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Abstra
t�The ever in
reasing 
omplexity of networksdramati
ally in
reases the 
hallenges fa
ed by servi
eproviders to analyze network behavior and (re)provisionresour
es to support multiple 
omplex distributed appli
a-tions. Robust and a

urate simulation tools are pivotal tothis 
ause. The 
urrent state of the art in network modelingand simulation tools, namely, pa
ket-based dis
rete eventsimulations and �uid models, are limited in that theyare either appli
able only to parti
ular phases of thenetwork's dynami
s or do not s
ale well to 
apture thebehavior of immense or 
omplex networks. The re
entlyproposed hybrid system model for data 
ommuni
ationnetworks shows promise in addressing these 
hallenges.Based on the hybrid system modeling paradigm, this paperprovides novel 
ontributions to TCP network modelingand analysis/simulation of large s
ale networks. The salientdistinguishing features of our approa
h in
lude a new �nitestate ma
hine model for a drop-tail queue, a new model forfast re
overy/fast retransmit mode, a revised sending ratemodel, and an embedded time-out mode transition me
h-anism all of whi
h employ a time-stepped solution methodto solve the hybrid system network models. Our simulationresults are 
onsistent with well-known simulators, su
h asns-2.Index Terms�Data Communi
ation Network, NetworkSimulation, TCP Traf�
 Modeling, Fluid Modeling, HybridSystems. I. INTRODUCTIONCOMMUNICATION servi
e providers use a varietyof tools in
luding visualization, analysis and sim-ulations to tra
k the performan
e of their networks and(re)provision existing and new appli
ations. For example,the Network Simulator ns-2 [2℄ is the most widelyused pa
ket-based simulation tool to understand networkbehavior. Simulators like ns-2 are based on dis
reteevent simulation of per-pa
ket behavior in the network.Although these simulators provide a

urate analysis ofnetwork behavior, they have a number of short
omingswhen applied to the networks of today and the future.It is dif�
ult to study heterogeneous and multilayerednetworks where they are made up of several layers

starting with the physi
al layer on whi
h are overlaiddata link layers like ATM and MPLS followed by theinternet proto
ols like TCP and IP. Existing te
hniquesto analyze network behavior are typi
ally restri
ted toindividual layers. For example, simulators like ns-2 areparti
ularly useful to analyze IP traf�
. Thus, it is tediousand in many 
ases infeasible, with existing te
hniques,to determine the effe
t of disruptions at one layer onother layers of the network.Another 
hallenge in
ludes networks of networkswhere the ever expanding size of the internet has givenrise to a large 
olle
tion of inter
onne
ted but indepen-dently administered networks that in
lude both publi
and private networks. Analyzing the behavior of thesenetworks requires a

urately modeling the stru
ture,poli
ies and behavior of the networks while also s
alingto the large size of the networks. Current state of the artin network analysis do not provide these 
apabilities.As the s
ale of the network in
reases it be
omes
omputationally infeasible to use sequential pa
ket-based dis
rete event simulators to analyze the networks.Moreover, the storage requirements for the tra
e datagenerated by these simulations be
ome 
umbersome tomanage and mine.Addressing the 
hallenges outlined above requires anew approa
h to analyzing network behavior where the
omputational requirements must be kept manageable.Hybrid system models 
ombine the strengths of 
on-tinuous and dis
rete models. A system is modeled asa dis
rete event system at a 
oarse granularity wherea dis
rete state transition o

urs when 
ertain guard
onditions are met. Within ea
h state, however, a systemis modeled to evolve a

ording to some 
ontinuousdynami
s.II. SURVEY OF WORK ON NETWORK MODELING &SIMULATIONSimulation of data 
ommuni
ation networks is in-strumental to study the dynami
s of the network undervarious 
onditions. Simulation studies are important and
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ommuni
ation proto
ol, and iv) testing networkreadiness to support a new servi
e. Network modelingand simulation paradigms 
an be 
ategorized into threemainstream approa
hes: pa
ket-level models, �ow-levelmodels, and hybrid models.Pa
ket-level simulation has been the most widely a
-
epted and used simulation methodology by the networksimulation 
ommunity. Pa
ket-level simulators are basedon event-logi
 driven simulation paradigm. For example,ns-2 [2℄, SSFNet [3℄ and JSim-INET [4℄, [5℄ fall intothis 
ategory. Pa
ket-level simulators keep tra
k of allthe individual pa
kets in the network. Therefore, theyoffer highly a

urate and detailed results; however, the
omputational 
omplexity in
reases rapidly as the sizeof a network be
omes large.During the past de
ade �uid-level simulations havebeen studied extensively and 
ontinue to be resear
heda
tively. In the framework of a �uid models, a 
hunkof pa
kets is modeled as a single 
ontinuous artifa
t,namely, a �uid. The dynami
s of the network is then rep-resented by a system of ordinary differential equations,whi
h des
ribe �uid rate 
hanges inside the network.Most of the resear
h efforts in this area [9℄, [6℄, [7℄,[8℄ have fo
used on modeling TCP proto
ols [10℄. Inthis framework, the arrival and the loss of pa
ketsare often modeled as sto
hasti
 pro
esses [8℄, [6℄. Thetraf�
 sour
e and queue dynami
s 
onstitute a system ofequations whi
h governs the TCP 
ontrolled data transferover an IP network.Re
ently, hybridization of the pa
ket and the �owmodeling approa
hes have been studied. Guo et. al. pro-posed the Time-stepped Hybrid Simulation (TSHS) [11℄method to deal with the s
alability issue fa
ed by tra-ditional pa
ket-level dis
rete-event simulation methods.TSHS 
onsiders a 
hunk, grouped from the pa
kets thatare in the same time-step, as a unit entity. The pa
ketsin a 
hunk are assumed to be evenly spa
ed within thetime-step. In order to identify any event, every nodein the network is 
he
ked at every time-step. TSHS is
apable of offering �exible 
hoi
e in simulation �delitybased on the simulation abstra
tion level. With a slightlydifferent obje
tive, Gu et. al. studied the integration of a�uid model with a pa
ket-level simulation to maintainboth the performan
e advantage as well as providingdetails for sele
ted pa
ket traf�
 [12℄. They proposedmodels that 
an a

ount for the intera
tion between �ow-based ba
kground TCP traf�
 and foreground pa
ket-based traf�
 �ows. Another approa
h 
alled Time-DrivenFluid Simulation (TDFS) [13℄ models traf�
 nodes in anetwork as �uid servers whi
h pro
ess workload 
on-

