6). The flow arrival rates are the same within each groupalization of the packet queueing delays is done as follows:
and equal 250 flows/sec. The average queueing delays (blormalized Queueing Delays s; (Queueing Delay), where
the congested linkSVL(dc1)-SVL(hpr)SVL(hpr)-SVL(dcl) s;, ¢ = 1,2, the ratio of the capacities of the congested links in
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Fig. 12. (i) histogram of packet delays on liB/L(hpr)-SVL(dc1§JHSM =  Fig. 16. (i) histogram of normalized packet delays on BWL (hpr)-SVL(dc1)
0.967), and (ii) histogram of packet delays on linkAX(dc2)-LAX(hpr) (HSM = 0.912), and (ii) histogram of normalized packet delays on link
(HSM = 0.963). (DSCALEd, CENIC topology) LAX(dc2)-LAX(hpr\HSM = 0.809). (DSCALEs, CENIC topology)
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Fig. 13. Histogram of ACK delays on (i) forward directiol M = 0.961) Fig. 17. Histogram of normalized ACK delays on (i) forwardredition
and (ii) backward direction f SM = 0.965), of link SVL(hpr)-SVL(dcl) (HSM = 0.898) and (ii) backward direction §SM = 0.833), of link
(DSCALEd, CENIC topology) SVL(hpr)-SVL(dc1)(DSCALEs, CENIC topology)
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the original and scaled network. The plots are similar aerigef less accurate in the CENIC topology scenario than in the

and their explanation is the same. Also, the normalization simple topology scenario. This is expected: CENIC is a very

the flow delays is done in the same manner as before.  large network, and downscaling ignores a large number of
uncongested links. Second, notice that both methods do a bit

0.02

I TR s | 2 Tydgsen =~ | worse when predicting end-to-end delays than when predicti
T oo A e 4 other per-link measures. This is because end-to-end delays
2 oo ¥ ] £ 2 o0 . .
3 om iy 3 depend on all the links along the path, and the small queueing
5 - H 3,‘ 5 b delays due to the uncongested links are not captured in the
TET o i ;E? 4 scaled systems. Last, notice that DSCALEd is again more
g o J \ g Vi accurate than DSCALEs. As in the simple topology scenario,
Tw o m m m m we o= owom o w0 this s due to the inaccuracies introduced by undersampling
(@ (ii) In particular, since the CENIC experiment consists of 600

Fig. 14. (i) Distribution of number of active flows o8VL(hpr)-SVL(dc1) groups of flows and W(_alwant to keep the total number of
(HSM = 0.850), and (i) Distribution of number of active flows on flows reasonable (1.5 million flows), there are only 2500 flows

LAX(dc2)-LAX(hpr(H SM = 0.834). (DSCALESs, CENIC topology) per group, which is not a very large number to take samples
from. The slightly less than 0.8&/.SM values in Figure 15
exemplify this issue.

IBECEEEES ! e
I 5 o ’& C. Two-way asymmetric data traffic
L T o1 |
s °F 'H S w Tﬁ To demonstrate how our methods work in the presence of
o S oos . . .
e I 5 o ‘T* two-way asymmetricdata traffic, we use the setup shown in
1 414: . . . .
2 oo f ;’4,’ . 2 oo 434‘*,&. Figure 1 and we inject another group of flows with a rate equal
. LY WA , | S, to 100 flows/sec. This group, which we callp4, enters aR3
0 001 002 003 004 005 006 007 008 009 0.1 0 001 002 003 004 005 006 007 008 009 01 . . .
83'6131(590) ('iDislawseC) and exits atR1 The corresponding scaled system is the one

shown in Figure 2 with the difference that the new group of

Fig. 15. Histogram of normalized flow delays of G)pl (HSM = 0.741),  flows is present and goes froR3’ to R2".

and (i) grp2 (HSM = 0.779) flows. (DSCALES, CENIC topology) Figure 18 shows that DSCALEd can predict the ACK

delays, which implies that the ACK compression is the same

It is obvious from the plots that the scaled system produceétween the two systems. The method predicts the rest of the

by DSCALESs can accurately predict the various performanperformance metrics of interest with the same high accuracy

measures of interest. We do not present the corresponding plots since they are
Based on the figures of this subsection, we make a couplmilar as before.

of interesting observations. First, the methods are dlight We now move to DSCALEs. Taking = 2.5, we get
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0] (ii) Fig. 20. (i) grp3 distribution of flows S\ = 0.737), and (i) overall
Fig. 18. Histogram of ACK delays on (i) forward directio 6M = 0.961)  distribution of flows {#.SM = 0.929). (DSCALEs, simple topology, large

and (ii) backward direction fSM = 0.966), of link R2-R3and R2-R3.  dueueing delays)
(DSCALEGd, simple topology, two-way asymmetric data traffic

accurate. This is evident visually and from the relatively,|
a1 = 0.9375, a3 = 0.625 anday = 0.9375, wherea; andas  for the simple topology scenarié] SM value. Yet, the method
are the sampling factors fagrpl and grp3 respectively, and can accurately predict “aggregate-based” performanceaagt
ay is the sampling factor fogrp4. According to the method, |ike the overall distribution of active flows and the queue
the propagation delay i$>" = 320ms for both directions |ength distributions. Section VI clearly defines which it
of the link RZ’-R3’, whereas the CapaCity for the forwardare “aggregate_based", and proves the above Statem@]ﬂseFi
direction R2'-R3) is '} = 7.8125Mbps and the capacity 20(ji) shows the overall distribution of active flows on theot

