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Abstract

We present a general analytical framework for the modeling and analysis of TCP variations. The framework is quite

comprehensive and allows the modeling of multiple variations of TCP, i.e. TCP-Vegas, TCP-SACK, and TCP-Reno, under

very general network situations. In particular, the framework allows us to propose the first analytical model of TCP-Vegas

under on-off traffic – all existing analytical models of TCP-Vegas assume bulk transfer only. All TCP models are validated

against event driven simulations (ns-2) and existing state-of-the-art analytical models. Finally, the analysis provided by

our framework leads to many interesting observations with respect to both the behavior of bottleneck links that are shared

by TCP sources and the effectiveness of the design decisions in TCP-SACK and TCP-Vegas.

1 Introduction

Much of today’s Internet traffic is carried using the Transmission Control Protocol (TCP), and consequently there has been

a significant amount of research toward modeling and understanding the impact that this protocol has on file transmission

times and network utilization. TCP has been and will continue to be an evolving protocol, and as such, one important task

of these models is to facilitate comparisons between the different flavors of TCP. Because TCP has gone through incre-

mental refinements, the protocol itself has grown increasingly complex, which makes analytical modeling quite difficult.

As a result, much of the evaluation of TCP variations has been done using event driven simulators, such as ns-2, a network

simulator developed at Lawrence Berkeley National Laboratory [32]. More recently, research has moved toward analytical

modeling of the performance of TCP. This movement has been triggered by the limitations inherent in event driven simu-

lations, which can be quite time consuming for fast networks and force researchers to use a packet level granularity even

when investigating large, complex networks. Also, when designed carefully, analytical models help researchers understand

the effectiveness of new mechanisms being added to the protocol. As a result, many papers have been written introducing

new, analytical models of the performance of TCP. However, most of the analytical models focus on TCP-Reno, the most

widely deployed variant of TCP, and there has been little research on analytical models of TCP-Vegas, a more recently

proposed variant.

Analytical models of TCP-Vegas have been difficult to develop because of the dependence of TCP-Vegas on the de-

lay experienced by packets in the network. Specifically, TCP-Vegas uses observed delay to detect an incipient stage of�
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congestion and tries to adjust the sending rate before packets are lost. Thus, unlike TCP-Reno, TCP-Vegas attempts to

determine the correct sending rate without relying on packet losses. Prior studies on measurement and simulation of the

performance of TCP-Vegas suggest that in many situations it is able to provide users higher throughput and lower loss rates

than TCP-Reno. Hence, it is an important task to model the performance of TCP-Vegas in order to understand how this

protocol performs in a network shared with other variants of TCP and how TCP-Vegas should be incrementally deployed.

The goal of this paper is to propose a unified framework for analytical modeling of TCP variations, including TCP-

Vegas, TCP-Reno, and TCP-SACK. Our framework allows modeling the behavior of TCP senders under very general

network settings: it allows mixtures of multiple senders, where each sender can use a different flavor of TCP and carry out

a different type of communication (such as HTTP connections or FTP connections). It also allows the network to have a

general topology, and hence each sender can observe a different round trip time (RTT) and a different loss rate.

A wide variety of techniques have been applied to the problem of TCP modeling with a fair amount of success. These

techniques range over fluid models [31], Markov chains [20], and renewal theory [19]. However, until the recent, seminal

work of papers such as [9, 10, 13, 24] no modeling technique has been able to mimic both the structure of a TCP source

and the interaction a source has with the network. The framework proposed by Casetti and Meo [9, 10] takes the novel

approach of separating the modeling of network behavior from the modeling of the behavior within a TCP source and

then allowing the two to interact via feedback. The parameters of the TCP source model and the network model are tuned

by iterative analysis with feedback from each other. The TCP source model is analyzed to obtain the aggregate network

traffic, which is then used as an input to the network model. Next, the network model is analyzed to obtain the loss rate and

expected queueing delay, which are then used as the parameters in source model. The source model is analyzed again, and

the procedure is continued until a stable solution is obtained. Given accurate source and network models, the fixed point of

this iteration matches the operating point of the true network. Using this approach Casetti and Meo are able to accurately

model the performance of TCP-Reno connections in [10] and a simplified TCP-Tahoe protocol in [9]. Garetto, Cigno,

Meo and Marsan have since refined the TCP models in [9] and [10], and have considered both persistent connections and

transfers of files coming from arbitrary file-length distributions [14, 16, 15]. The TCP models, however, are still limited to

TCP-Tahoe and TCP-Reno.

In this paper, we generalize the framework of Casetti and Meo in order to improve their model of TCP-Reno, as well as

model TCP-Vegas and TCP-SACK connections. We extend their framework to include the exponential backoff mechanism

of TCP-Reno and the selective acknowledgment mechanism used in TCP-SACK. In addition, we present a model of the

novel slow-start and congestion avoidance mechanisms in TCP-Vegas. Because TCP-Vegas uses observed delay, as well as

loss events, to adjust the congestion window size, while TCP-Reno uses only loss events, the extension made in this work

to the framework of Casetti and Meo is nontrivial. In order to apply the framework, we need to make two major changes.

First, analyzing the network model to determine the loss rate and the mean queueing delay is no longer enough; the full

distribution of queueing delay must be obtained. Second, the Markov chain used to model a TCP-Reno source must be

extended to use information from the delay distribution.

In addition to modeling multiple variations of TCP, a second focus of this work is on validating possible network

models. In [10], a �
���
������� queue is used to model networks with bottleneck topology; however there is intuition that

other, simple queueing models might provide better analysis of these networks. For instance, an �
����������� model takes

into account the fact that packet sizes are likely to have a distribution with low variability; and an �������
������� batch arrival

model describes the fact that TCP traffic is likely to be quite bursty due to synchronized loss events that are experienced

by multiple users. In this work, we analyze the effectiveness of these three possible queueing systems for use in modeling

a network with a bottleneck topology.

2



Related work

Before delving into our model results, it is useful to understand where our model sits among previous research in this area.

We start by describing the prior work on the analytical modeling of TCP-Vegas and then move to previous techniques for

the analytical modeling of TCP-Reno. In particular, all of the prior work on TCP-Vegas is limited to a single sender of

bulk transfer and most of the prior work on both TCP-Vegas and TCP-Reno is limited to the analysis of the throughput of

a single sender as a function of the loss rate in the network.

The model of TCP-Vegas presented in this work overcomes two limitations of previous TCP models. First, our model

is the first model of TCP-Vegas sources sending on-off traffic; all previous work only allowed bulk transfers [5, 6, 17,

21, 22, 25, 33]. Bulk transfer models are usually associated with FTP traffic, where a user sends a large amount of data

without ever closing the connection. On-off traffic provides a more general model, one that actually includes bulk transfer

as a special case (when the on periods are very long). On-off traffic applies both to FTP connections, the case of bulk

transfer, and HTTP traffic, which inherently is made up of many short connections. Second, our model is the first model of

TCP-Vegas that accurately predicts the operating point of the network in terms of throughput and loss rate for on-off traffic.