tinuously. In TDFS models, traf�
 sour
es may employeither 
ontinuous or dis
rete event models. Using TDFSframework, Yan et. al. studied a single 
lass of traf�
.They also proved that the dis
retization error does notdepend on the network size but is determined by thelength of the dis
retization interval used. TDFS 
analso be easily parallelized to improve 
omputationalperforman
e. All the above mentioned hybrid approa
hesshow promising avenues for network simulation but havenot yet been used as an alternative to ns-2.A newly proposed hybrid system modeling [14℄,whi
h is different from the aforementioned hybridizationapproa
hes, des
ribes 
ontinuous dynami
 behavior of anetwork within an organized �nite state ma
hine (FSM)formalism. Boha
ek et. al. proposed su
h a frameworkfor data 
ommuni
ation networks and studied various
ommuni
ation proto
ols using hybrid systems [15℄.Boha
ek et. al.'s work forms the groundwork for whatwe are reporting in this paper.III. HYBRID SYSTEMS MODELING OF TCPNETWORKSThe hybrid system modeling approa
h for data 
om-muni
ation network simulation is motivated by the draw-ba
ks of the dis
rete-event driven pa
ket level simula-tions and the �ow-level simulations. Though the pa
ketlevel simulators provide the most detailed network sim-ulation, they often suffer from s
alability issues. It isalso dif�
ult to analyze network performan
e relatedto network parameters, su
h as a 
ertain 
ombinationsof link bandwidth in neighboring nodes and impa
t ofqueuing poli
ies et
. The �ow-level simulation models,on the other hand, statisti
ally average quantities forbetter 
omputational performan
e and are 
apable ofproviding information on network parameters and net-work performan
e relationship. However, the networkdynami
s for its entire duration is dif�
ult to modelnaturally in the �uid modeling framework be
ause dis-
rete phase 
hanges may be 
aused instantaneously byexternal events, su
h as a pa
ket drop.The hybrid system modeling approa
h [14℄ proposedby Boha
ek et. al. effe
tively redu
es the 
omplexity ofnetwork simulations by using �ow-level models in ea
hstate of the FSM des
ription. Logi
 based events triggertransitions between states to 
apture the dis
rete natureof queue dynami
s.In this se
tion, we des
ribe the details of a hybridsystem TCP network model we have developed. First, amathemati
al model of network is presented. For a TCPnetwork model, we fo
us on TCP New-Reno sour
e,drop-tail queuing poli
y, and their intera
tions under
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ek et.al.'s work will be highlighted. Our solution methoddiffers from Boha
ek et. al.'s in that we use the time-stepped solution method to solve the 
onstru
ted hybridsystem. This approa
h resembles the solution te
hniquesused in TSHS [11℄.A. Mathemati
al Model of a NetworkMathemati
ally a network is a dire
ted graph withpositive real numbers assigned to ea
h edge. Thus a
ommuni
ation network is a graph (N ,L) where a set ofverti
es N denotes nodes and a set of edges L denotesa 
olle
tion of links 
onne
ting two nodes. For instan
e,two nodes u ∈ N and v ∈ N are 
onne
ted by a link
l = lu,v ∈ L. Three real positive numbers are assigned toea
h link l ∈ L, these are: bandwidth (link-rate), propa-gation delay, and maximum queue size. Let Bl, τ l, and
ql
max denote the bandwidth, the propagation delay, andthe maximum queue size of a link l, respe
tively. Thesethree parameters 
hara
terize ea
h link in a network.Before we dis
uss the relationships and the 
onstraintsimposed by these parameters, we �rst de�ne what wemean by a �ow.Let F represent a set of �ows. Ea
h �ow f ∈ F isasso
iated with a sour
e node us ∈ N and a destinationnode ud ∈ N where f �ows from us to ud. We assumethat �ow f is generated and enters node us with anin
oming rate af at a pres
ribed time t = t0f . On
e thenetwork is loaded with data �ows, all or part of the linksbe
ome path ways for data �ows. A �ow f on a link l
an be quanti�ed by a link-in-rate (a sending rate), sl

f ,and a link-out-rate (an arrival rate), al
f . Boha
ek et. al.named sl

f as l-link/f-�ow transmission rate and al
f asl-link/f-�ow arrival rate [14℄.Note that we assume the sour
e and the destinationnodes are un
hanged over time for a given �ow f .However, intermediate nodes, that �ow f passes through,may dynami
ally 
hange in time but at a mu
h slowers
ale 
ompared to the data transmission rates. Hen
enetwork dynami
s 
an be well de�ned on top of any�ow path 
hanges within network.As dis
ussed earlier our network model is 
hara
-terized by the three parameters assigned on a link l.Bandwidth Bl imposes an upper bound on �ow sendingrate as follows:

∑

f∈F

sl
f ≤ Bl, ∀ l ∈ L . (1)Here sl

f = sl
f (t) is a dynami
ally evolving quantity.A queue is a temporary storage for �ows/pa
kets andis utilized if the bandwidth of the out-bound link-rate is

not enough to pro
ess the �ow-rate from the in-boundlink. Note that, in our model, a queue is asso
iated with alink l ∈ L. ql
f denotes the size of the �ow f in the queueof a link l. Therefore, given the maximum 
apa
ity ofthe queue ql
max of the link l, the following inequalityshould hold for all times.
∑

f∈F

ql
f ≤ ql

max, ∀ l ∈ L . (2)Here ql
f is also a fun
tion of time, i.e., ql

f = ql
f (t).In general the transmission delay is 
omposed of linkpropagation delay, pro
essing delay, and queuing delay.Asso
iated with ea
h link l, we only 
onsider a �xedpropagation delay τ l and a queuing delay ql/Bl where

ql =
∑

f∈F ql
f . For the sake of simpli
ity, we assumethe pro
essing delay is minimal 
ompared to the othertwo terms.Round-trip-time (RTT) is a measure of the 
urrentdelay on a network or time elapsed to re
eive an a
-knowledgment pa
ket (ACK) from the destination node.To 
ompute RTT for a �ow f , RTTf , the queuing delayand the propagation delay of the original data pa
ketplus the propagation delay of the ACK is 
onsidered. Inother words, we ignore the queuing delay of the ACKfrom the destination node to the sour
e node. If Lf isan ordered set of links that �ow f takes on its way tothe destination, RTTf be
omes
RTTf =