for the backward directionR3'-R2)) is C}, = 9.375Mbps. s?/stems, and it is evident that the method is quite accurate.
Figure 19 demonstrates how DSCALEs predicts the overall

distribution of active flows on the forward and backwar% Real Internet traces

direction of the linkR2-R3 From the figure we observe that ) )
the accuracy of the method is still quite good. However, it We now illustrate how our methods works with real Internet

has been reduced, compared to the accuracy of the metHffiC. We use the setup shown in Figure 1 with = 1Gbps,

for the simple topology experiments presented earlier. A® = 400Mbps, P, = P, = 1ms, and with routers having
mentioned before, this is because the dynamics of data fsackBe Same characteristics as before. In this experimentdhe fl
and acknowledgments of the same flow are being scafva@l times are no longer dictated by a Poisson process
differently, because we scale the capacity on each directigirough the simulator, but instead are extracted from real

of the link R2-R3with a different factor. Internet traces from the Abilene-1 data set [51]. The flowesiz
is Pareto-distributed with the same parameters as before.

g oo et —— | § gl syem —=— As mentioned earlier, the Poisson assumption at the flow
Loom F 5 & level is not a requirement for DSCALEd to work. Figure 21
'§ o008 %\ § s i .‘ shows how the method can accurately predict gnel and
5 o0e : i 5 ows it i grp3 flow delay histograms. The same holds for the rest of
£ Zzzz /. = - /‘ \ the performance measures of interést.
o 0 o 0

0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 500 o1 original system —e— 016 original system —e—
i i 0.09 scaled system - r; scaled system ---a-

1
0] (i)
Fig. 19. Distribution of Active Flows on (i) forward direom (HSM =
0.83) and (ii) backward direction {SM = 0.85), of link R2-R3and R2'-
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D. A closer look at large queueing delays () (ii)

; S At s Adg. 21, Histogram of flow delays of (grpl (HSM = 0.919), and (ii)
Recall that during the derivation of the DSCALEs equatlor_gérp3 (HSM = 0.926) flows. (DSCALEd, simple topology, real trace)

in Section 1V, the assumption was that end-to-end queueing

delays are small in comparison to total end-to-end delays.

To illustrate how DSCALEs works when queueing delays Figure 22 shows how well DSCALEs can predict tpl

are relatively large compared to the end-to-end delays, @edgrp3flow delay histograms. Notice that in these plots there
consider the origina| top0|ogy shown in Figure 1 with th&re small visual differences between the histograms ofdain
only difference that?, = 25ms and the flow arrival rate is7  from the original and scaled system. Also, thesM values
flows/sec (same for all the groups). In this case, the avera®j€ around 0.80, the lowest values obtained in the simple
queueing delay on linkR2-R3(as calculated by the simulator)topology scenario. This is caused by the non-Poisson flow
is 26ms, which is Comparab|e to the end-to-end |atency ofq;rivals. The theoretical analysis in Section VI discusses
arp3 packet. The scaled system is shown in Figure 3, Whéﬂ@ta" Why DSCALEs requires Poisson flow arrivals. It is

— — !/ !
a1 = 0.83, a3 = 0.17, P’ = 150.4ms andC" = 5Mbps. 9Note that we use a different trace for each group of flows. Thim

Figure 20(|) p|0tS thegrp3 distribution of active ﬂows for accordance to the theoretical requirement for indepenitiemtarrivals within
both the original and the scaled system. The method is ngt veifferent group of flows, discussed in Section VI.
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interesting to note though that these simulation resulfg@yim We claim that the relative direction by which the two groups
that, in practice, the accuracy of the method is quite edilio are traversing one link is the same with the relative digercti
deviations from this requirement, since the differenceésben that they traverse the other. If not, it means that while both

the histograms are small. groups left the first link from the same end-point, gay one
group entered the second link froeg and the other frone,.
T e val 1 ToEgEn =] But since both groups follow the path with the minimum cost
£ E to their destination, they follow the minimum sub-path from
s " 5 o ﬁ es to link (es, e4), and they must enter the link from the same
g 0.06 g 0.1 * . 10
g el point "
Q Q 006 Hil
E 0.02 g 004 ka i .
, o - B. Preserving Performance with DSCALEd
(I)'ay‘sec) ('fi‘i'ay(se” Under the assumption that uncongested links do not con-