Most of the prior work gives the throughput only under loss-free operation [5, 6, 17, 21, 22, 25]. Samios and Vernon [33]

recently proposed the first analytical model to incorporate loss rate. Based on a renewal approach, they give a closed-form

formula for the throughput achieved by a bulk transfer of a single TCP-Vegas sender as a function of the loss rate and the

round trip time (RTT) of the network. However, since their derived closed form is dependent on knowledge of the achieved

loss rate, they are not able to predict the full operating point of the network.

We now briefly describe prior work on developing analytical models for TCP-Reno. Roy et al. [31] have investigated

a fluid model of individual simplified TCP-Reno connections and derived expressions for the congestion window size and

queue length evolution over time of the connection. Altman et al. [3] have investigated a more detailed TCP fluid model

under the assumptions of both independent and correlated losses. Another style of approaches uses stochastic analysis of

the TCP window size and renewal theory to again provide an expression for the throughput of a single connection [2, 18,

19, 23, 28]. Yet another technique derives a Markov chain for the evolution of the TCP congestion window size to calculate

the throughput of a single connection [20]. Unfortunately, though these approaches accurately predict performance metrics

such as the throughput of a single persistent TCP connection given the loss rate of a network, they are not applicable to

more general settings including mixtures of various TCP senders and general network topologies. Our work belongs to a

line of research that fills this gap by combining detailed models of TCP sources and queuing models of general network

topologies [4, 8, 9, 10, 22, 30].

Summary of results

In this paper, we propose the first analytical model of TCP-Vegas for on-off traffic. The framework of our analysis allows

for applicability in very general settings, and the analysis in this paper leads to interesting observations about the behavior

of bottleneck links and about the effectiveness of each mechanism within TCP. We now summarize the contributions of

this paper:� We illustrate a general framework for modeling variations of TCP. We extend the framework of Casetti and Meo [9,

10] to allow modeling of performance metrics such as the throughput, loss rate, and queueing delay, of various TCP

flavors including TCP-Reno, TCP-SACK, and TCP-Vegas, under very general network environments: heterogeneous

TCP sources with general on-off traffic connected to a network with a general topology.
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� We propose a novel analytical model for TCP-Vegas under on-off traffic, and the accuracy of the model is validated

against both ns-2 simulations and existing analytical models. Previous work on modeling TCP-Vegas all focused on

persistent connections (i.e. bulk transfers), and hence our model is the first that allows the analysis of on-off traffic.

We validate the model against ns-2 simulations and find that the model is accurate in very general situations. We also

compare our novel model of TCP-Vegas to the current state-of-the-art model in the literature [33]. Since all the prior

work on modeling TCP-Vegas is limited to persistent connections, we show that our model is at least as accurate as

the state-of-the-art in networks with persistent connections while verifying the model against ns-2 for more general

network setups.� We extend the analytical model for TCP-Reno proposed in [10] to include the exponential backoff mechanism and

a minimum timeout duration. In addition, we extend the framework to model the selective acknowledgements used

in TCP-SACK. The extensions to the model for TCP-Reno improve the accuracy of the model significantly in high

loss environments. Additionally, selective acknowledgements allow us to model TCP-SACK, the accuracy of which

is validated against ��� simulations.� We extensively test the applicability of standard queueing models for approximating the performance of a bottleneck

link shared among TCP sources and find, surprisingly, that an �
���
������� queue is a good approximation. We test

various queueing models, including �
���
������� , �
����������� , and � �!���
������� , and find that the loss rate predicted

by an �
���
������� queue is a good approximation of the simulated bottleneck link shared among TCP sources under

any traffic load. In addition, the queueing model allows our complete model to predict the operating point of a TCP

network within five percent accuracy. This is surprising since the actual packet size distribution in the network has

low variability and the arrival process is not necessarily well approximated by a Poisson process in simulation. We

provide intuition for this surprising observation.� We investigate the effectiveness of the new mechanisms introduced in TCP-SACK and TCP-Vegas and conclude that

the selective acknowledgment mechanism introduced in TCP-SACK is effective at avoiding timeouts and that the

modified slow-start mechanism introduced in TCP-Vegas does not help reduce packet loss but does result in wasting

more time in the slow-start phase. Our framework allows investigating information such as the fraction of time that

a TCP sender spends in each TCP state, which we find difficult to obtain in event driven simulations such as ns-2.

This information allows us to draw conclusions about design decisions made in TCP-Vegas and TCP-SACK.

2 Methodology

In this section, we describe our framework of modeling the performance of TCP flavors. This framework was first intro-

duced by Casetti and Meo [9, 10]. We extend their framework so that the performance of TCP-Vegas can be modeled. This

extension also enables the modeling of more general network and sender behavior.

The framework consists of two components: the TCP sources and the network (see Figure 1). The structure mimics

the interaction among senders within the network. The throughput of each source is independently analyzed via a Markov

chain, while the loss rate and the probability distribution of the delay of the network is analyzed separately using queueing

models. In [9, 10], only the loss rate is analyzed, but we require the delay distribution for modeling TCP-Vegas. Aspects

such as network topology, queueing capacity, link capacity, packet arrival pattern, queue management scheme (DropTail,

RED, class-based RED, etc.), and the network environment (fixed links or Wireless transmission) are taken into account

within the queuing model.
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Figure 1: TCP analysis methodology

Although the two components are analyzed separately, they interact with each other via feedback. The parameters in

the source models and the network model are tuned by iterative analysis with feedback from each other. That is, the source

models are analyzed to obtain an aggregate traffic, which is used as the arrival process to the network model. The network

model is analyzed to obtain the loss rate and delay probability distribution, which are used as the parameters in source

models. Notice that a TCP source adjusts its sending rate (its congestion window size) based on the observation of events

such as packet loss and delay of acknowledgments (ACKs). The source models are analyzed again, and the procedure is

continued until a stable solution is obtained. Given accurate source and network models, the fixed point of this iteration

matches the operating point of the true network. In our model, the stable solution is usually found within "!#%$&"�' iterations.

In the rest of this section, we describe the source model and the network model in more detail.

Mimicking the structure of real-world network hosts, our model of an individual source is composed of two levels: an

application level and a transport level. The application level alternates between the busy state and the idle state. While

the application level is in busy state, the transport level moves among TCP level states, changing the window size and the

phase of transmission (such as slow-start phase, congestion avoidance phase, fast-retransmit phase, and timeout phase). A

rough picture of the interaction between the application and transport level models of a source is shown in Figure 2. Note

that many of the transitions and states are omitted for clarity.

