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t�The ever in
reasing 
omplexity of networks dra-mati
ally in
reases the 
hallenges fa
ed by servi
e providers toanalyze network behavior and (re)provision resour
es to supportmultiple 
omplex distributed appli
ations. A

urate and s
alablesimulation tools are pivotal to this 
ause. The re
ently proposedhybrid systems model for data 
ommuni
ation networks showspromise in a
hieving performan
e 
hara
teristi
s 
omparable to�uid models while retaining the a

ura
y of dis
rete models.Using the hybrid systems paradigm, this paper provides 
ontribu-tions to the modeling of TCP behavior and the analysis/simulationof data 
ommuni
ation networks based on these models. Animportant distinguishing feature of our simulation framework isa faithful a

ounting of link propagation delays whi
h has beenignored in previous work for the sake of simpli
ity, Other salientaspe
ts of our work in
lude a new �nite state ma
hine model fora drop-tail queue, a new model for fast re
overy/fast retransmitmode, a revised sending rate model, and an embedded time-outmode transition me
hanism all of whi
h employ a time-steppedsolution method to solve the hybrid system network models.Our simulation results are 
onsistent with well-known pa
ketbased simulators su
h as ns-2, thus demonstrating the a

ura
yof our hybrid model. Our future efforts will be dire
ted towardsstudying and improving the 
omputational performan
e of hybridmodel based simulations.I. INTRODUCTIONCommuni
ation servi
e providers use a variety of toolsin
luding visualization, analysis and simulations to tra
k theperforman
e of their networks and (re)provision existing andnew appli
ations. Ef�
ient and s
alable network analysis andsimulation te
hniques are required due to the following te
h-ni
al needs:

• Heterogeneous, multilayered networks � where networksare made up of several layers starting with the physi
allayer on whi
h are overlaid data link layers like ATMand MPLS followed by the Internet proto
ols like TCPand IP. Existing te
hniques to analyze network behaviorare typi
ally restri
ted to individual layers. For example,simulators like ns-2 are parti
ularly useful to analyze asingle layer, su
h as IP traf�
. Thus, it is tedious andin many 
ases infeasible, with existing te
hniques, todetermine the effe
t of disruptions at one layer a
rossmultiple layers of the network.
• Networks of networks � where the ever expanding size ofthe Internet has given rise to a large 
olle
tion of inter-
onne
ted but independently administered networks thatin
lude both publi
 and private networks. Analyzing thebehavior of these networks requires a

urately modeling

the stru
ture, poli
ies and behavior of the networks whilealso s
aling to the large size of the networks. Currentstate of the art in network analysis do not provide these
apabilities.Addressing the 
hallenges outlined above requires a newapproa
h to analyzing network behavior where the 
ompu-tational requirements must be kept manageable. We des
ribea te
hnique using hybrid systems as the means for s
alableand a

urate multilayer network simulations. Hybrid systemmodels 
ombine the strengths of 
ontinuous and dis
retemodels. A system is modeled as a dis
rete event system at a
oarse granularity where a dis
rete state transition o

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

ording to some 
ontinuousdynami
s.II. SURVEY OF WORK ON NETWORK MODELING &SIMULATIONNetwork modeling and simulation paradigms 
an be 
atego-rized into three mainstream approa
hes: pa
ket-level models,�ow-level models, and hybrid models.Pa
ket-level simulation has been the most widely usedsimulation methodology by the network resear
h 
ommunity.Pa
ket-level simulators are based on an event-logi
 drivensimulation paradigm. For example, ns-2 [1℄, SSFNet [2℄ andJSim-INET [3℄ fall into this 
ategory. Pa
ket-level simulatorskeep tra
k of all the individual pa
kets in the network. There-fore, they offer highly a