∑

f∈Lf

(2τ l +
ql

Bl
) . (3)Here RTTf and ql are fun
tions of the time variable

t and the 
oef�
ient 2 in front of τ l a

ounts forpropagation delay of the original pa
ket and the ACK.We note that RTTf (t) is the estimation of RTT at 
ertaintime t. In a real system a pa
ket sent at time t mayexperien
e queuing delay different from ql(t)/Bl at thelink l sin
e the pa
ket will exit link l at a 
ertain timepast t.TCP proto
ol [10℄ ensures fair management of net-work resour
es. Modeling TCP proto
ols has been our�rst goal sin
e not only is a signi�
ant portion ofinternet traf�
 
ontrolled by the TCP proto
ol but also itpotentially possesses ri
h dynami
s due to the 
on
eptof varying the sending rate in response to the network
onditions. In the following subse
tion we fo
us on TCP-New Reno poli
y, other TPC variants 
an be modeledin similar manner with minor 
hanges in some of themodes.B. Sour
e Dynami
sIn the following subse
tion, we revisit Boha
ek et.al.'s hybrid TCP sour
e model [14℄. A new model for
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ed along with a more a

uratesending rate formula. Transition to time-out mode isnaturally embedded without further modeling effort. Westart with the 
ontinuous time (CT) domain model ofslow-start mode. Note that our primary unknown in CTdomain of sour
e dynami
s is the 
ongestion windowsize. The sending rate is a derived quantity from the
ongestion window size variable.1) Slow-Start:The 
ongestion window size wf of a given �ow f ∈ F isgoverned by the following ordinary differential equation:
w′

f (t) =
log mss

RTTf (t)
wf (t) , (4)where ′ denotes the time derivative d/dt, mss is a mul-tipli
ative 
onstant su
h that wf is being multiplied by

mss every RTT, and RTTf is 
omputed from Eqn. (3).
wf is initialized to 1 whenever the sour
e enters slow-start mode. Hen
e, in slow-start CT domain we solvethe initial value ODE problem. Derivation of Eqn. (4) isgiven in the Appendix se
tion.In TCP �ow 
ontrol wf is used to limit the numberof pa
kets to be sent out from the sender. Be
ause thesender is able to send more pa
kets only when the ACKsarrive, effe
tively, only wf number of pa
kets are sentin RTTf time window. With the assumption that thepa
kets (or �ow f ) are sent over RTTf period withevenly spa
ed pattern, the instantaneous sending rate sfshould be

sf (t) =
wf (t)

RTTf (t)
. (5)Here we should note that the evenly spa
ed pa
ketsover RTTf time period is a rather strong assumption. Itmay be a good model when traf�
 �ow is up and runningfor some time so that ACKs be
ome spread over timedue to a 
ertain random pro
ess. However, when traf�
 isat its early stage, like the very �rst slow-start mode, TCPtends to burst out traf�
. In su
h 
ases the sending ratemodel, Eqn. (5) might be poor. We revisit this questionin the dis
ussion se
tion.Boha
ek et. al. used an arti�
ial 
oef�
ient β to adjustthe sending rate formula as follows:

sf (t) =
βwf (t)

RTTf (t)
, (6)where β = 1.45 is obtained from the tra
e 
omparisonagainst ns-2 simulation. However, we argue that it mightbe an artifa
t from the hybrid simulation paradigm em-ployed in Boha
ek et. al.'s paper [14℄. In the dis
ussionse
tion we will show how a CT-FSM (i.e. hybrid) modelmay introdu
e this error by dedu
ing the value of βbased on 
ertain assumptions.

Though the 
ongestion window size evolves withEqn (4) within the slow-start CT domain, wf should notgrow over the advertised maximum window size wadv
f ,whi
h is assigned to the sour
e host by the destinationhost at the initial hand-shake stage. Therefore we useEqn. (5) with a slight modi�
ation. The model we usefor instantaneous �ow sending rate is

sf (t) =
max

{

wf (t), wadv
f

}

RTTf (t)
. (7)2) Congestion Avoidan
e:Congestion avoidan
e mode in
reases 
ongestion win-dow size mu
h more 
autiously. During the 
ongestionavoidan
e mode every ACK in
reases 
ongestion win-dow size by a small portion of the 
urrent window size,

wnew
f = wold

f +
L

wold
f

, (8)where L is a real positive number (normally L = 1).Sin
e wf pa
kets are sent every RTT, if the 
ongestionavoidan
e mode is maintained during this time window,
wf pa
kets will be returned. Therefore wf is in
reasedby 1 every RTT if L = 1. The ODE model that governsthe 
ongestion window size evolution in the 
ongestionavoidan
e mode is

w′
f (t) =

L

RTTf (t)
. (9)It is straight forward to dedu
e Eqn. (9), see the Appen-dix.The model shows a linear in
rease of 
ongestionwindow size in 
ongestion avoidan
e mode as long as nodrop is dete
ted and wf ≤ wmax

f is satis�ed. O

urren
eof dupACKs or no ACK ends the 
ongestion avoidan
emode and is followed by fr/fr or time-outs.3) Fast Re
overy/Fast Retransmit:In TCP-New Reno poli
y fr/fr mode is initiated when-ever the sender re
eives triple dupACKs. These du-pACKs do not in
rease the 
ongestion window size inreal TCP �ow 
ontrol. Therefore, it is not a

urate if thestate remains at either slow-start or 
ongestion avoidan
emode sin
e they are governed by their own dynami
dis
ipline whi
h evolves the 
ongestion window size intime.In order to model 
ongestion window evolution 
or-re
tly over the state transition, the sour
e should enterfr/fr on
e a drop is dete
ted. However the a
tual transi-tion should be delayed by the right amount of time toa

ount for elapsed time between the drop event and thearrival of dupACKs in the real system.Sin
e ea
h dupACK in
reases wf by 1, the speed ofwindow size in
rements is the same as that in the slow-start mode, i.e., an exponential in
rease, unless there is
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e Eqn. (4) might well be applied as longas no drop o

urs. However, in a real pa
ket network apa
ket drop is usually followed by another drop be
auseit takes a 
ertain amount of time to send buffered pa
ketsout onto the out-bound link from a 
ongested queue. Inthat event, a hybrid system may experien
e too manystate transitions in a short time epo
h and the modelbe
omes inef�
ient.To over
ome this modeling dif�
ulty within the hybridsystem framework, we propose an algebrai
 model forfr/fr mode. Along with it we provide a formula for theduration of fr/fr mode.Let w−
f be the 
ongestion window size of �ow f justbefore the sour
e enters fr/fr mode and tfr0 be the timewhen the sour
e mode be
omes fr/fr. Suppose aD

f (t) isthe instantaneous arrival rate of �ow f at destinationnode D at time t, ζ(t) is size of outstanding �ow attime t and ack(t) is the a
knowledged �ow size sin
e
t = tfr0 . Then we have following relations,
ack(t) =