At the application level a TCP source alternates between two states: busy (on) and idle (off). During a busy period, a

TCP source sends data over a TCP connection with the maximum rate allowed by the current window size (specified by

the transport level). During an idle period, an application does not send any data. This application model is designed to

mimic the FTP model built into ns-2. By varying the length of the busy periods, this serves as a general model that can

represent both the short connections inherent in web traffic and the long connections inherent in bulk transfer. Notice that

the application level is independent of the TCP flavor being modeled.

A few extensions to this application level model follow. Though the length of each busy and idle duration is assumed

to be exponentially distributed in [9, 10], we note that the length of the busy and idle duration can be easily generalized

to any phase-type (PH) distributions. This enables us to model the highly variable file lengths observed in real world

Internet traffic.1 Although these extensions provide interesting topics for future work, the focus of the current article

is on extending the TCP level and network level models; so we have chosen to work with the simple application model

1Feldmann and Whitt have proposed an algorithm for fitting heavy tailed distributions by PH distributions in [12].
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described.

In the transport level model, the TCP source changes the window size and the phase of transmission, based on the

observation of loss events and the delay seen by ACKs during the previous stage. How a congestion window size is

adjusted depends on the flavor of TCP and is described in Section 3. Via a Markov chain analysis, we obtain the limiting

probability of the fraction of time that the TCP source spends at each state. We then obtain the expected throughput of each

sender, assuming that a TCP source keeps sending segments at a speed determined by its congestion window size.

The network is analyzed separately via queueing models. Each bottleneck link in the network is modeled as a queue

with a finite buffer. The traffic from TCP sources that send packets through a bottleneck link is aggregated and used as an

arrival process for the bottleneck link. The aggregated throughput ( is computed as the sum of the throughput from all the

TCP sources that send packets through the bottleneck link. That is, (*),+
-.0/213( . , where � is the number of senders that

send packets through the bottleneck link and ( . is the throughput of the 4 -th sender. The arrival process for the bottleneck

link, being the aggregation of � independent sources, is approximated as a Poisson process, and the aggregated throughput

is used as the rate of the Poisson process into the bottleneck link. The loss rate and the delay distribution at each bottleneck

link is then calculated using analysis of the queueing model. The loss rate and the probability distribution of the delay for

each sender is then given by aggregating over all the bottleneck links which the sender sends packets through. The details

of the specific network models used in this work follow in Section 4.

3 Source models

In this section, we describe in detail the transport level models of the source under three flavors of TCP: TCP-Reno, TCP-

SACK, and TCP-Vegas. We extend the model of TCP-Reno introduced in [10] to improve the accuracy under high loss

environments. In particular, we introduce the exponential backoff mechanism and the minimum timeout duration. The

model of TCP-SACK described in Section 3.2 is a straightforward extension of our model for TCP-Reno. The model of

TCP-Vegas described in detail in Section 3.3 is novel and shows a nontrivial extension of the original model of TCP-Reno.

In Section 3.5, we validate our model using ns-2 simulations.

Before describing the details of the model of each flavor, we present the high level idea of the transport level models.

The behavior of the transport level is described by a continuous time Markov chain. The states keep track of the congestion

window size, as well as other information such as the slow-start threshold and whether we need to recover from loss or
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not. The rate of transitions is determined by the loss rate and the RTT (the mean and the standard deviation), provided by

the network model. Namely, starting at a particular state, after one RTT, we transition to a different state; the probability

of transitioning to each state depends on the loss rate and delay distribution. For some states such as timeout states and

exponential backoff states, the duration of staying at the state is not one RTT, and the details are given later in this section.

Throughout this paper, we approximate the RTT, or the duration of staying at each state, by an exponential distribution (by

matching the mean), but this approximation can be generalized to any PH distribution. By solving this Markov chain, we

can determine the limiting probabilities of the congestion window size, which determines the throughput of the sender.

3.1 Modeling TCP-Reno

We first describe the model of TCP-Reno. At the beginning of a busy state, the source starts in slow-start mode and sends

one packet. Each returning ACK triggers the injection of two new packets into the network. Hence, the TCP window size

is doubled once every RTT. This exponential window growth continues until the window size, 5 , reaches the current slow

start threshold; then TCP-Reno switches to congestion avoidance mode. In congestion avoidance mode, each returning

ACK increases the window size as 57685:9;����5 , which results in the increase of the window size by one packet per

RTT. This increase in window size continues until the maximum window size <>= is reached, or until a packet loss is

observed. If the congestion window size is sufficiently large and not too many packets are lost, TCP-Reno will perform

a fast retransmit/fast recovery operation: it quickly resends the lost packets, halves the congestion window size, and

continues with congestion avoidance. If too many packets were lost, TCP-Reno will timeout and wait for ? seconds before

transmission will start over with a window size of one packet and a slow-start threshold set to @A5B�DC�E , where 5 is the size

of the congestion window when the lost packet was sent. If the first packet after a timeout is lost, TCP will double the

length of the next timeout period. This doubling, usually called exponential backoff, continues up to a maximum timeout

length of F�GH? . Upon exiting the exponential backoff states, the window size is set to one. The timeout length is then also

reset to ? .

We now describe the TCP-Reno source model introduced in [10] with a few extensions that we propose. Figure 3

shows the continuous time Markov chain for the TCP-Reno source model when <I=J)K�!F . A state represents an ordered

triple LM5ON�<QPRNTSVU where 5 is the current window size, <WP is the current slow-start threshold, and S is either � or X depending

on whether this state corresponds to a state where we need to recover from any loss (1) or not (0). States with thin borders

correspond to states where no loss event has occurred ( SY)KX ). The two short chains made up of states with thin borders

correspond to slow-start states (for slow-start thresholds of Z and G respectively), and the long chain of states with thin

borders corresponds to the congestion avoidance states. States with thick borders correspond to states where loss has

occurred, but has not yet been recovered from ( S3);� ). The vertically aligned chain of states with thick borders correspond

to the fast retransmit states; the horizontally aligned chain of states with thick borders at the right bottom corner correspond

to the exponential backoff states; the rest of the states with thick borders correspond to timeout states. Note that although

TCP never uses a window size of zero, it is convenient to use this value to represent timeout states and exponential backoff

states since no packets are sent during these periods.

We have made a few extensions to the model for TCP-Reno described in [10]. The first extension is the addition of the

exponential backoff mechanism in TCP. The second extension is the addition of the ?2[]\_^ parameter to the calculation of

the timeout length. Both of these extensions have been motivated by simulations that incur very high loss rates, and the

improvements in the model that result from these extension is shown in Figure 6 (Section 3.5). Also, although the TCP

models in this paper restart each busy period with the same initial window size of one packet, the model is easily extendable

to allow the connections to maintain both the window size and slow-start threshold between busy periods to better reflect
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Figure 3: Model of a TCP-Reno window model for <`=a) �!F .
actual TCP behavior for traffic with short off-times. In fact, this extension was performed in the case of TCP-Tahoe in [9].