urate and detailed results; however,the 
omputational 
omplexity in
reases rapidly as the size ofthe network be
omes large.During the past de
ade �uid-level simulations have beenstudied extensively and 
ontinue to be resear
hed a
tively.In the framework of �uid models, a 
hunk of pa
kets ismodeled as a single 
ontinuous artifa
t, namely, a �uid. Thedynami
s of the network is then represented by a system ofordinary differential equations (ODEs), whi
h des
ribe �uidrate 
hanges inside the network. Most of the resear
h effortsin this area [4℄, [5℄, [6℄ have fo
used on modeling TCPproto
ols [7℄. In this framework, the arrival and the loss ofpa
kets are often modeled as sto
hasti
 pro
esses [4℄, [6℄.The traf�
 sour
e and queue dynami
s 
onstitute a systemof equations whi
h governs the TCP 
ontrolled data transferover an IP network.Re
ently, hybridization of the pa
ket and the �ow modelingapproa
hes have been studied. Guo et. al. proposed the Time-stepped Hybrid Simulation (TSHS) [8℄ method to deal with



2the s
alability issue fa
ed by traditional pa
ket-level dis
rete-event simulation methods. TSHS 
onsiders a 
hunk, groupedfrom the pa
kets that are in the same time-step, as a unit entity.The pa
kets in a 
hunk are assumed to be evenly spa
ed withinthe time-step. In order to identify any event, every node inthe network is 
he
ked at every time-step. TSHS is 
apableof offering �exible 
hoi
e in simulation �delity based on thesimulation abstra
tion level.A newly proposed hybrid system modeling framework [10℄,whi
h is different from the aforementioned hybridization ap-proa
hes, des
ribes 
ontinuous dynami
 behavior of a networkwithin an organized �nite state ma
hine (FSM) formalism.Boha
ek et. al. proposed su
h a framework for data 
ommuni-
ation networks and studied various 
ommuni
ation proto
olsusing hybrid systems [11℄. Boha
ek et. al.'s work forms thebasis for what we report in this paper. We note that this papershares some 
ommon ground with Boha
ek et. al.'s work butdiffers sin
e we model expli
itly the propagation delay andprovide a more mathemati
ally a

urate hybrid system modelof the TCP proto
ol.III. HYBRID SYSTEMS MODELING OF TCP NETWORKSIn this se
tion, we des
ribe a hybrid system TCP modelthat we have developed. We fo
us on a TCP New-Renoimplementation for the sour
e, a drop-tail queuing poli
y, andwe model their intera
tions using FSM models. The aspe
tsof our model that differs from Boha
ek et. al.'s work willbe highlighted. Our solution method differs from the previouswork in that we use the time-stepped solution method to solvethe 
onstru
ted hybrid system. This approa
h resembles thesolution te
hniques used in TSHS [8℄.A. Mathemati
al Model of a NetworkMathemati
ally a network is a dire
ted graph (N ,L) wherea set of verti
es N denotes nodes and a set of edges L denotesa 
olle
tion of links 
onne
ting two nodes. For instan
e, twonodes u ∈ N and v ∈ N are 
onne
ted by a link l = lu,v ∈ L.Three real positive numbers are assigned to ea
h link l ∈ L,these are: bandwidth (link-rate), propagation delay, and maxi-mum queue size. Let Bl, τ l, and ql
max denote the bandwidth,the propagation delay, and the maximum queue size of a link

l, respe
tively. These three parameters 
hara
terize ea
h linkin a network. We remark that the propagation delay has notbeen in
luded in the previous study [10℄, hen
e only simpli�edtopologi
al settings were studied.Let F represent a set of �ows. Ea
h �ow f ∈ F isasso
iated with a sour
e node us ∈ N and a destination node
ud ∈ N where f �ows from us to ud. We assume that �ow fis generated and enters node us with an in
oming rate af at apres
ribed time t = t0f . A �ow f on a link l 
an be quanti�edby a link-in-rate (a sending rate), sl

f , and a link-out-rate (anarrival rate), al
f .Bandwidth Bl imposes an upper bound on �ow sending rateon a link l.as follows:

∑

f∈F

sl
f ≤ Bl, ∀ l ∈ L . (1)Here sl

f = sl
f (t) is a dynami
ally evolving quantity.