tribute to the end-to-end queueing delays and do not affect
network and flow dynamics, it is easy to see why the proposed
method would preserve performance if one would add fixed
delays at exactly the point where uncongested network seg-
ments existed in the original network. By adding fixed delays
VI. THEORETICAL SUPPORT to packets, we make sure that the transmission and propagati
In this section we formalize the important results of thidelays remain unaltered between the original and the scaled
paper. First, we show that it is always possible to construggystem. And, by retaining all congested links we make sure
a scaled network from any original network by removinghat end-to-end queueing delays are unaltered.
uncongested links, without violating the following natura However, DSCALEd adds fixed delays at the source of each
constraint: the links of the scaled system must be traverseakcket. This minimizes bookkeeping since one doesn't have t
by the same groups of flows and in the same direction eetain information about where each uncongested link used t
in the original system. Second, we prove that DSCALEDe in the original network. The following lemma establishes
preserves network performance under the assumption thwt adding the fixed delays at the sources does not alter the
uncongested links do not alter the arrival process of th&gtac network dynamics.
that go through them. This result holds for any stationary Lemma 2:If flow arrivals are independent among different
arrival process. Third, we prove that DSCALEs preservegoups and stationary, adding the fixed delays at the sources
aggregate performance metrics under the assumption that filoes not alter the packet arrival processes at the links.
arrivals are Poisson, and per-group performance metridsrun Proof: Consider two scaled systems. In the first, fixed
the additional assumption that end-to-end delays are paidlelays are added at exactly the points where uncongested

Fig. 22. Histogram of flow delays of (Qrpl (HSM = 0.787), and (ii)
grp3 (HSM = 0.824) flows. (DSCALESs, simple topology, real trace)

dictated by propagation delays. network segments existed in the original network. In the
second, fixed delays are added at the sources of the packets.
A. Downscaling Topology We prove that the packet arrival processes at the links sfthe

Recall that the first three steps in the method summarR§Stems are the same.

presented in Section IV are identical. In other words, both "ithout loss of generality, lef, (t) and I5(t) denote the

methods perform the same tasks when removing uncongestijionary flow arrival processes of two groups of floge1

links and reconnecting together the remaning links to fdren t 21d9rP2 respectively, at a congested link. Now, tt denote

downscaled topology. The way by which the methods choolle delay factor added to all the packetsgopl flows and

to attach one link to another and build the scaled topolog\? the delay factor added to all the packetsgsp2 flows,

depends on the direction that groups of flows are traversiag U€ 10 downstream uncongested segments that were removed

links in the original system. In order to preserve perforoean'0M the network. This results in a time-shift of tgpl

one has to make sure that the links of the scaled system @fEVal Process byl;, and of thegrp2 arrival process byl,.

being traversed by the same groups of flows and in the sami8¢€ flows between different groups arrive mdecflendemtdy a

direction as in the original system. But is this always piolssi the arrival processes are stationafs (t), I>(t)) = (L1(t +

For example, consider two links in the original system, saft), l2(t + d2)), that is, the overall arrival process to the link

links (e1,es) and (es,es), and two groups of flows, where r_emains_ the same if the fixgd delays are added prior to the

the first group traverses these links in the directien es), link. This takes care of the first packet of each f!ow.

(es, e4) and the second group in the directign, e3), (e4, e3). What about subsequent packets of a flow? First, note that

It is easy to see that building the scaled system by attachigfworks are discrete-event systems, clocked by trangmsss

these two links together is not possible. Thus, before v@d acknowledgments of packets. Now, consider the first

analyze DSCALEd and DSCALEs, we prove the foIIowin?’aCket of a flow that arrives at the congested link in the

lemma: irst scaled network (where fixed delays are added at exactly
Lemma 1:The construction of the scaled topology is althe point where uncongested network segments existed in the

ways possible, as long as minimum cost routing is used. .
ys p 9 9 10In case there are equal minimum cost paths and routers uske loa

Proof: Without loss of generality, consider again the |i“k§a|ancing, one may need to add a zero-delay link to the sdapology
(e1,e2), (e3,eq) and two groups of flows that traverse themin order to allow traffic to entefes, e4) from both directions.
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original network). The packet will experience an amount afepend on propagation and queueing delays, and since the
gueueing, and then, an amount of transmission and propalgdéter are aggregate-based, the same holds for flow transfer
tion delay, before it reaches its destination. Now, corrside times. In contrast, the distribution of the number of active
lifetime of the same packet in the second network (where fixédws of a particular group (per-group distribution) is clga
delays are added at the sources). This packet experiereesatiyroup-based metric.

same amount of queueing delay, but then, is delivered tlirect Theorem 2:Using DSCALEs, the distributions of

to its destination. This means that the source of the paclejgregate-based metrics, e.g. the queue length distiitsuti
will receive an acknowledgment earlier, compared to thend the overall distribution of active flows, remain uncheshg
first system. But the amount of propagation and transmission Proof: Without loss of generality, look at the linR2-
delays that the packet did not experience after leaving tR8 of the network in Figure 1, and assume that the flows
link in the second system, is accounted in the fixed dela§ all groups belong to a new “supergroup”. As a result of
imposed at the source of the packet. This means that whilerging two Poisson processes with rates and A3, the

the acknowledgment was received earlier, the next paclatival process at the original link is still Poisson withea
arrival (triggered by the acknowledgment) is delayed uh#&l )\ = X; + A3. (Notice thatgrpl flows arrive as a Poisson
acknowledgment is received in the first system as well. ABocess at the linlR2-R3since the first, uncongested link

a result, the second packet arrives at the link of the secothdles not alter the traffic statistics by assumption.) Fuythe
system at the same time as the corresponding packet artiveav@rage propagation delay i13= M

the link of the first system. Continuing inductively, we caes Let's compute these quantities at the "liR2’-R3’ of the

that the packet arrival process at the links of the two systemscaled network in Figure 3. It is a simple property of the

has not been altered. B Poisson process that sampling a proportioaf the points of
We can now state the following theorem whose proaf rateh Poisson process will yield a Poisson process with rate
follows immediately from the discussion above. a. In addition, the independent sampling process does not de-