We now define the transition intensities of the TCP-Reno Markov chain. The transition intensities are determined by

the loss rate, b , and the mean RTT, c , based on the TCP protocol specification. For states where transitions can take place

to many other states, the transition intensities are derived by weighting the probability of the different events against the

time needed for respective state transitions. For the transitions at the application level, the transition intensity from the idle

state to the state Ld�DN�@e< = ��C�EHNfXHU is ����gih ? off j , where gih ? off j is the mean duration of the off (idle) period, and for each active

busy state (i.e., slow-start states and congestion avoidance states), the transition intensity back to the idle state is ����gih ? on j ,
where gih ? on j is the mean duration of the on (busy) period. For all active busy states LM5kNf< P NTSlU with 5;mn< P , the transition

intensity from Le5ONf<*PRNTSVU to Le5o9:�HNf<QPfNfSVU is b2p LeXHU c�q 1 , where we define b2p LM4dU to be the probability of losing 4 packets

out of a window of 5 packets. Continuing with the loss free states LM5ON�<WPRNfXHU in slow-start and congestion avoidance to

the loss states, we transition from a window of size 5 to fast retransmit/fast recovery L�@A5B�DC�EHN�C�N!��U with intensity b [fr/fr c�q 1 ,
and to timeout LeXrN��DN!��U with intensity b [to c�q 1 , where b [fr/fr is the probability of fast retransmit/fast recovery and b [to is the

probability of timeout. Finally, from the loss states Le5ONf<WP�N!��U we have the transitions from fast retransmit/fast recovery

back to congestion avoidance LM5ON�C�NfXHU with intensity crq 1 , from exponential back-off state s ( s )tX corresponds to single

timeout) back to slow-start with intensity b 1 LeXuU]LVCHv�?wU q 1 , and from exponential back-off to the next exponential back-off

state with intensity Ld�yx b 1 LeXuUzU]LlCDv�?wU q 1 .
Finally, we describe how to obtain the three parameters: the probability of fast retransmit/fast recovery b [fr/fr, the

probability of timeout b [to , and the mean duration of timeout ? . Using the study in [11], b [fr/fr and b [to can be approximately
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quantified for different congestion window sizes 5 :

b R
to )

{||} ||~ + p.�/3� b�p LM4dU if 5;�t�!X+ p.�/3� b�p LM4dU if G���5;m:��X�yx b2p LeXuU if 5;mnG and b R
fr/fr )

{||} ||~ b�p Ld��U�9 b�p LVCHU if 5;�t�!Xb�p Ld��U if G��n5tmt�!XX if 5;mnGr�
We assume that a particular connection’s loss events occur independently of each other; namely, we calculate the proba-

bility of 4 losses out of a window of 5 packets as:b�p Le4�U�)�� 5 4�� b . Lz��x b U p q . �
This assumption follows from the fact that we are modeling many connections at once; thus possible correlated loss events

in the aggregate stream are likely to be distributed across multiple sources. This leads to each individual source seeing

approximately independent loss events. Finally, the timeout length ? , i.e. the time TCP waits for an ACK to return before

it concludes that it has been lost is modeled using the mean RTT, c , its standard deviation, � , and ?2[]\�^ , the minimum

timeout specified by TCP (set to one second by default). The timeout length is calculated as:?�)������3LM? []\�^ N��n9>GH�3UR�
3.2 Modeling TCP-SACK

When multiple packets are lost within a window, selective acknowledgments used by TCP-SACK become valuable. As

described in [11], TCP-SACK makes only one key change to the TCP-Reno protocol: TCP-SACK allows ACKs to carry

information about which packet they are acknowledging. The information about which packet is dropped allows us to fast

retransmit as long as one packet from the window gets transmitted to the receiver and none of the retransmitted packets are

lost. As described previously, TCP-Reno transitions to a timeout even when only one or two packets are lost, if the window

size is small. In any case where a larger number of packets are lost, TCP-Reno will be forced to timeout and transit will be

to the appropriate timeout state.

Therefore, the structure of the Markov chain for TCP-SACK remains the same as the Markov chain for TCP-Reno, and

only the transition intensities differ as follows. Whereas TCP-Reno transitioned into the fast retransmit states only upon a

loss of up to three packets in a given window, TCP-SACK will transition to fast retransmit as long as three duplicate ACKs

are received for the first lost packet and none of the retransmitted packets are lost. Assuming independent packet losses,

we calculate the timeout probability for TCP-SACK as

b S
to LM5wU�) p q �� .0/�1 b�p LM4dU%�T�yx�Ld�yx b U .�� 9 p�.�/ p q � b�p LM4dU�N�5;��G_N

and the probability for fast retransmit/fast recovery as

b S
fr/fr Le5wU�) �yx b S

to LM5wU�x b2p LeXuU�) p q �� .�/�1 b2p LM4dU�Lz��x b U . N�5;�nGr�
Hence, the transition intensities for the TCP-SACK Markov chain are obtained by modifying the transitions to fast retrans-

mit/fast recovery to bk�fr/fr LM5wU c�q 1 , and to timeout with intensity bk�to LM5wU c�q 1 , for all 5��nG .
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Figure 4: TCP-Vegas window size transition for < = )���F .
3.3 Modeling TCP-Vegas

The core features introduced by TCP-Vegas in [7] are modified congestion avoidance and slow-start mechanisms. Both of

the mechanisms use observed delay to detect an incipient stage of congestion and try to adjust the congestion window size

before packets are lost. Thus, TCP-Vegas attempts to determine the correct window size without relying on packet losses.

The fast retransmit/fast recovery and timeout mechanisms of TCP-Reno are still in use in the case when packet loss cannot

be avoided. In this subsection, we describe the two new mechanisms of TCP-Vegas and show how these are incorporated

into our TCP framework.

3.3.1 Novel TCP-Vegas mechanisms

In both the congestion avoidance mechanism and the modified slow start mechanism, TCP-Vegas calculates an estimated

number �¡  of packets backlogged in the network:�   ) 5 � L��
x`�w¢%£ ¤�U�)¥� 5� ¢%£ ¤ x 5 � � �w¢%£ ¤�N
where 5 is the window size, � is the round trip time, and �§¦ . - is the smallest ¨w?©? seen over the connection. Notice that�txn�w¢%£ ¤ is the total queueing delay and 5B�D� is the estimated throughput; thus the formula for �   gives the estimated

number of packets backlogged in the network.