In our model, a queue is asso
iated with a link l ∈ L.
ql
f denotes the size of the �ow f in the queue of a link l.Therefore, given the maximum 
apa
ity of the queue ql

max
ofthe link l, the following inequality should 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 link prop-agation delay, pro
essing delay, and queuing delay. Asso
iatedwith ea
h link l, we only 
onsider a �xed propagation delay

τ l and a queuing delay ql/Bl where ql =
∑

f∈F
ql
f . For thesake of simpli
ity, we assume the pro
essing delay is minimal
ompared to the other two terms. Round-trip-time (RTT) is ameasure of the 
urrent delay on a network or time elapsed tore
eive an a
knowledgment pa
ket (ACK) from the destinationnode.B. Hybrid Model of TCPIn order to study transient behavior of a network, modelingTCP proto
ols has been our �rst goal sin
e not only is asigni�
ant portion of Internet traf�
 
ontrolled by the TCPproto
ol but also it potentially possesses ri
h dynami
s dueto the 
on
ept of varying the sending rate in response tothe network 
onditions. Widely implemented TCP-New Renopoli
y in
lude slow-start, fast-re
overy/fast-retransmit (fr/fr),
ongestion-avoidan
e and time-out. The TCP-New Reno algo-rithm 
hooses a 
ertain mode based on the limited informationit holds and has re
eived from the destination host.In slow-start mode of TCP-New Reno, the 
ongestionwindow size wf of a given �ow f ∈ F is governed by thefollowing ordinary differential equation [10℄, [12℄:

d

dt
wf (t) =

log mss

RTTf

wf (t) , (3)where mss is a multipli
ative 
onstant su
h that wf is beingmultiplied by mss every RTT. wf is initialized to 1 when-ever the sour
e enters slow-start mode. Hen
e, in slow-start
ontinuous time (CT) domain we solve the initial value ODEproblem.In TCP �ow 
ontrol wf is used to limit the number ofpa
kets to be sent out from the sender. Be
ause the senderis able to send more pa
kets only when the ACKs arrive,effe
tively, only wf number of pa
kets are sent in RTTf timewindow. With the assumption that the pa
kets (or �ow f )are sent over RTTf period with evenly spa
ed pattern, theinstantaneous sending rate sf should be
sf (t) =

wf (t)

RTTf

. (4)Here we should note that the evenly spa
ed pa
kets over
RTTf time period is a rather strong assumption. It may bea good model when traf�
 �ow is up and running for sometime so that ACKs be
ome spread over time due to a 
ertainrandom pro
ess. However, when traf�
 is at its early stage,like the very �rst slow-start mode, TCP tends to burst outtraf�
. In su
h 
ases the sending rate model, Eqn. (4) mightbe poor. We revisit this question in the dis
ussion se
tion.



3Boha
ek et. al. used a 
oef�
ient β to adjust the sendingrate formula as follows:
sf (t) =

βwf (t)

RTTf

, (5)where β = 1.45 is obtained from the tra
e 
omparison againstns-2 simulation. However, we argue that it might be an artifa
tfrom the hybrid simulation paradigm employed in Boha
ek et.al.'s paper [10℄.During the 
ongestion avoidan
e mode every ACK in-
reases 
ongestion window size by a small portion of the
urrent window size,
wnew

f = wold

f +
L

wold

f

, (6)where L is a real positive number (normally L = 1). The ODEmodel that governs the 
ongestion window size evolution inthe 
ongestion avoidan
e mode is
d

dt
wf (t) =

L

RTTf

. (7)The model shows a linear in
rease of 
ongestion window sizein 
ongestion avoidan
e mode as long as no drop is dete
ted.O

urren
e of dupACKs or no ACK ends the 
ongestionavoidan
e mode and is followed by fr/fr or time-outs.In TCP-New Reno poli
y fr/fr mode is initiated wheneverthe sender re
eives triple dupACKs. These dupACKs donot in
rease the 
ongestion window size in real TCP �ow
ontrol. Therefore, it is not a