Theorem 1:If flow arrivals are independent among differ-stroy the i.i.d nature of the flow sizes. Thggpl flows arrive
ent groups, and the arrival process is stationary, DSCALE@ a Poisson process with ratg\; andgrp3 of flows arrive
preserves the network dynamics in distribution. In patéicu as a Poisson process with ratg\s. Hence, the overall arrival
the distribution of metrics like the number of active flowset process is still Poisson with rate; A1 + a3 The average
flow delays, the queue lengths etc. remain unchanged.  propagation delay equafiltossal” — MR FAPs

It is interesting to point out that if the fixed delays are atlde Hence, the average arrival rake the capacityC’s, and the
at exactly the point where uncongested network segmenterage propagation delay, change tos\, sCy and P/s
exist in the orignal network, DSCALEJ preserves the networlespectively. Thus, the linkR2’-R3’ is a slower, by a factor
dynamics as a function of time. of s, replica of the linkR2-R3 and, according to Law 1,
performance metrics such as the distribution of active flows
and the queue length distribution are the same on the two
links. ]

First, we briefly review one main result from [17]. In a Theorem 3:Using DSCALESs, the distributions of group-
network where flows arrive as a Poisson process, do thesed performance metrics, e.g. the per-group distribudfo
following operations to construct a slower replica: (i) gd&n active flows, are altered, unless the end-to-end queuelagsle
each incoming flow independently with probability, (i) are negligible compared to the total end-to-end delays.
reduce link capacities by the same factgrand (iii) increase Proof: Without loss of generality, lets look again at the
propagation delays (and protocol timeouts) by a fadtar. link R2-R3of the network in Figure 1, and concentrate only
Then, the state of the original network at timieis the same on grp3 flows. The average arrival rate of this group at the
in distribution with the state of the slower replica at titfex.  original link equals)s, its propagation delay i, and the
In simple words, the following scaling law holds: link capacity isC>. Now look at the linkR2’-R3’ of the scaled

Law 1: Performance is preserved if the arrival ratethe network in Figure 3. The average arrival rate gp3 flows
capacitieg”, and the propagation delayschange taxA, «C  equalsas)s, the propagation delay equal¥ = C% and the
and P/« respectively. link capacity issCs. Sinces # ag, Law 1 does not apply.

We now state two results for DSCALEs. We distinguish Now lets look at the case where the end-to-end queueing
between performance metrics that depend on the propertiletay is insignificant compared to the end-to-end propagati
of the “supergroup” consisting of all groups of flows goinglelay. In this case, the round-trip time of each packet is
through a link, called aggregate-based metrics, and rsetrdictated by the propagation delay only. Hence, the rouipd-tr
that also depend on the properties of a specific group tirhe of grp3 packets is stretched hys. Since the flow arrival
flows, called group-based metrics. To make the distinctioate and the packet round-trip time are stretched by the same
clear, supposed we have a single link that is traversed factor a3, the link R2’-R3’ is a slower, by a factor ofys,
two groups of flows. If we vary the value of the arrival rateseplica of the original link. Consideringrpl flows only, their
of the two groups such that their sum remains the sanrate changes te; A, and their round-trip time is stretched by
aggregate-based metrics remain unchanged, whereas greup{P’ = Pl%’%). Hence, the linkR2’-R3’ is also a slower
based metric change. The distribution of the number of activeplica of the original link by a factos;. Since the linkR2'-
flows (overall distribution), and the queue length disttibms R3’ comprises a slower replica on a per-group basis, per group
are clearly aggregate-based metrics. The flow transferstimgerformance metrics are preserved. [ ]

C. Preserving Performance with DSCALEs



14

VII. COMPUTATIONAL SAVINGS AND ACCURACY the fraction of flows in the scaled experiment equa%.

In this section, we present results which illustrate thEinally, recall that under DSCALES = ) «;, wherea; is
effectiveness of the proposed methods in reducing the comie sampling factor for each flow-grodpl <i < N. (When
tational requirements of simulations. The metric of instrie @ 9roup is not present in the scaled network due to topolbgica
the time needed to run an experiment. (This time should fRWnscaling, we consider the correspondingo be equal to
be confused with the simulator’s “virtual” time.) 0.) Since originally we havev=3 groups, under DSCALEs a

Clearly, as one reduces the size of the scaled network JH&C'{IOH% of the original flows traverse the scaled network.
the amount of traffic that is fed into it, the simulation time Simulating the simple tandem topology with a total of
also reduces. But, this may occur at the expense of accurat}000 flows takes61min, whereas using DSCALEd with
For this reason, we define a metric to quantify accuracy,= 1 takes31lmin. To obtain more impressive savings, we
and whenever we refer to time-savings we also report tan also scale the system in time by a factorok 1. For
corresponding accuracy. In particular, to quantify accyrge €xample, when we use anof 0.1 the simulation time is only
use the average histogram similarity measure (HSM), whe#emin, but the lower average-HSM value in comparison to
the average is taken over the HSMs obtained from compariflge @ = 1 case indicates that the accuracy of the method is
(i) the overall distribution of active flows in the originahd reduced. The gain we get by using DSCALEs is also notable.
scaled network, (i) the end to end delay histogram of tHeor example, for = 1 the simulation takes only 15 minutes
groups of flows of interest in the two networks, and (jii) th&0 terminate.
packet queueing delay histogram on the congested linkseof th A brief discussion on how to choose a propes in order.
two networks. Different values ofd will result in different values of the