TCP-Vegas makes two major modifications to the congestion avoidance phase.2 First, TCP-Vegas tries to keep the

estimated number, �¡  , of backlogged packets between two thresholds, ª and « , where ª;�¬« . If �i �mKª , TCP-Vegas

2TCP-Vegas is sometimes defined to use a large initial window size of two packets, instead of the standard one packet. We leave the initial window
size as one in order to maintain comparability to the models of TCP-SACK and TCP-Reno described in the previous sections. However, modeling this
increased initial window size is a trivial extension to the model described.
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concludes that there are too few packets at the bottleneck queue, and congestion window is incremented by 1. If �� �­�« ,

there are too many packets at the bottleneck queue, and the congestion window is decremented by 1. If ªI���� ®��« , there

are a moderate number of packets at the bottleneck queue, and the congestion window size is not changed. Second, upon

transition into fast retransmit, TCP-Vegas reduces the window size by one quarter, while TCP-Reno reduces it by one half.

Because TCP-Vegas adjusts the window size at the incipient stages of congestion, it does not need to make a large window

size reduction upon loss events.

TCP-Vegas also adapts a new mechanism in the slow-start phase. Under TCP-Vegas, the congestion window size is

doubled only at every other RTT to observe the delay seen by packets at each window size. This delay is then used to

calculate �   and decide whether to continue in slow-start or not. Specifically if �   ­°¯ , where ¯�)±LVª²9�«�Uf��C is a

standard choice, TCP-Vegas increases the congestion window by one packet, exits the slow-start phase, and transitions

to the congestion avoidance phase to avoid raising the window size too high during the slow-start phase. Note that, in

addition, a maximum slow start threshold is maintained in the same way as under TCP-Reno.

3.3.2 TCP-Vegas Markov chain

A Markov chain for TCP-Vegas is shown in Figure 4. This chain represents a large extension to the work in [10] since, in

addition to the loss characteristics of the network, the transitions in this chain also depend on the distribution of delay ex-

perienced in the network. Notice the four major changes from the Markov chain for TCP-Reno. First, states corresponding

to the halved transition intensity during slow-start are added. Second, the possibility for TCP-Vegas to exit slow start early

if the queried network delay is too high are added. Third, the congestion window sizes at fast retransmit/fast recovery are

modified from @M5B��C�E to @M³�5´��G�E . Fourth, during congestion avoidance, transitions allowing the window size to decrease

and stay the same are added.

We approximate � ¦ . - by the propagation delay �¶µ and � by �¶µ�9���· , where ��· is the queueing delay provided by

the network model. Notice that the necessary probabilities such as b LV�   ��ª¸U and b Le�   �n«�U are easily calculated given

the delay distribution, b LV� · �n¹�U , provided by the network model, since�   )�� 5�kµ x 5�Oµ©9>��· � � µ ) 5©� ·�kµ�9I��· �
The transition intensities for the TCP-Vegas Markov chain are modified in many ways compared to the TCP-Reno

chain. However, since TCP-Vegas recovers from losses in the same way as TCP-Reno, the transition intensities from

the slow-start and congestion avoidance states to the fast retransmit/fast recovery and timeout remains the same as in the

TCP-Reno Markov chain. We first focus on the slow-start phase. While the window size is smaller than the slow-start

threshold, TCP-Vegas transitions to an intermediate state with intensity b Le�i ´��¯3U b2p LeXHU c�q 1 , from which it transitions

to the state with double window size with intensity b LV�� §��¯3U b2p LVXHU cºq 1 . When the window size is greater than @�»y¼� E ,
TCP-Vegas transitions to an intermediate state with intensity b Le�� ²­½¯3U b�p LeXuU c�q 1 , from which it transitions to the

congestion avoidance phase (window size 5�9
� ) with intensity b LV�� y­I¯]U b�p LeXuU c�q 1 . During congestion avoidance, for

congestion window sizes �§m�5 m
< = , the delay based congestion avoidance mechanism leads to window increase with

intensity b LV�   m¾ª¸U b p®LeXHU c�q 1 , to window decrease with intensity b Le�   ­°«�U b p®LeXHU c�q 1 and remains in the current

state with intensity b Leª �K�   �K«�U b pyLeXuU c�q 1 . We have two special cases, 5°)a< = and 5¾)¿� . For the maximum

window size 5t)t< = , TCP-Vegas remains in the current state with intensity b Le�   ��«�U b »©À LVXHU c�q 1 and decreases the

window size with intensity b LV�¡ ¶­;«�U b » À LeXuU c�q 1 . For the minimum window size 5Á)a� , TCP-Vegas remains in the

current state with intensity b Le�� ®­nª¸U b 1 LVXHU cºq 1 and increases the window size with intensity b LV�� ®m�ª¸U b 1 LeXuU c�q 1 .
11



3.4 Analysis of source models

The goal of a source model is to calculate the throughput given the loss rate and delay distribution, and using the Markov

chain described in this section this can be achieved as follows. The stationary distribution, ÂÃ , corresponding to the pro-

portion of time spent in each state of the Markov chain, is found by solving the equation ÂÃOÄ ) ÂX , a system of linear

equations that can be solved using standard Gaussian elimination, where Ä is the generator matrix of the Markov chain

[26].3 Using ÂÃ , the intensity ( of the throughput is calculated as:(�) �.ÆÅ all active states

5kLM4dU�ÂÃ LM4dURN
where 5kLM4dU is the window size of state 4 , and all active states consist of all slow-start states and congestion avoidance states.

The size of the state space directly affects the computational complexity of solving the Markov chain. In the Markov

chains for TCP-Reno and TCP-SACK, the number of states, � Reno LV<W=ÇU and � Sack LV<W=ÈU , including the idle state, are:� Reno LV<W=ÈU�)
� Sack LV<W=&U�)�<W=Á9¬@ <*=C E®9 �C�ÉAÊ�ËDÌ � <*=�ÍÎL ÉAÊ�ËDÌ � <W=iÍÎ9
��U�9IÏºN
and the number of states, � Vegas Ll<*=&U , in the Markov chain for TCP-Vegas is:� Vegas LV<W=ÈU�)�CH<*=°x�@ < =G EÎ9 ÉAÊ�ËDÌ � <*=ÐÍuL ÉAÊ�ËDÌ � <W=iÍ�xn��U�9>Fr�
In particular, when < = )Á�!F , � Reno Lz�!FHUy) ³DZ and � Vegas Ld��FHUy)�G�Ï , and when < = ) Cº� , < = );C�� , � Reno LVCº��Uy) ÏDX
and � Vegas LVCº��UO),FuC . These state spaces are small enough and allow us to evaluate the Markov chain iteratively in our

framework.

3.5 Validation of source models

The separation between the network and the source provided by this framework allows an independent validation of our

source models. This is accomplished by comparing with ns-2 results in the following manner. First, an ns-2 simulation

is run to calculate the loss rate and throughput under a particular network setting. Then, using the loss rate calculated by

ns-2 as an input to our source model, our source model provides an estimated throughput, which we can verify with ���
independently of the details of the network model. Note that in the validation of our source models no iteration is necessary.