∫ t

tfr
0

aD
f (t′ − RTTf/2) dt′ ,

ζ(t) = (w−
f − wf (tfr0 − RTTf )) + η(t) − H(t) ,(10)for t ≥ tfr0 . Here (w−

f − wf (tfr0 − RTTf )) representsthe initial outstanding �ow size when the sour
e entersfr/fr, η(t) denotes size of �ow newly transmitted sin
ethe initiation of fr/fr mode. If there is no drop in
[t − RTTf (t), t], H(t) is equal to ack(t). Otherwise, ifthe sour
e learns about the drop at tdrop ≤ t, H returnsthe value of ack(t′) provided no drop is dete
ted intime period of [t′ − RTTf (t′), t′] for t′ ≤ tdrop. Hen
e,fun
tion H does not 
ount dupACKs in the events ofdrop during fr/fr mode. We remark that ζ approximatesthe outstanding �ow size for the drop-tail queuing poli
y.In fr/fr mode every ACK (either normal ACK ordupACK) in
reases the 
ongestion window by 1 so themodel for 
ongestion window evolution is

wf (t) = w−
f /2 + ack(t) . (11)The instantaneous sending rate is different fromEqn. (5) sin
e we do not allow the drop event to triggerstate transition. Our �ow sending rate model is

sf (t) =
max

{

(wf (t) − ζ(t)), wadv
f

}

RTTf (t)
. (12)Let ndrop

f be the 
umulated �ow size that are lostduring the transmission. The in
rement of ndrop
f is thengiven by

ndrop
f (t) =

∫ t

tfr
0

df (t′) dt′ , (13)

where df is a drop rate whi
h will be dis
ussed in detailin the next se
tion, Se
. III-C. Sin
e TCP New-Renoonly retransmits one probably-lost pa
ket at one RTT,the de
rement of ndrop
f is 1 at every RTT unless all the�ow sent were lost. In the event of total loss ndrop

f shouldnot be de
reased. More pre
isely, for every RTTf , if
ack(t) 6= ack(t − RTTf ), ndrop

f should be de
reased asfollows:
ndrop

f (t) = ndrop
f (t − RTTf ) − 1 . (14)Here ack(t) 6= ack(t − RTTf ) ensures that not all the�ows were dropped during time interval of [t−RTTf , t].In our TCP New-Reno implementation, the sour
eexits fr/fr mode if ndrop

f be
omes 0. Other TCP variantsshould differ in fr/fr dynami
 behavior and the durationof fr/fr. For example, TCP Reno poli
y exits as soon asthe fast retransmit of the �rst lost pa
ket is su

essful.If two pa
kets were dropped, another fr/fr mode followsimmediately after the re
overy (fr/fr mode) of the �rstlost pa
ket. Therefore, multiple pa
ket losses might leadthe sour
e mode to time-out by multiple steps of halvingthe 
ongestion window size.4) Time-out:In our implementation, whenever a drop is dete
ted, thesour
e enters fr/fr. In fr/fr, if ACKs 
ease to return, the
ongestion window stays at a 
onstant value and thenumber of outstanding pa
kets is not de
reased resultingin no new pa
kets being sent for some time period.Let tout be a timer whi
h is set to 0 when the sour
eenters fr/fr. tout keeps on in
reasing with the simulation
lo
k. If tout ex
eeds the given time-out period, say,
RTO, then the sour
e enters slow-start mode with wf =
1 and ssthr = w−

f /2. Note that if time-out o

urs in thesimulation, the fr/fr state entered exhibits no effe
t on
ongestion window dynami
s be
ause no new pa
ketswere sent and no ACKs were re
eived by the sender.C. Queue Dynami
sSuppose ω and ν are in-bound (west) and out-bound(east) links, respe
tively, in the traf�
 path of a �ow f .Let Fα be a set of su
h �ows sharing the links ω and
ν. We have the following equation des
ribing the queue
hanging rate

d

dt
qω
f = aω

f − sν
f − dω

f , (15)where qω
f is the size of �ow f buffered at qω. aω

f is �owarrival rate from the link ω. sν
f denote �ow sending rateinto the link ν.Suppose there is no pa
ket loss during transmissionover the links in a network, then in
oming �ow into
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f (t) =

sω
f (t− τω) where τω is the link propagation delay. Here

sω
f (t − τω) is readily available at time t.Let qω

max represent maximum queue size asso
iatedwith the in-bound link ω. Bν (Bω) is a given �xedbandwidth of the link ν (ω).Boha
ek et. al. determined the values of sν
f and dω

fbased on queue state. In their model, the FSM for aqueue 
onsists of three states, they are:
• Empty queue (qω = 0)

dω
f = 0, sν

f =

{

aω
f

∑

f̄∈Fα
aω

f̄
≤ Bω

aω
f Bω/(

∑

f̄∈Fα
aω

f̄
)

(16)
• Queue neither empty nor full (0 < qω < qω

max or
qω = qω

max but ∑

f̄∈Fα
aω

f̄
≤ Bω)

dω
f = 0, sν

f =
qω
f

∑

f̄∈Fα
qω
f

Bν (17)
• Queue full and still �lling (qω = qω

max and
∑

f̄∈Fα
aω

f̄
> Bω)

dω
f =

aω
f (

∑

f̄∈Fα
aω

f̄
− Bω)