For our experiments we used2&Hz processor witlkGB  sampling factorsq;, for each of theN groups of flows, and
memory (RAM). Notice that in order to facilitate large-sealhence, in a different total number of flows that are present in
simulations, we had to modify the built-in routines of n&l2) the scaled system. In particular, the raffo < 1 equals the
order to allocate memory for the TCP sessions dynamicaly. proportion of the original traffic that is present in the scal
the absence of this modification, ns-2 would staticallycdte system. While picking a smali expedites simulations, too
memory for all sessions at the beginning of the simulatioamall ad would result in very small sampling factors, and
which restricts the total number of sessions that one méys might lead to undersampling and inaccuracies. For this
have per experiment due to memory issues. Note that tig@son, we recommend th% not be made too small. In
modification does not alter the simulation-times, except f@articular, if M < N is the total number of groups that have
removing the time that it takes to load the flow-information isome of their flows present in the scaled system % 0),

the memory at the beginning of the simulation. we recommend tha% > 0.1. For similar reasons, when one
scales a network in time by a factar, we recommend that
| Method | Size | Traffic [ Time(min) [ Avg. HSM | a > 0.1. The connection betweem or § and the accuracy is
DSCEE&“?‘ . 1%2 2}3 gll 0%96 discussed in detail later in the section. (See Figure 24 laad t
o = . .
DSCALEd @ = 0.0 | 12 | 7/15 o7 0.04 accompanying text.)
DSCALEd @ =0.5) | 12 | 1/3 15 0.92
DSCALEd (@ =0.3) | 12 1/5 9 0.87 | Method | Size | Traffic | Time(min) | Avg. HSM |
DSCALEd @ =0.2) | 12 2/15 5 0.84 Original 1 1 1725 1
DSCALEd @ =0.1) | 1/2 | 1/15 3 0.81 DSCALEd @ =1) | 2/41| 15 40 0.92
DSCALEs¢=1 [ 112 [ 1/3 15 0.91 DSCALEd (@ = 0.5) | 2/41 | 1/10 16 0.83
DSCALEs ¢=06) | 122 | 1/5 8 0.87 DSCALEd (@ = 0.1) | 2/41 | 1/50 5 0.79
DSCALEs ¢ =04) | 172 | 2/15 6 0.82 DSCALEs ¢ = 60) | 2/41 | 1/10 15 0.82
DSCALEs ¢ =03) | 1/2 | 1/10 4 0.81 DSCALEs ¢ = 30) | 2/41 | 1720 11 0.80
DSCALEs ¢ =0.2) | 12 | 1/15 3.5 0.78
TABLE Il

TABLE Il
SIMULATION TIME FOR THE SIMPLE TOPOLOGY.

SIMULATION TIME FOR THE CENICTOPOLOGY.

Table Il shows how effective our methods are when applied-rabIe Il shows the effectiveness of our methods when

to the simple tandem topology shown in Figure 1. The sizaéJp“ed to the more complex t_opol_ogy shqwn in Figure 4.
E;he total number of flows used in this experiment {0000

column indicates the fraction of the links of the origina lonai 600 diff ™ ding stal

network that are part of the scaled one. Since we retain 0 glonging to h '_ere_”t groups. q € corres]Pohn g "’Rel

of the two original links, the size of the scaled network iff haSystems are shown in Figures 5 an 6. Out of the 600, Initia
groups of flows, 120 are present in the scaled experiments.

the original size. The traffic column indicates the fractimn h h - h tic th h led
flows of the original network that traverse the scaled nekwor VOt€ that wheno = 1, the traffic that traverses the scale

i th - . )
Recall that only two out of the initial three groups of flows ar"SWOrk is 1/577 of the original traffic, since only 120 out
present in the scaled experiment. Further, recall thatalisg ©' (e initial 600 groups of flows are present in the scaled
in time [1], [17] is used in conjunction with DSCALEd, each®XPeriment.

flow is sampled with probabilityr. Hence, under DSCALEd, The gain we get by using either of the methods is quite
remarkable, close to two orders of magnitude, while the