In this manner, we validate the TCP-Reno and TCP-SACK models (TCP-Vegas requires the delay distribution) and

observe that they give very accurate predictions when the loss rate of the network is known. Due to constrained space, we

do not include these plots in this report; they are superseded by the validation of the complete model in Section 5.2, where

we show that our model is capable of accurately predicting the operating point of the network in terms of throughput and

loss rate.

4 Network Models

In this section, we present three network models, �
����������� , �
���
������� , and �¬�!���
������� batch arrival model, and

discuss their relative merits. We focus on a single bottleneck network with a DropTail queue. In analytical modeling, it is

3It should be noted that this procedure is more complex when the loss rate is very low. When the loss rate is very low, some of the transition intensities
(such as transition to the timeout) become 0 due to numerical precision. These states must be identified and removed before solving the Markov chain.
This is accomplished by finding the largest strongly connected component of the chain that is connected to the idle state, and then reducing the Markov
state space to include only states in this component.
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quite common to model the network with a bottleneck topology. This allows the performance of the network to be reduced

to the performance seen at a single bottleneck link, where simple queueing models are appropriate. However, since it is

not clear which queueing model is suitable for a bottleneck link, we compare three different possibilities.

Modeling the bottleneck link with an �
����������� queue is intuitive due to the low variability of packet sizes. However,

an �
����������� queue is likely to predict a lower loss rate and higher throughput than is seen in the true network. This results

from the fact that in real world routers the packet sizes are more variable than a deterministic distribution since packet sizes

are not always fixed to the maximum segment size; and interarrival times are more variable than an exponential distribution

since the arrival process generated by TCP sources is likely to include batch arrivals. For example, in the slow start phase,

a TCP source sends two packets upon receiving an ACK.

We observe that the �
���
������� queue has similar performance to the �
����������� . Thus, due to the decreased com-

putational complexity of the model, it provides an alternative to the �
����������� . In fact, recent work looking at delays

seen at a backbone router finds that the �
���
������� captures the trend of the relationship between queueing delay and link

utilization [29], although it does underestimate the delay seen on the link. In addition, Casetti and Meo use an �
���
�������
queue as their network model in the case of TCP-Reno [10].

We also consider the �;�!���
������� queue as an alternative to the �
����������� and �
���
������� queues since batch

arrivals can be expected in TCP traffic. At least two aspects of TCP traffic cause batch arrivals: synchronization among

sources and the slow-start mechanism. Long lived flows in a homogeneous environment can become synchronized when

severe congestion at a router results in the loss of many packets and causes the TCP sources to timeout at the same time.

In this situation, after ? seconds, the sources will all start sending packets at the same time. Short lived flows on the other

hand, with few packets to send, will spend most of their time in slow-start. The slow start mechanism results in batch

arrivals in the following way. First, notice that TCP only sends new packets in response to returning ACKs. Thus, during

the slow-start phase, each returning ACK triggers the injection of two new packets. Therefore, we can expect batch arrivals

of size 2 in short lived flows and batch arrivals of possibly larger sizes in long lived flows. We chose batch sizes of 2 and

10 in our analysis.

We include formulas for the mean queueing delay, the loss rate, and the delay distribution under each of these queueing

models in Appendix A.

4.1 Validation of network models

The network models can be validated independently of the source models in a similar way to the validation of the source

models in Section 3.5. This is accomplished by comparing with ns-2 results in the following manner. First, an ns-2

simulation is run to calculate the loss rate and throughput under a particular setting. Then, using the throughput calculated

by ns-2 as an input to our network model, we can verify the performance of the network model independently of the details

of the source model. The analysis shows that the model that best predicts the loss rate depends on the throughput, or the

network settings; we observe that either �
���
������� , �
����������� , or � � ���
������� best predicts the loss rate depending on

the throughput.

The observation that different queueing models best predict the loss rate under different network settings is best ex-

plained by a simulation study in [27], which investigates the applicability of various queueing models both for hetero-

geneous and homogeneous TCP-NewReno sources under similar settings to this paper. It is shown that under high loss

( ­tÏHÑ ) environments, any of these queueing models predict the loss rate equally well. However, under low loss ( m�ÏuÑ )

environments, the best queueing model depends on the type of transfers by TCP sources, i.e. persistent or transient. It is

shown that �
����������� queues best predict the loss rate for transient sources. However, it is also shown that for sources
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with a slightly longer on and off periods, �
���
������� queues best predict the loss rate, and for (homogeneous) persistent

sources, �;�!���
������� queues best predict the loss rate. An intuition behind this observation is that the packet size distribu-

tion is best approximated by a deterministic distribution, and the arrival process is well approximated by Poisson process

under transient connections. However, under persistent connections, the arrival process is better approximated by batch

Poisson process due to the traffic burstiness stemming from the TCP slow-start and source synchronization effect.

5 Full model validation

In this section, we validate our analytical model by comparing the results of our model with packet-level simulations

performed in ns-2. Since one of the goals of our modeling is robustness under very general network settings, we validate

the model under varying traffic characteristics and over a wide range of network delays. We consider both scenarios where

the main part of the RTT consists of the propagation delay and scenarios where the bulk of the RTT consists of queueing

delay.

Validation against ns-2 simulation: TCP-Reno
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Figure 5: Comparison of ns-2 and Markov model for TCP-RENO with respect to offered traffic (row 1) and loss rate (row
2) when TCP sources with transient traffic (On/Off = ÏH���D�ÒÏ ) share Ï�X Mbps core network. (a) �!XHX TCP sources; (b) ³DXDX
TCP sources; (c) ÏDXDX TCP sources.

5.1 Validation setup

We validate our model using a network with a bottleneck topology, where the bottleneck link is fed by � independent

ON-OFF sources. The sources are connected to the bottleneck link via separate access links. A range of propagation

delays, capacities, and buffer sizes are tested for the bottleneck link. Each source uses exponential duration both for the on

state (mean ? on), and the off state (mean ? off). For each on period, the sources start with an initial window size of � packet,
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a slow-start threshold of <W=Ó�DC , and perform an FTP transfer for the duration of the on period.