∑

f̄∈Fα
aω

f̄

, sν
f =

qω
f

∑

f̄∈Fα
qω
f

Bν(18)There are two assumptions made to obtain the abovequeue model. They are, i) pa
ket arrival rate does not
hange rapidly and is assumed to be 
onstant in a shorttime interval, namely, Arrival Uniformity ii) pa
kets ofdifferent �ows are uniformly distributed, Queue Unifor-mity.The governing equation (15) of the queue size and the�nite queue state des
ription (16) - (18) is a mathemat-i
ally well-de�ned hybrid system. However, the numberof state transitions 
an be numerous spe
ially if qω ≈
qω
max to dete
t zero-
rossing for the state transition [15℄in the hybrid system. Furthermore, a large system ofODE for qω

f for all f ∈ Fα needs to be solved.In fa
t, to �nd qω
f (t) from the previously known queuesize qω

f (t0) for t0 < t, all that is required is the netin
rease of queue size. If we do not impose qω
f ≤ qω

max,we have
qω
f (t) = qω

f (t0) +

∫ t

t0
(aω

f (t′) − sν
f (t′)) dt′ (19)It is simply an integral form of Eqn. (15) without thedrop term. Here sν

f is the sending rate into the link ν,i.e., the sending rate from the qω.We now dis
uss our queue model. Unlike Boha
ek et.al.'s model, the states are not determined by the queuesize qω
f . Rather they depend on the bandwidth of the out-bound link, Bν , and the size of the arriving and departing

pa
ket. For the �ow sending sν
f , we have,

sν
f =



































qω
f

∑

f̄∈Fα
qω

f

, if
∑

f̄∈Fα
qω
f ≥ Bω

aω
f + qω

f , if
∑

f̄∈Fα
(aω

f + qω
f ) ≤ Bω

qω
f +

aω
f

∑

f̄∈Fα
aω

f

(Bω − ∑

f̄∈Fα
qω
f ), o.w. (20)Equations (19) and (20) 
ompletely des
ribe the queuesize and the �ow sending rate 
hanges in time. However,the sum of solutions ∑

qω
f may be greater than qω

maxwhi
h should be understood as buffer over�ow or �owdrop.The drop model should des
ribe whi
h �ows sufferlosses at the time a drop o

urs. For example, one 
androp a larger �ow �rst or vi
e versa. A probabilitydistribution p(f) may be used to sele
t a �ow to drop,for instan
e, p(f) 
an be
p(f) =

aω
f

∑

f̄∈Fα
aω

f̄

. (21)Another question is, if a �ow is de
ided to be dropped,what is the right size of the �ow that should be dropped.We propose the following model. Let Dω
f (t) denote thesize of dropped �ow f , we model Dω

f (t) as,
Dω

f (t) = max







0,

⌈

aω
f

(

∑

f̄∈Fα
qω
f̄
(t) − qω

max

)

∑

f̄∈Fα
aω

f̄

⌉





(22)Eqns. (19) - (20) are not entirely different from theEqn. (15) and Eqns. (16) - (18). Eqns. (19) - (20) takean integral form and sν
f is based on pa
ket arrival rate aω

fand queue size qω
f instead of the queue state. Note thatBoha
ek et. al.'s drop rate dω

f is determined by queuestate only, however, in our model, the value of the dropsize (22) is a dedu
ed quantity.D. Solution Te
hniquesIn this se
tion we des
ribe the solution method andthe algorithm used for our network simulation ap-proa
h. We have 
reated the simulator without relyingon any existing simulation frameworks, su
h as, State-�ow/Simulink [17℄, Modeli
a [18℄, Ptolemy [19℄, [20℄et
. There are 
ertain disadvantages, mostly the amountof work required throughout the development 
y
le,however, we possess full 
ontrol of the whole systemin
luding the solution method of the hybrid system,numeri
al s
heme to be used in CT domain, and s
ope of
omponent model. Furthermore, it is easy to identify any
omputational bottlene
k and the sour
es of ina

ura
yin the model spe
i�
 to the implementation.
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loser look at the system we have 
on-stru
ted in the previous se
tions from CT-FSM point ofview. In general FSM is not a timed model, however, its
omposition with CT domain requires dete
tion of anyevents that may be triggered on the time axis. Ea
h statein FSM is being re�ned during the 
ontinuous evolutionof the sour
es and the queues in our model. At ea
h timeabs
issa, whi
h may be a priori 
hosen or dynami
allyupdated, a
tive states are evaluated. If the state transition
ondition is enabled, then the FSM makes 
orrespondingtransitions a

ording to the 
ondition and the system
ontinues to evolve. The details of our solution te
hniqueare des
ribed next.Assume that CT-FSM 
omposition refers a master
lo
k for their time. Consider one ti
k of that master
lo
k to be the time step ∆t of our hybrid system simula-tion. It is trivial that a smaller ∆t introdu
es small errorin state transition. In our simulation, we do not allowFSM state transitions during an epo
h of length ∆t. Now,CT domain simulation 
an be performed as a

uratelyas possible, say, over an interval [n∆t, (n+1)∆t] where
n = 0, 1, . . .. At ea
h time point, n∆t, 
urrent statesare evaluated, 
he
ked against transition enablers, and
hanges are made to the states, as ne
essary. The tasksdes
ribed above 
an be summarized in the followingalgorithm.Algorithm for the Hybrid SimulationInput:- A network (N ,L),- Bandwidth of all the links l ∈ L,- Maximum queue size at all the queues,- Set of sour
e nodes S,- Set of destination nodes D,- Sour
e wake up time and interval,- Time-step h,- End of simulation time Tend.Constru
t Lf for ea
h f ∈ FSet t = 0while t ≤ Tend do

t = t + hWake-up sour
es as s
heduledSolve equations for all s ∈ S and q ∈ Nfor all s ∈ S doswit
h mode(s):
ase (mode(s)=slow start):if 
wnd(s) ≥ ssthr then
mode(s)

t+delay−→ 
.a.else if �ow f from s suffer drop then
mode(s)

t+delay−→ fr/frelseremain in slow start mode


ase (mode(s)=fr/fr):if ndrop
f = 0 then

mode(s)
t−→ 
.a.elseremain in fr/fr
ase (mode(s)=
.a.):if �ow f from s suffer drop then

mode(s)
t+delay−→ fr/frelseremain in 
.a.end forfor all queue doevaluate and set queue state for the next iterationend forend whileNow we 
omment on a numeri
al s
heme forEqns. (4) - (9) whi
h des
ribes dynami
s of the 
onges-tion window evolution. We have, in their general form,

w′ = g(t, w), w(0) = w0where w0 is given.It is well known that Euler's method [16℄ is notpra
ti
al due to the requirements of small step size forreasonably a

urate numeri
al solutions. Runge-Kuttamethods do not require higher order derivative by eval-uating g(t, w) at sele
ted points on ea
h interval of
omputation. Higher order methods 
an be obtained bypaying extra for the evaluation of g. For example, Runge-Kutta method of order 2 employs the following re
ursiveformula:
wn+1 = wn + 1