urate if the state remains ateither slow-start or 
ongestion avoidan
e mode sin
e they aregoverned by their own dynami
 dis
ipline whi
h evolves the
ongestion window size in time. In order to model 
ongestionwindow evolution 
orre
tly over the state transition, the sour
eshould enter fr/fr on
e a drop is dete
ted. However the a
tualtransition should be delayed by the right amount of time toa

ount for elapsed time between the drop event and the arrivalof dupACKs in the real system. Due to la
k of spa
e, weredire
t readers to [12℄ for the details on the hybrid model offr/fr mode.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 the numberof outstanding pa
kets is not de
reased resulting in no newpa
kets being sent for some time period.For the time-out mode, a parameter tout is introdu
ed. It isset to 0 when the sour
e enters fr/fr. tout keeps on in
reasingwith the simulation 
lo
k. If tout ex
eeds the given time-outperiod, say, RTO, then the sour
e enters slow-start mode with
wf = 1. Note that if time-out o

urs in the simulation, thefr/fr state entered exhibits no effe
t on 
ongestion windowdynami
s be
ause no new pa
kets were sent and no ACKswere re
eived by the sender.1) Queue Dynami
s: Suppose ω and ν are in-bound (west)and out-bound (east) links, respe
tively, in the traf�
 path ofa �ow f . Let Fα be a set of su
h �ows sharing the links ωand ν. We have the following equation des
ribing the queue
hanging rate

d

dt
qω
f = aω

f − sν
f − dω

f , (8)

where qω
f is the size of �ow f buffered at qω. aω

f is �ow arrivalrate from the link ω. sν
f denote �ow sending rate into the link

ν. Suppose there is no pa
ket loss during transmission overthe links in a network, then in
oming �ow into a link ω mustall exit from that link, that is, aω
f (t) = sω

f (t− τω) where τω isthe link propagation delay. Here sω
f (t−τω) is readily availableat time t.Let qω

max represent maximum queue size asso
iated with thein-bound link ω. Bν (Bω) is a given �xed bandwidth of thelink ν (ω).Integration of Eqn. (8) without the drop term gives
qω
f (t) = qω

f (t0) +

∫ t

t0

(aω
f (t′) − sν

f (t′)) dt′ . (9)Here sν
f is the sending rate into the link ν, i.e., the sendingrate from the qω.Unlike the queue model by Boha
ek et. al.'s , the states arenot determined by the queue size qω

f . Rather, the bandwidthof the out-bound link, Bν , and the size of the arriving anddeparting pa
ket determine the state of a queue. For the �owsending sν
f , the sending rate be
omes,

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.

(10)Eqns. (9) and (10) 
ompletely des
ribe the queue size andthe �ow sending rate 
hanges in time. However, the sum ofsolutions ∑

qω
f may be greater than qω

max
whi
h should beunderstood as buffer over�ow or �ow drop.C. Solution Te
hniquesWe have 
reated the simulator without relying on any exist-ing simulation frameworks, su
h as, State�ow/Simulink [14℄,Modeli
a [15℄, Ptolemy [16℄ et
. Therefore we have full
ontrol of the solution method of the hybrid system, numeri
als
heme to be used in CT domain, and s
ope of 
omponentmodel. Furthermore, it is easy to identify any 
omputationalbottlene
k and the sour
es of ina

ura
y in the model spe
i�
to the implementation.In general FSM is not a timed model, however, its 
ompo-sition with CT domain requires dete
tion of any events thatmay be triggered on the time axis. Ea
h state in FSM is beingre�ned during the 
ontinuous evolution of the sour
es andthe queues in our model. At ea
h time abs
issa, whi
h maybe a priori 
hosen or dynami
ally updated, a
tive states areevaluated. If the state transition 
ondition is enabled, thenthe FSM makes 
orresponding transitions a

ording to the
ondition and the system 
ontinues to evolve.Assume that CT-FSM 
omposition refers to a master 
lo
kfor their time. Consider one ti
k of that master 
lo
k to bethe time step ∆t of our hybrid system simulation. It is trivialthat a smaller ∆t introdu
es small error in state transition.In our simulation, we do not allow FSM state transitions