Details of parameter settings follow. The propagation delay is varied between Xº� XHC and Xr� ÏDX seconds, the bottleneck

capacity Ô is varied between ��X Mbps and Ï�X Mbps, and the buffer size � is varied between ÏDX and ��XDX packets. These

parameter settings include a wide range of scenarios. In particular, when the bottleneck capacity is �!X Mbps and the buffer

size is �!XHX , varying propagation delay between Xº� XHC and Xr� ÏDX seconds results in varying the maximum queueing delay

between Z©Ñ and FHF©Ñ of the total round trip time. The sources are connected to the bottleneck link using separate ��XDX Mb

access links, and the number of sources is varied between ³HX and ÏDXDX . We examine a range of traffic characteristics

including transient sources (sources with rapid alternation between on and off states: ? on ��? off periods of �H� Ïu��Xr� Ï andÏH���D�ÒÏ seconds), semi-persistent sources ( ? on ��? off periods of ÏDXu��Ï seconds), and persistent sources ( ? on ��? off periods of�!XHÕ!��� seconds). The TCP protocol at each source fixes the segment size to 536 bytes and the maximum window size to<W=¥)��!F packets. All ns-2 simulations in this paper are run for ÏDXDX simulated seconds. Tracing events at the bottleneck

link is started after CDX seconds and the trace file is postprocessed to calculate offered traffic and packet loss.

5.2 Validation results

We now proceed to the validation of our models: we start with the validation of the queueing models and continue with the

TCP-Reno, TCP-SACK, and TCP-Vegas models. While all TCP flavors have been validated for all simulation scenarios,

we show here a limited number of graphs. We will evaluate all queueing models in the TCP-Reno validation in Section

5.2.1. From these evaluations, we conclude that the �
���
������� model is adequate for our modeling purposes and continue

the validation of the TCP-SACK model in Section 5.2.2 and the TCP-Vegas model in Section 5.2.3 using the �
���
������� .

Improvement of the model due to exponential backoff and Ö©×3Ø2Ù
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Figure 6: The effect of adding exponential backoff and the ?�[]\�^ parameter is analyzed. Comparison of Markov models
for TCP-Reno with respect to (a) offered traffic and (b) loss rate. �H�!X TCP sources with transient traffic (On/Off = ÏH���D�ÒÏ )
share �!X Mbps core network.

5.2.1 TCP-Reno validation

Figure 5 validates the TCP-Reno model against ns-2 simulations with respect to the offered throughput and loss rate under

different network models. Column (a) shows the results under a small number of TCP sources: a Ï�X Mbps bottleneck

link with buffer size 100 shared by �!XHX transient TCP-Reno sources. Column (b) shows the results under an intermediate

number of TCP sources: a ÏDX Mbps bottleneck link with buffer size 100 shared by ³HXDX transient TCP-Reno sources.

Column (c) shows the results under a large number of TCP sources: a Ï�X Mbps bottleneck link with buffer size 100 shared
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by ÏDXDX transient TCP-Reno sources. There are three dashed lines and four solid lines in the graphs. The middle dashed

line, corresponding to ns-2-results, is complemented with an upper and lower dashed line, showing a Ú´Ï percent interval

around the simulated values. The solid lines correspond to the �
���
������� , �
����������� , � � ���
������� and � 1dÛ ���
�������
model respectively, where all but � 1dÛ ���
������� perform adequately, compared with ns-2. In particular, the �
���
�������
model gives accurate estimations within the 5 percent interval under most of the settings. Hence, in the rest of the paper,

we adopt the �
���
������� queue as the network model.

An intuition behind this surprising observation that the �
���
������� queue accurately predicts the loss rate is that the

packet size variability is overestimated in �
���
������� , since the packet sizes are likely to have low variability, and the

variability of the interarrival time is underestimated in �
���
������� , since the arrival process created by TCP sources is

likely to involve batch arrivals due to slow start mechanism and synchronization. Since a higher variability of both packet

sizes and interarrival times usually results in a higher loss rate, overestimation of packet size variability and underestimation

of interarrival time variability cancel out, resulting in accurate prediction of the loss rate.

Figure 6 shows the improvement of the model due to the addition of the exponential backoff states and the ? []\�^
parameter, which illustrates the effect of the extension made over the model of TCP-Reno presented in [10]. The addition

of multiple backoff states and the minimum timeout significantly improve the model performance in high loss scenarios.

The figures show that both throughput and loss rate would be severely overestimated without the exponential backoff

states and the ?3[]\_^ parameter under high loss scenarios, but the model with these extensions accurately predicts both the

throughput and the loss rate under any scenarios.

Validation against ns-2 simulation: TCP-SACK
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Figure 7: Comparison of ns-2 and Markov model for TCP-SACK with respect to offered traffic (row 1) and loss rate (row
2) when TCP sources with transient traffic (On/Off = ÏH���D�ÒÏ ) share Ï�X Mbps core network. (a) �!XHX TCP sources; (b) ³DXDX
TCP sources; (c) ÏDXDX TCP sources.
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5.2.2 TCP-SACK validation

Figure 7 validates the TCP-SACK model against ns-2 simulation. Column (a) shows the results under a small number

of TCP sources: a Ï�X Mbps bottleneck link with buffer size 100 shared by �!XHX transient TCP-SACK sources. Column

(b) shows the results under an intermediate number of sources: a Ï�X Mbps bottleneck link with buffer size 100 shared by³DXHX transient TCP-SACK sources. Column (c) shows the results under a large number of sources: a Ï�X Mbps bottleneck

link with buffer size 100 shared by Ï�XDX transient TCP-SACK sources. The model estimation of throughput and loss rate

is within the Ú´Ï percent interval for most of the settings. It is also important to point out that the difference between the

TCP-SACK and TCP-Reno model, stemming from TCP-SACK’s improved loss recovery, is small but noticeable, both in

simulations and in the model results.

Validation against ns-2 simulation: TCP-Vegas — Transient sources: On/Off = ÜÞÝ�ßÞà�Ü
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Figure 8: Comparison of ns-2 and Markov model for TCP-Vegas with respect to offered traffic (row 1) and loss rate (row
2) when TCP sources with transient traffic (On/Off = ÏH���D�ÒÏ ) share Ï�X Mbps core network. (a) �!XHX TCP sources; (b) ³DXDX
TCP sources; (c) ÏDXDX TCP sources.

5.2.3 TCP-Vegas validation

Now we validate the TCP-Vegas model and compare it to an existing analytical model. Following the recommendations in

[33], the TCP-Vegas parameters are configured to ª*)
«Q)�¯Ç):C which improves fairness.4

Figures 8 and 9 validate the TCP-Vegas model against ns-2 simulation. Figure 8 shows the results under transient

sources ( ? on )¬Ï and ? off ),�D�ÒÏ ), and Figure 8 shows the results under semi-persistent sources ( ? on )¬ÏDX and ? off )KÏ ).
In both figures, column (a) shows the results under a small number of sources, column (b) shows the results under an

intermediate number of sources, and column (c) shows the results under a large number of sources. The figures suggest

4Fairness here refers to maintaining similar throughput across connections with varying propagation delays.
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Validation against ns-2 simulation: TCP-Vegas — Semi-persistent sources: On/Off = Ü�á]ÝÞÜ
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Figure 9: Comparison of ns-2 and Markov model for TCP-Vegas with respect to offered traffic (row 1) and loss rate (row
2) when TCP sources with semi-persistent traffic (On/Off = ÏDXu��Ï ) share Ï�X Mbps core network. (a) �!XDX TCP sources; (b)³DXHX TCP sources; (c) ÏDXDX TCP sources.

that the model predictions are within a few percent of the values predicted by ns-2 simulation for most of the settings.