2(k1 + k2),
where k1 = hg(tn, wn),

k2 = hg(tn + h,wn + k1) .Here tn = nh and wn = w(tn). The lo
al error ofthis method is of order h3 while Euler's method isof order h2. Hen
eforth, we 
an use larger step sizeor save 
omputation time with higher order numeri
als
heme. As one might expe
t, in terms of 
omputationalef�
ien
y, we found that the larger the hybrid simulationtime step, the better it is with a higher order method.Finally, we remark that the proposed solution ap-proa
h is somewhat similar to the Time-stepped HybridSimulation (TSHS) [11℄ and shares the idea of pa
ketsmoothing, however, the 
on
ept of hybrid system of CT-FSM 
omposition is fundamentally different from TSHS.IV. HYBRID MODEL & SIMULATION VALIDATIONA. Simulation Set Up & EnvironmentOur simulation studies are 
omprised of multiple ex-periments using the pa
ket-based ns-2 simulator and thehybrid model-driven simulator that we have developed.
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Fig. 2. A Dumbbell topology with 4 TCP New-Reno Sour
es.Sin
e we are interested in 
omparing the two simulatorswe had to use the same traf�
 
hara
teristi
s for bothsimulators. Furthermore the spe
i�
 
hoi
e of the traf�
pattern is di
tated by how well it models network traf�
.Experimental studies have shown that individual sour
esof traf�
 
an be approximated by ON/OFF pro
esses,where the On and Off periods have subexponentialdistributions. Within the ON state, a sour
e transmits atpeak rate. We use this model for our experiments withboth the ns-2 and the hybrid simulations. Pa
kets aresent at a �xed rate during ON state while no pa
kets aresent during OFF state. Both on and off periods are takenfrom a Pareto distribution with 
onstant size pa
kets.These traf�
 sour
es 
an be used to generate aggregatenetwork traf�
 that exhibits the long range dependen
yseen in the IP network traf�
.B. Simulation Validation & ResultsThe �rst goal of our experimental set up was tobaseline the performan
e of our hybrid model using wellknown pa
ket level simulators su
h as ns-2. For thispurpose we used two topologies. A simple topology asshown in Figure 1 with a single TCP New-Reno sour
eand a dumbbell topology as shown in Figure 2 with 4TCP New-Reno sour
es. For the ns-2 simulations weused an identi
al TCP sour
e model with no ba
kgroundtraf�
. The simple topology is used to evaluate thebehavior of the queue dynami
s as well as TCP sour
ebehavior. It 
onsists of a single edge and two networknodes. The link propagation delay was 2ms. In thedumbbell topology, we have 4 TCP sour
es that areaggregated at the queue for router 1 and ea
h of thesesour
es have link delays of 1, 2, 3, and 4ms ea
h. Allfour TCP sour
es are destined for the same destination
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Fig. 3. Comparison of 
ongestion window evolution from the hybridmodel and ns2 simulation. TCP New-Reno Sour
es.node d. The queue size is set to 15 pa
kets with ea
hpa
ket 
onsisting of 512 bytes. The run time for ea
hof the simulations was 1000ms. The TCP �ows weretriggered to start at 5ms. The metri
s used for 
omparingthe hybrid simulator with the ns-2 simulator are, thequeue sizes and the 
ongestion window sizes of the TCPsour
e.Figure 3 shows a 
omparison of the 
ongestion win-dow evolution of ns-2 versus the hybrid model. Observethat the behavior of the two simulators is more 
loselymat
hed in the 
ongestion avoidan
e phase of the simu-lation while there is some mismat
h in the slow startphase as well as the fr/fr phases. In the 
ase of thehybrid model the exponential in
rease in the slow startphase rea
hes a value of 55 while in ns-2 the maximumvalue of the 
ongestion window in the slow start phase isonly about 27. Also the in
rease in 
ongestion windowsize in the hybrid model is smooth due to the sendingrate model that is used. In the hybrid model we use atime averaged sending rate for the pa
kets. The plausibleexplanation for the deviation in the behavior of ns-2 isthat ns-2 employs a burst model sending rate in the initialslow start stages of the TCP �ow. Also in the fr/fr modewe observe that the hybrid model is more gra
eful inevolving the 
ongestion window while in ns-2 there isan abrupt 
hange in the window size.The gra
eful 
ongestion window evolution in thehybrid simulation is attributed to the wait time thatis in
orporated into the model after a drop o