4during an epo
h of length ∆t. Now, CT domain simulation 
anbe performed as a

urately as possible, say, over an interval
[n∆t, (n + 1)∆t] where n = 0, 1, . . .. At ea
h time point,
n∆t, 
urrent states are evaluated, 
he
ked against transitionenablers, and 
hanges are made to the states, as ne
essary.The tasks des
ribed above 
an be summarized in the fol-lowing algorithm.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 n

drop

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 whileFinally, we remark that the proposed solution approa
his somewhat similar to the Time-stepped Hybrid Simulation(TSHS) [8℄ and shares the idea of pa
ket smoothing, however,the 
on
ept of hybrid system of CT-FSM 
omposition isfundamentally different from TSHS.IV. HYBRID MODEL & SIMULATION VALIDATIONA. Simulation Set Up & EnvironmentOur simulation studies 
omprise multiple experiments usingthe pa
ket-based ns-2 simulator and the hybrid model-drivensimulator that we have developed. Sin
e we are interestedin 
omparing the two simulators we had to use the sametraf�
 
hara
teristi
s for both simulators. Furthermore the
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Fig. 2. A Dumbbell topology with 4 TCP New-Reno Sour
es.spe
i�
 
hoi
e of the traf�
 pattern is di
tated by how well itmodels network traf�
. Experimental studies have shown thatindividual sour
es of traf�
 
an be approximated by ON/OFFpro
esses, where the On and Off periods have sub-exponentialdistributions. Within the ON state, a sour
e transmits at peakrate. We use this model for our experiments with both the ns-2 and the hybrid simulations. Pa
kets are sent at a �xed rateduring ON state while no pa
kets are sent during OFF state.Both on and off periods are taken from a Pareto distributionwith 
onstant size pa
kets. These traf�
 sour
es 
an be used togenerate aggregate network traf�
 that exhibits the long rangedependen
y seen in the IP network traf�
.B. Simulation Validation & ResultsThe �rst goal of our experimental set up was to baselinethe performan
e of our hybrid model using well known pa
ketlevel simulators su
h as ns-2. For this purpose we used twotopologies. A simple topology as shown in Figure 1 with asingle TCP New-Reno sour
e and a dumbbell topology asshown in Figure 2 with 4 TCP New-Reno sour
es.For the ns-2 simulations we used an identi
al TCP sour
emodel with no ba
kground traf�
. The simple topology is usedto evaluate the behavior of the queue dynami
s as well as TCPsour
e behavior. It 
onsists of a single edge and two networknodes. The link propagation delay was 2ms. In the dumbbelltopology, we have 4 TCP sour
es that are aggregated at thequeue for router 1 and ea
h of these sour
es have link delaysof 1, 2, 3, and 4ms ea
h. All four TCP sour
es are destinedfor the same destination node d. The queue size is set to 15pa
kets with ea
h pa
ket 
onsisting of 512 bytes. The run timefor ea
h of the simulations was 1000ms. The TCP �ows weretriggered to start at 5ms. The metri
s used for 
omparing thehybrid simulator with the ns-2 simulator are, the queue sizesand the 
ongestion window sizes of the TCP sour
e.Figure 3 shows the queue size 
hanges of the simpletopology 
ase 1 using different time steps in the hybridsimulator as well as in ns-2. The queue sizes 
omputed usingthe �ner time steps in the hybrid model are mu
h 
loser to the
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tual behavior. However using a �ner time step in
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hanges obtainedby the hybrid simulator using a time step of 0.25 provides the
losest mat
h to the queue size 
hange observed in ns-2.
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Fig. 4. Comparison of the queue size 
hanges: the hybrid model vs. ns-2.Figure 4 
ompares the queue size 
hanges between thehybrid and the ns-2 simulations for the Dumbbell topology
ase 2. As the simulation time progresses and rea
hes a steadystate, we obtain a 
lose mat
h between the queue behavior ofthe ns-2 and the hybrid models.We obtained ex
ellent agreement in 
ongestion window sizeevolution for the both test 
ases. All the results are not shownin this short version of paper ex
ept the 
omparison of theaverage 
ongestion window from hybrid system simulationand ns-2 of the Dumbbell topology 
ase, Table I.