11The patch can be found at http://www-scf.usc.edpapadop!/. accuracy of the method is quite good.
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It is worth pinpointing the cause of these significant compurumber of flows, which is also somewhat expected.
tational gains, and investigate the trade-off between @t What is of more interest is how accuracy is affected by
time and simulation accuracy. There are two reasons why waffic sampling. While it is reasonable for the accuracy to
save time with our methods: (i) topological downscalingtth decrease as the fraction of ignored traffic increases, theqe
is, the act of removing uncongested links and nodes, and (ilationship between them is hard to predict. In esseneg, th
traffic sampling, that is, the act of considering as inpuyyanl issue relates to (i) how close to the actual distribution the
fraction of the original flows. observed histograms are, which is a matter of convergence,
Let us first concentrate on topological downscaling. Recalhd (ii) how representative of the initial traffic the santple
that uncongested links have small but non-zero delays. ¢Jengaffic is, which is a matter of undersampling.
the more uncongested links one ignores, the less accuratEor the observed histograms to converge to the correspond-
performance prediction is, for example, with respect toethé ing distributions, enough events (e.g. packet arrivalgukh
to end delay. Because of this, the average HSM of DSCALEtcur. Further, for the sampled traffic to accurately regmes
for o=1, 0.5 and 0.1 is higher in Table I, which correspondse original traffic, the right proportion of short and longvfis
to a scenario where only one out of two links is ignored, thashould exist on the sample, a task that can be tricky whes size
in Table 1lI, which corresponds to a scenario where 39 out afe heavy-tailed. Interestingly enough, in our scenar@$s bf
41 links are ignored. Interestingly enough, our methods attee original flows & = 0.1) is enough to achieve reasonably
very accurate even in the later scenario. accurate performance prediction, where in the simple sgena
A comparison of these tables also reveals that the largee started with hundreds of thousands of flows belonging to
the number of links one ignores, the larger the time savingshandful of groups, and in the CENIC scenario we started
are, as expected. For example, simulations that use DSCALith millions of flows belonging to hundreds of groups.
with o=1 and 0.1 run 2 and 20 times faster than the original Figure 24 shows how accuracy, measured by the average
simulation in case of the scenario of Table I, and 43 andSM, changes as a function of the intensity of traffic sangplin
345 times faster in case of the scenario of Table Ill. Tha the simple topology scenario. As it is evident from thetplo
large gains associated with topological downscaling lesls for o < 0.1 and% < 0.1 the average HSM starts dropping
to the following question: In what way does the time needdgst, whereas for larger values afandd it is quite high.
to run an experiment depend on the number of links/nodes

that comprise a network topology? To answer this question w: 100 109
use the experimental topology shown in Figure 23(i). Fot tha % // % .
when we haver nodes and — 1 identical links, while varying 80 80 ﬁ
n from 1 to 25. The total number of flows for this experiment

topology we measure the time needed to run an experimel
is 100000 and they have the same characteristics as beforeg 70/ 0

curacy % (Avg. HSM)
Accuracy % (Avg. HSM)

Figure 23(ii) shows that the time needed to run the experimer 0

. . . . . . 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
increases with the number of links, with the increase being, o o2

between linear and exponential. Hence, computationahgavi () (ii)

are expected to increase dramatically as the size of theonletwrFig. 24.  Accuracy of the methods as a function of traffic samgpk(i)
under study increases. We believe this to be the case RRCALEd (i) DSCALEs. (Simple topology experiments)
any event-driven simulator, not just ns-2, since the number
of events that a simulator needs to schedule increasedyapid Finally, we address one unanswered question related to
as the length of the paths grows. DSCALEd: What is the complexity of adding a fixed delay
to each packet? The reported simulation times imply that
it is insignificant, but one might argue that as the size of
7 the network increases this might be an issue. In particular,
s o W @ / while it is very easy for a simulator to add a fixed delay to
—— i e the round trip time of each packet, classifying each packet
e in order to add the proper delay might be computationally
j | expensive if a very large number of source/destinationspair
0 N“?ffj”“"“ ~ exist. However, hashing techniques can be used very effigien
for this purpose. In a network of hosts there are at most
O(n?) pairs, and for any meaningful valuesrothe associated
complexity is trivial. For example, from an IP backbone goin
of view, the hosts mentioned above correspond to Points of
Now, let us take a closer look at traffic sampling. Goingresence (POPs), andis quite small. Indeed, according to

of ignored, non-sampled traffic increases, the time sawitgys

increase. This comes as no surprise, since as the number of
flows decreases, the number of simulator events decreasks, a

the simulator terminates faster. From the tables it is extide We proposed two methods, DSCALEd and DSCALEs,
that the simulation time depends approximately linearlytan to scale down an arbitrary network topology that is shared

SMb SMb

Time (min)

Fig. 23. (i) Experimental topology, and (ii) simulation &nvs. number of
links on the experimental topology.

VIII. CONCLUSION AND FUTURE DIRECTIONS



by TCP flows and controlled by various AQM schemes|7]
DSCALEd is applicable to any scenario. DSCALEs has some
limitations: it cannot accurately predict some group-blase

metrics when queueing delays are large in comparison to thg

total end-to-end delays.

Both methods preserve the performance of the origin

system. Hence, they can be used to study large networks via

small replicas. We show this via extensive simulations and

theoretical arguments. We also show that simulating acr&pli[10

can be up to two orders of magnitude faster than simulating
the original network. The computational gains might be even

more pronounced for larger topologies than the ones that

study.

115

In the near future we plan to create a software tool this]
takes as input the original topology and traffic and produces

a user-configurable downscaled network configuration.

[14]

There are some interesting yet challenging extensions to
this work. This paper shows that downscaling the Internﬁg]

while maintaining performance characteristics is possiltl

studies, via simulations, the interplay between the amoifint[1i6]
downscaling and the accuracy loss that might occur. Whdt is o

great interest is to study this tradeoff using rigorous yiz!

tools. For example, it would be useful to analytically quignt

[17]

the relationship between, the factor by which one samples
flows, and the accuracy of performance prediction in prabtic[lg]
situations where the total number of flows is a large yet finite

number. Similarly, it would be helpful to analytically quéwp

[19]

the relationship between the number of uncongested Iinlég
that are ignored by topological downscaling and the ackievi&”

accuracy.