urs toa

ount for the arrival of dupACKs. Furthermore, inthe 
ongestion avoidan
e phase we observe that the sawtooth behavior is more well behaved in the hybrid modelas 
ompared to ns. This smooth behavior is attributedto the la
k of randomness in the arrival rates at the
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src 4 Fig. 5. Congestion window sizes evolution over time: 4 sour
es inthe dumbbell topology using the hybrid simulation.individual queues. In ns-2 the randomness arises fromthe sending rate model that is used by the TCP sour
es.Figure 4 shows the queue size 
hanges using differenttime steps in the hybrid simulator as well as in ns-2.The queue sizes 
omputed using the �ner time stepsin the hybrid model are mu
h 
loser to the a
tualbehavior. However using a �ner time step in
reasesthe 
omputational 
omplexity. The queue size 
hangesobtained by the hybrid simulator using a time step of0.25 provides the 
losest mat
h to the queue size 
hangeobserved in ns-2.In the dumbbell topology we simulate 4 TCP �owsea
h with links of different delay values but havingthe same destination node. We do not assume anyba
kground traf�
. Figure 5 shows the evolution of the
ongestion window of the 4 different sour
es. Note thatas expe
ted in steady state all of the TCP sour
es are
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src 4 Fig. 6. Congestion window sizes evolution over time: 4 sour
es inthe dumbbell topology using ns-2.syn
hronized to a saw tooth pattern with a period of100ms. The ns-2 simulation for a similar topology isshown in Figure 6. Note that in the steady state a goodmat
h is obtained for 
ongestion window evolution in thehybrid as well as the ns-2 models. The average valuesof the steady state 
ongestion window sizes obtainedusing the hybrid model and ns-2 are in Table I. Figure 7
source1 source2 source3 source4hybrid 26.92 19.92 15.89 13.84ns-2 26.92 19.82 16.02 13.94TABLE IDUMBBELL TOPOLOGY, STEADY STATE (t ≥ 500MS) AVERAGECONGESTION WINDOW SIZE.
ompares the queue size 
hanges between the hybrid andthe ns-2 simulations. As the simulation time progressesand rea
hes a steady state we obtain a 
lose mat
hbetween the queue behavior of the ns-2 and the hybridmodels.V. SIMULATION OF LARGE NETWORK TOPOLOGIESIn order to study the effe
tiveness of the hybrid sim-ulator we evaluated its performan
e using two differentnetwork topologies. These two topologies differ signi�-
antly in terms of the number of nodes and their degreeof 
onne
tivity. Similar topologies were simulated in ns-2 and we 
ompare the behavior of queue sizes underdifferent TCP sour
e 
on�gurations.A. Network TopologyFigure 8, 
alled to be US Topology, shows a networkof 8 nodes 
onne
ted by duplex-links of 100 Mbps
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Fig. 7. Comparison of the queue size 
hanges: the hybrid modelvs. ns-2.bandwidth and 2ms link-delay. Links 2-3 and 8-7 havehigher, 1000 Mbps, bandwidth with 2ms link-delay also.For all the nodes, maximum queue size is set to 50pa
kets. Queue sizes are tra
ed for the link 6-7 (L1),the link 4-5 (L2), and the link 2-3 (L3). We have used53, 86, and 129 TCP sour
es where destination nodesare spread over the network.A network, named KL Topology, shown in Figure 9,
onsists of 15 nodes 
onne
ted by links of 100 Mbps and1000 Mbps bandwidths. The propagation delay is 4msfor all the the links in the network. Maximum queue sizeused is 75 pa
kets for all the nodes. Total 160 sour
eswere simulated in this topology.
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Fig. 8. US Topology loaded with 53 sour
es: A dashed-numbers(e.g. 1-8-7-6) denotes the path of a �ow. The parenthesized numberrepresents how many �ows are in that path.B. ResultsFigure 10 shows the 
hange in queue (Q2) size underthree different sour
e 
on�gurations (53, 86 and 129
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Time in msFig. 10. Comparison of queue size 
hanges using the hybrid modeland ns-2 for US topology. Queue size 
hanges are evaluated usingdifferent number of sour
es. Legend: · · · ns-2 and � hybridsour
es ea
h) for both the ns-2 as well as the hybridsimulator. In our simulation s
enarios, of all the queuesin the network this parti
ular queue was the one that hadthe most dis
repan
y with the ns-2 simulation. Howevernote that even this worst 
ase deviation from ns-2 is notvery signi�
ant as 
an be seen from Table II.
Q1 Q2 Q353 
onne
tions (23.7:24.8) (21.0:22.3) (8.7:10.5)86 
onne
tions (24.4:23.8) (20.5:22.5) (11.8:13.0)129 
onne
tions (28.5:28.5) (13.9:16.4) (21.0:20.6)TABLE IIUS TOPOLOGY AVERAGE QUEUE LENGTH FOR Q1, Q2, Q3WRITTEN FOR (HYBRID:NS-2)Figure 11 shows the queue size variation between ns-
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Fig. 11. Comparison of queue size 
hanges using the hybrid modeland ns for KL topology. See Figure 9 for queue lo
ation. Legend:
· · · ns-2 and � hybrid2 and the hybrid simulator for KL Topology loaded with160 TCP sour
es. On
e again we observe a reasonablygood mat
h between our simulator and ns-2. The averagequeue size for the hybrid simulator was 25 and that ofns-2 was 24.VI. DISCUSSION & CONCLUSIONIn this se
tion we dis
uss the sending rate model (5)and the hybrid model implementation and 
omplexityissues. We 
on
lude the se
tion with a brief summary ofthe paper.A. Transport Layer & Appli
ation LayerIn Se
. III-B we pointed out that the sending ratemodel (5) might be inappropriate due to the burstynature of the TCP proto
ol and the dependen
y onpa
ket availability from appli
ations. For example, inns-2 simulation the queue over�ows mu
h earlier thanthe hybrid simulation (see Figure 3). It is be
ause theappli
ation sent all the pa
kets in a mu
h shorter periodof time than the sending rate modeling equation (5).The model in equation (5) sends out pa
kets (�ow)over a time interval of length RTT. More spe
i�
ally,if 
ongestion window size is 30 and RTT is 6ms then5 pa
kets are sent per 1ms in our model. ns-2 is morelikely to send all the 30 pa
kets almost instantaneously.Hen
e if the bandwidth of the out-bound link is not
apable of pro
essing all the in
oming traf�
, the queueover�ows. However, with the model in equation 5, thequeue has enough time to pro
ess the �ows that arearriving spread out over time.The model in equation (5) is quite appropriate at theasymptoti
 stage, when the pa
kets are more evenly

spread out. One 
an observe that in Figure 3, the plotsfrom the hybrid simulation and ns-2mat
h well for t ≥ q300ms.B. Implementation IssuesOur 
urrent hybrid system simulator employs a �xedtime-step approa
h. More spe
i�
ally, with the notion ofa global 
lo
k, time mar
hes by a �xed time-step towardthe end of simulation time. During the time advan
ementall the sour
es and the queues are 
omputed and 
he
kedagainst the transition enablers. The 
he
ks are 
arriedout regardless of the states and the events at any timeinterval. Hen
e the simulation advan
ing method mightbe inef�
ient. More intelligent time mar
hing te
hniquesare ne
essary for further speed up.C. Con
lusionsIn this paper, we have demonstrated the strength of thehybrid system modeling and simulation method for TCPnetwork. New models, enhan
ements, and revisions wereproposed and studied. We have used the time-steppedsolution method to solve the hybrid system model of aTCP network. The extensive experiments showed goodagreements with the results from Network Simulator ns-2. However, we have not yet studied the stability andthe 
onvergen
e issues of the numeri
al methods wehave employed. The robust simulation tool whi
h wehave developed 
an be used to analyze 
omplex networkbehavior so that servi
e providers are better equippedto support, for instan
e, low-laten
y quality of servi
e(QoS) needs of their appli
ations.APPENDIXA. Equation for Congestion Window SizeConsider slow-start mode in TCP sour
e dynami
s. Inslow-start mode, the 
ongestion window size in
reasesexponentially in time. Suppose that the window size ismultiplied by mss ∈ R+ for every RTT, where R+ is theset of real positive number. Usually mss = 2 sin
e mostof of the TCP proto
ols double the 
ongestion windowsize for every RTT. Let RTT = n∆t for ∆t ∈ R+ and
n = 0, 1, . . . .We assume that 
ongestion window w uniformly in-
reases over RTT time period [t, t + RTT ], that is,
w(t + ∆t) = n