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.
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Fig. 5. US Topology loaded with 53 sour
es: A dashed-numbers (e.g. 1-8-7-6) denotes the path of a �ow. The parenthesized number represents howmany �ows are in that path.V. SIMULATION OF LARGE NETWORK TOPOLOGIESIn order to study the effe
tiveness of the hybrid simulatorwe evaluated its performan
e using a larger topology. We
ompare the behavior of queue sizes under different TCPsour
e 
on�gurations for both the hybrid simulator and ns-2.A. Network TopologyFigure 5, 
alled to be US Topology, shows a network of8 nodes 
onne
ted by duplex-links of 100 Mbps bandwidthand 2ms link-delay. Links 2-3 and 8-7 have higher, 1000Mbps, bandwidth with 2ms link-delay also. For all the nodes,maximum queue size is set to 50 pa
kets. Queue sizes aretra
ed for the link 6-7 (L1), the link 4-5 (L2), and the link2-3 (L3). We have used 53, 86, and 129 TCP sour
es wheredestination nodes are spread over the network.B. ResultsFigure 6 shows the 
hange in queue (Q2) size under threedifferent sour
e 
on�gurations (53, 86 and 129 sour
es ea
h)for both the ns-2 as well as the hybrid simulator. In oursimulation s
enarios, of all the queues in the network thisparti
ular queue was the one that had the most dis
repan
ywith the ns-2 simulation. However note that even this worst
ase deviation from ns-2 is not very signi�
ant as 
an be seenfrom Table II.
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hanges using the hybrid model and ns-2for US topology. Queue size 
hanges are evaluated using different number ofsour
es. Legend: · · · ns-2 and � hybrid
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, Q3 WRITTEN FOR(HYBRID:NS-2)VI. DISCUSSION & CONCLUSIONIn this se
tion we dis
uss the sending rate model (4) and thehybrid model implementation of TCP and 
omplexity issues.We 
on
lude the se
tion with a brief summary of the paper.A. Transport Layer & Appli
ation LayerIn Se
. III-B we pointed out that the sending rate model (4)might be inappropriate due to the bursty nature of the TCPproto
ol and the dependen
y on pa
ket availability fromappli
ations.The model in equation (4) sends out pa
kets (�ow) over atime interval of length RTT. More spe
i�
ally, if 
ongestionwindow size is 30 and RTT is 6 ms then 5 pa
kets are sentper 1 ms in our model. In real situation, it is more likely tosend all the 30 pa
kets almost instantaneously. Hen
e if thebandwidth of the out-bound link is not 
apable of pro
essingall the in
oming traf�
, the queue over�ows. However, withthe model in equation 4, the queue has enough time to pro
essthe �ows that are arriving spread out over time. Thus, themodel (4) is more appropriate at the asymptoti
 stage, whenthe pa
kets are more evenly spread out.B. Implementation IssuesOur 
urrent hybrid system simulator employs a �xed time-step approa
h. More spe
i�
ally, we use the notion of aglobal 
lo
k and advan
e time by a �xed time-step till theend of simulation time. After ea
h time-step, all the sour
es

and queues are re
omputed and 
he
ked against the transitionenablers. This approa
h allows us to a

urately in
orporatepropagation delays without further modeling effort. On theother hand, be
ause the 
he
ks are 
arried out regardless ofthe states and the events at any time interval, its performan
eis not optimal. In future work, we plan to implement moreintelligent time mar
hing te
hniques � the resulting simulatorwould provide a better basis for studying the performan
e
hara
teristi
s of hybrid based simulations.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-stepped solutionmethod to solve the hybrid system model of a TCP network.The extensive experiments showed good agreements with theresults from Network Simulator ns-2. However, we have notyet studied the stability and the 
onvergen
e issues of thenumeri
al methods we have employed. The robust simulationtool whi
h we have developed 
an be used to analyze 
omplexnetwork behavior so that servi
e providers are better equippedto support the required quality of servi
e (QoS) needs of theirappli
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