As a final note, topological downscaling is based on tt2i]
assumption that uncongested links do not alter packet dynam
ics. A number of works have been cited that support this claim

experimentally in a variety of scenarios. Our simulatiosutes

[22]

indirectly validate this assumption for the case of Int&arn?23
TCP traffic, and our theoretical results support the assiompt ]
under a simplified view of uncongested links, according to

which their effect is a fixed delay to each packet. Wh
is of great interest is to theoretically verify this assuimpt

Pa)

when queueing dynamics of uncongested links are taken into
account. While this has been done for the case of opgps)
loop networks [24], no such analysis exists for close-loop

systems that resemble the Internet. We believe this to be a

very interesting future-work direction.

REFERENCES

[1] K. Psounis, R. Pan, B. Prabhakar, and D. Wischik,

“Thelisga

[26]
[27]

(28]

hypothesis: Simplifying the prediction of network perfante using [29]

scaled-down simulations,” iProceedings of ACM HOTNETS8002.
[2] Y. Liu, F. L. Presti, V. Misra, and D. Towsley Y. Gu,

“Fluid

models and solutions for large-scale IP networks,” Pimceedings of [30]

ACM/SIGMETRICSJune 2003.

[3] C. Barakat, P. Thiran, G. lannaccone, C. Diot, and P. Gansdd, “A

flow-based model for internet backbone traffic,limernet Measurement

Workshop 2002.

S. Ben Fredj, T. Bonalds, A. Prutiere, G. Gegnie, and Jbdrs,

“Statistical bandwidth sharing: a study of congestion atvflevel,” in

Proceedings of SIGCOMM2001.

D. Wischik, “The output of a switch, or, effective bandiths for

networks,” Queueing Systemsol. 32, 1999.

[6] J. Padhye, V. Firoiu, D. Towsley, and J. Kurose, “ModgliTCP
throughput: A simple model and its empirical validationEEE/ACM
Transactions on Networkingl998.

(4

(5]

(31]

[32]

(33]

[34]

16

W. Willinger, M. S. Tagqu, R. Sherman, and D. V. Wilson, €8
similarity through high-variability: Statistical analgsof ethernet lan
traffic at the source level,”IEEE/ACM Transactions on Networking
vol. 5, no. 1, pp. 71-86, 1997.

C. Fraleigh, S. Moon, B. Lyles, C. Cotton, M. Khan, D. MdR. Rockell,
T. Seely, and C. Diot, “Packet-level traffic measuremeramfthe sprint
IP backbone,” inlEEE Network 2003.

K. Papagianaki, S. Moon, C. Fraleigh, P. Thiran, F. Topbagd C.Diot,
“Analysis of measured single-hop delay from an operatidratkbone
network,” in Proceedings of IEEE INFOCOM002.

] J. Liuand M. Crovella, “Using loss pairs to discoverwetk properties,”

in ACM SIGCOMM Internet Measurement Worksh@p01.

V. Paxson and S. Floyd, “Wide area ftraffic: the failure Rdisson
modeling,” IEEE/ACM Transactions on Networkingol. 3, no. 3, pp.
226-244, 1995.

J. C. Mogul, “Observing TCP dynamics in real networks,in
Proceedings of ACM SIGCOMMugust 1992.

J. S. Ahn and P. B. Danzig, “Speedup and accuracy velisugg
granularity,” IEEE/ACM Transactions On Networkingol. 4, no. 5,
Oct. 1996.

D. Nicol and P. Heidelberger, “Parallel execution ferial simulators,”
ACM Transactions On Modeling and Computer Simulatiora. 6, no.

3, July 1996.

A. Yan and W. B. Gong, “Fluid simulation for high speedtwerks,”
IEEE Transactions On Information Thegrjune 1999.

B. Liu, D.R. Figueiredo, Y. Guo, J. Kurose, and D. Towsle“A
study of networks simulation efficiency: fluid simulation yp&cket-level
simulation,” in Proceedings of IEEE INFOCOMO001.

R. Pan, B. Prabhakar, K. Psounis, and D. Wischik, “Strih method
for scalable performance prediction and efficient netwadrkusation,”

in Proceedings of IEEE INFOCOM2003.

R. Pan, B. Prabhakar, K. Psounis, and D. Wischik, “Shrianabling
scaleable performance prediction and efficient simulatibnetworks,”
IEEE/ACM Transaction on Networkingo appear.

K. Papagiannaki,Provisioning IP Backbone Networks Based on Mea-
surements Ph.D. thesis, University College London, March 2003.

C. Fraleigh, Provisioning Internet Backbone Networks to Support
Latency Sensitive Application$h.D. thesis, Stanford University, June
2002.

C. Fraleigh, F. Tobagi, and C. Diot, “Provisioning IPckhone networks
to support latency sensitive traffic,” Proceedings of IEEE INFOCOM
2003.

D. Y. Eun and N. B. Shroff, “Simplification of network ayais in
large-bandwidth systems,” iRroceedings of IEEE INFOCOM2003.

D. Y. Eun and N. B. Shroff, “Analyzing a two-stage queugisystem
with many Point Process arrivals at upstream queQegueing Systems
vol. 48, September 2004.