√
mssw(t). Then we have,

w(t + ∆t) − w(t)

∆t
= w(t)

(m
∆t/RTT
ss − 1)

∆t
. (23)Take lim∆t→0 on both sides of Eqn. (23) and applyingL'Hospital's rule. We obtain,

w′(t) = ln(mss)
w(t)

RTT
.
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Fig. 12. S
hemati
 des
ription 
ongestion window size 
hangesfor the TCP 
ontrolled �ow in slow-start mode. With in�nitesimalpa
kets the 
ongestion window size supposedly follows the solid
urve. The step-wise in
rease may represent what happens in a realnetwork. The dashed line indi
ates a �xed value of window sizeduring RTT time period.The governing equation for 
ongestion avoidan
emode, Eqn. (9) 
an be obtained in a similar manner.B. Corre
tion Coef�
ient βBoha
ek et. al. used a 
orre
tion fa
tor β = 1.45for the sending rate formula (6) to best mat
h theirsimulation results to the ones from ns-2. Without thespe
i�
s of the numeri
al method used in Boha
ek et.al.'s work, we 
onje
ture that the presen
e of β isne
essary if time points for event 
he
king and triggeringis RTT apart.Let mss = 2 for the following dis
ussion. Considerslow-start mode whi
h is 
ontinued from t = t0. Then
ongestion window w be
omes 2n at t = t0+nRTT . If a�xed w is used throughout the time interval [nRTT, (n+
1)RTT ], the total number of pa
kets sent during thistime period is exa
tly w provided that Eqn. (6) is usedfor the pa
ket sending pro
ess.However, in reality, the 
ongestion window size in-
reases during this time interval due to arriving ACKs,therefore the sour
e is able to send more pa
kets. It 
anbe explained s
hemati
ally in Figure 12. The dashed linerepresents �xed window size (w = 2n) over [nRTT, (n+
1)RTT ], the step-wise variation may represent whathappens in reality, and the solid 
urve is a plot of
y = 2x/RTT .With the sending rate model (6), i.e. r = w/RTT ,the area between the dashed line and the time axisrepresents the size of �ow sent in [nRTT, (n+1)RTT ],where n = 4 in the �gure. It is always smaller than thearea below the step-wise fun
tion provided the slow-start

mode persists. Suppose that the 
ongestion window sizevariation 
an be 
losely approximated by y = 2x/RTT
urve, i.e. with in�nitesimal ∆t, the area under the
y = 2x/RTT 
urve for [nRTT, (n + 1)RTT ] is

∫ (n+1)RTT

nRTT
2x/RTT dx = 2n RTT

ln(2)
.Note that (ln(2))−1 ≈ 1.4424 whi
h is 
lose to the valueof β = 1.45 reported in [14℄.REFERENCES[1℄ D.D. Clark and D. L. Tennenhouse, �Ar
hite
tural Considera-tions for a New Generation of Proto
ols�, ACM SIGCOMM '90(Philadelphia, PA, September 1990)[2℄ The VINT Proje
t on NS2, �The Network Simulator�, ns2:http://www.isi.edu/nsnam/ns[3℄ SSFNet, �The S
alable Simulation Framework�,http://www.ssfnet.org/homePage.html[4℄ J-Sim, �A 
omponent-based simulation environment�,http://www.j-sim.org[5℄ INET, �Network simulation in the J-Sim environment�,http://www.j-sim.org/dr
l.inet/index.html[6℄ V. Misra, W-B. Gong, and D. Towsley, �Sto
hasti
 DifferentialEquation Modeling and Analysis of TCP Windowsize Behavior�,Performan
e '99 (Istanbul, Turkey, O
tober 1999)[7℄ V. Misra, W-B. Gong, and D. Towsley, �A Fluid-based Analysisof a Network of AQM Routers Supporting TCP Flows withan Appli
ation to RED�, Pro
eedings of ACM SIGCOMM'00,(Sto
kholm, Sweden, September 2000)[8℄ E. Altman, K. Avra
henkov, and C. Barakat, �A Sto
hasti
 Modelof TCP/IP with Stationary Random Losses�, ACM SIGCOMMComputer Communi
ation Review, 30: 231-242, 2000[9℄ T. Bonald, �Comparison of TCP Reno and TCP Vegas via �uidapproximation�, Te
hni
al Report RR-3563, INRIA, 1998[10℄ V. Ja
obson, �Congestion Avoidan
e and Control�, ComputerCommuni
ation Review, vol. 18, 1988[11℄ Y. Guo, W-B. Gong, and D. Towsley, �Time-stepped HybridSimulation (TSHS) for Large S
ale Networks�, Pro
eedings ofIEEE Info
om 2000, 441-450, 2000[12℄ Y. Gu, Y. Li, and D. Towsley, �On Integrating Fluid Modelswith Pa
ket Simulation�, Pro
eedings of IEEE Info
om 2004,2004[13℄ A. Yan and W-B. Gong, �Time-Driven Fluid Simulation forHigh-Speed Networks�, IEEE Trans. on Information Theory,vol. 45, no. 5, July 1999[14℄ S. Boha
ek, J.P. Hespanha, J. Lee, and K. Obra
zka, �A HybridSystems Modeling Framework for Fast and A

urate Simulationof Data Communi
ation Networks�, ACM SIGMETRICS'03,June 2003[15℄ A.J. Van Der S
haft and J.M. S
huma
her, An Introdu
tionto Hybrid Dynami
al Systems (Le
ture Notes in Control andInformation S
ien
es, 251) Springer-Verlag Telos, 1999[16℄ S.D. Conte and C. Boor, �Elementary Numeri
al Analysis (AnAlgorithmi
 Approa
h)� M
Graw-Hill, 1981[17℄ The MathWorks In
., �Simulink�,http://www.mathworks.
om/produ
ts/simulink[18℄ The Modeli
a Asso
iation, �Modeli
a: �,http://www.modeli
a.org[19℄ Dept. of EECS, University of California at Berkeley, �ThePtolemy Proje
t�, http://ptolemy.ee
s.berkeley.edu[20℄ E. Lee �Overview of the Ptolemy Proje
t�, Te
hni
al Memoran-dum No. UCB/ERL M03/25, University of California, Berkeley,CA, 94720