D. Y. Eun and N. B. Shroff, “Network decomposition: Thgoand
practice,” |EEE/ACM Transactions On Networkinglune 2005 (to
appear).

D. Y. Eun and N. B. Shroff, “Network Decomposition in theany
sources regime,’Advances in Applied Probabilitwol. 36, September
2004.

“Intermapper web server,”
engi neering. cenic. org.

R. Pan, B. Prabhakar, K. Psounis, and M. Sharma, “A stoidyhe
applicability of a scaling hypothesis,” iRroceedings of ASCQ002.
V. Misra, W. Gong, and D. Towsley, “A fluid-based anafysif a network
of AQM routers supporting TCP flows with an application to RED
Proceedings of SIGCOMM2000.

C.V. Hollot, V. Misra, D. Towlsey, and W. Gong, “On desigg
improved controllers for AQM routers supporting TCP flow,” n i
Proceedings of INFOCOM2001.

C.V. Hollot, V. Misra, D. Towlsey, and W. Gong, “A conir¢heoretic
analysis of RED,” inProceedings of INFOCOM2001.

P. Tinnakornsrisuphap and A. Makowski, “Limit behaviof ecn/red
gateways under a large number of tcp flows,” Mroceedings of
INFOCOM, 2003.

V. Krishnamurthy, J. Sun, M. Fabloutsos, and S. Taur&arhpling
internet topologies: How small can we go?,” iAroceedings of
International Conference on Internet Computirp03.

T. Bu and D. Towsley, “On distinguishing between in&trpower law
topology generators,” ifProceedings of IEEE INFOCOM2002.

M. Faloutsos, P. Faloutsos, and C. Faloutsos, “On pdswerrelation-
ships of the internet topology,” ifProceedings of ACM SIGCOMM
1999.

https://intermapper.



[35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
(48]

[49]

[50]

[51]

[52]

S. Bohacek, J. Hespanha, J. Lee, and K. Obraczka, “Aithyystems
modeling framework for fast and accurate simulation of daamuni-
cation networks,” inProceedings of SIGMETRICSune 2003.

W. Wei, B. Wang, D. Towsley, and J. Kurose, “Model-baseén-
tification of dominant congested links,” IACM SIGCOMM Internet
Measurement Conferenc2003.

A. Akella, S. Seshan, and A. Shaikh, “An empirical ewdlan of
wide-area internet bottlenecks,” iRroceedings of ACM SIGCOMM
conference on Internet measureme203.

G. de Veciana, G. Kesidis, and J. Walrand, “Resourceagament in
wide-area ATM networks using effective bandwidths,” IBE J. on
Selected Areas in Comm., vol. 13, no. 6, pp. 1081-188@. 1995.

A. Fei, G. Pei, R. Liu, and L. Zhang, “Measurements oragiéind hop-
count of the internet,” iINEEE GLOBECOM- Internet Mini-Conference
1998.

F. Begtasevic and P. V. Mieghem, “Measurements of thecbont in
the internet,” inProceedings of Passive and Active Measurement (PAM)
2001.

Y. Zhang, M. Roughan, N. Duffield, and A. Greenberg, ‘tFascurate
computation of large-scale IP matrices from link loads, Pimceedings
of the ACM SIGMETRICS Conferen@003.

N. Hu, L. Li, Z. M. Mao, P. Steenkiste, and J. Wang, “Ldogt
internet bottlenecks: Algorithms, measurements and gafitins,” in
Proceedings of ACM SIGCOMMO004.

W. Fang and L. Peterson, “Inter-as traffic patterns dralrtimplica-
tions,” in Proceedings of the 4th Global Internet Symposilracember
1999.

C. Fraleigh, C. Diot, B. Lyles, S. Moon, P. Owezarski, Bapagiannaki,
and F. Tobagi, “Design and deployment of a passive mongorin
infrastructure,” inProceedings of the Workshop on Passive and Active
Measurements, PAMApril 2001.

V. Paxson, “End-to-end routing behavior in the intéatfhed EEE/ACM
Transactions On Networkingrol. 5, no. 5, October 1997.

L. Zhang, S. Shenker, , and D.D. Clark, “Observationsttem dynamis
of a congestion control algorithm: The effects of two-waafftc,” in
Proceedings of ACM SIGCOMMseptember 1991.

“Network simulator,”ht t p: / / www. i si . edu/ nsnani ns.

A. Feldmann, A. C. Gilbert, and W. Willinger, “Data neivks as
cascades: Investigating the multifractal nature of irgenvan traffic,”
in Proceedings of ACM SIGCOMM. 998.

C. J. Nuzman, |. Saniee, W. Sweldens, and A. Weiss, “A pound
model for tcp connection arrivals,” iRroceedings of ITC Seminar on
IP Traffic Modeling Monterey, 2000.

W. H Press, S. A. Teukolsky, W. T. Vetterling, and B. Parktiery,
Numerical Recipes in C: The Art of Scientific Computir@ambridge
University Press, 1992.

“Passive measurement and analysief't p: // pma. nl anr. net/
Speci al .

“Rocketfuel:  An ISP topology mapping engine,”htt p:
/I ww. cs. washi ngt on. edu/ r esear ch/ net wor ki ng/
rocketfuel /interactive.

17