Note that the accuracy of this model TCP-Vegas is even better than the accuracy achieved earlier by the TCP-Reno and

TCP-SACK models.5

Now, we compare the performance of our TCP-Vegas model to the performance of the model proposed by Samios

and Vernon [33]. Although the Samios and Vernon model is the most general among all the prior analytical TCP-Vegas

models, their work is still restricted to the situation of a single source performing a bulk transfer in a network having a

known loss rate. The model we present applies in much more general situations. Our model allows transient connections,

semi-persistent connections, and bulk transfers as well as modeling the performance of an arbitrary number of TCP-Vegas

sources. Further, our model is able to predict the operating point of the network, instead of depending on an input of the

achieved network loss rate. Thus, we can compare our model to existing models, although not across the full generality of

our model.

This comparison is achieved in the following manner. We first select a network topology: in Figure 10 we fix the

bottleneck capacity to �!X Mbps, the buffer size to ��XDX , and the propagation delay to Xr�0��Ï seconds. We then use ns-2 and let� sources perform persistent transfers and record the observed loss rate together with offered traffic divided by the number

of sources as an estimate of the offered throughput per source. The recorded loss rate and average queueing delay are used

to fix the parameters of our network model, which is then input to our source model to obtain the throughput. Finally the

throughput observed in the ns-2 simulation and the throughput predicted by our model are compared.

Figure 10 shows the result of the comparison to the Samios and Vernon model. With respect to accuracy, our model

5The accuracy of the model might be due the TCP-Vegas protocol causing a different queueing distribution at the bottleneck link that is more
compatible with the âiãzâiã!äTãRå queueing model.
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Validation: TCP-Vegas — Persistent sources

0 0.02 0.04 0.06 0.08
0

0.1

0.2

0.3

0.4

0.5

Loss rate
O

ffe
re

d 
T

hr
ou

gh
pu

t (
fr

om
 1

 s
ou

rc
e,

 M
bp

s)

VEGAS bulk transfer, W=16, B=100, µ=10Mbps

ns sim
our Markov model
Samios and Vernon (low loss)
Samios and Vernon (mid loss)
Samios and Vernon (high loss)

Figure 10: Comparison of ns-2, Markov model, and Samios/Vernon model with a ��X Mbps core network, persistent con-
nections and a propagation delay of Xº����Ï seconds.

shows significant improvement over the Samios and Vernon model under high loss environments. With respect to computa-

tional complexity, the closed form solution of the Samios and Vernon model is superior to ours; however, notice that when

the loss rate is given as an input, obtaining the throughput by our model does not require any iteration. All that is needed is

to solve a small ( mt��XDX states) source model Markov chain only once. Further, the extra computational complexity in our

model allows it to be applicable in much more general network situations.
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Figure 11: Comparison of time spent (a) in fast retransmit states, (b) in slow-start states, and (c) in timeout states for
TCP-Reno, TCP-SACK and TCP-Vegas.

6 Comparison of TCP versions

Apart from accurate prediction of the performance of various TCP flavors, an advantage of our framework is that it allows

us to investigate such information as the fraction of time TCP spends in each state: slow-start, congestion avoidance,

backoff, fast retransmit, and timeout. Since the states in our model correspond exactly to the states of TCP, we can draw

conclusions about the effectiveness of the new mechanisms introduced in TCP-SACK and TCP-Vegas, using the fraction

of time spent in each state.

Figure 11 shows the fraction of time spent in fast retransmit, timeout, and slow-start states under each flavor of TCP

with a bottleneck link having a 10 Mbps capacity and a buffer size of 100 packets shared by 500 sources. There are two

conclusions that can be drawn from these plots. First, the selective acknowledgment mechanism in TCP-SACK is effective.
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Comparing the performance of TCP-SACK and TCP-Reno, we can observe that selective acknowledgements help avoid

timeouts by increasing the time spent in fast retransmit states over all propagation delays (Figure 11 (a)). Second, the

modified slow start mechanism in TCP-Vegas does not help avoid future losses or time spent in timeout states, but just

results in wasting more time in the slow start phase. Comparing the performance of TCP-Vegas and TCP-Reno, we can

observe that the time TCP-Vegas spends in slow start states is significantly greater than the time TCP-Reno spends in slow

start states (Figure 11 (b)), and that the time TCP-Vegas spends in timeout states is almost the same as the time TCP-Reno

spends in timeout states (Figure 11 (c)).

7 Conclusion

This work introduces a major extension of the analytical framework of modeling and analysis of TCP-Reno proposed by

Casetti and Meo [10]. The extended framework allows analysis of many TCP flavors under very general network environ-

ments. In particular, we introduce models for TCP-Vegas and TCP-SACK while extending the model previously proposed

for TCP-Reno. Analytical models of TCP-Vegas have previously been limited to bulk transfer and our framework allows

the first analytical modeling of TCP-Vegas under on-off traffic. Our work also improves of the accuracy of modeling TCP-

Reno in this framework by adding an exponential backoff mechanism and a minimum timeout value to the model. Further,

we model the selective acknowledgment mechanism used by TCP-SACK. Our successful extension of the framework to

TCP-Vegas and TCP-SACK shows the ease with which this framework can be extended to many versions of TCP and

shows the applicability of this style of modeling to research introducing novel TCP mechanisms.

The analysis with our framework leads to many interesting observations including some counter intuitive ones. In par-

ticular, by examining many common queueing models, we find that an �
���
������� queue is a good model of a bottleneck

link shared among TCP sources, and that the modified slow start mechanism introduced in TCP-Vegas does not help reduce

packet loss but just results in wasting more time in the slow start phase.

Finally, notice that even the generalized framework presented in this paper can be further extended. The network

environment assumed in this paper is limited to a bottleneck link shared among homogeneous TCP sources, this can be

generalized to an arbitrary network topology connected by heterogeneous TCP sources (different TCP flavors, propagation

delays, etc.). Also, the distribution of sizes such as the duration of the on-off period and RTT is assumed to be exponen-

tially distributed, but this can be generalized to an arbitrary distribution using phase-type distributions as approximations.

Furthermore, the arrival process to the network is assumed to be Poisson, but this can be extended to a Markovian Arrival

Processes (MAPs).
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A Analysis of network models

In this section, we show well known formula’s for the performance of the three queueing models we apply. We define( to be the aggregated arrival rate from the TCP sources, � to be the buffer size of the bottleneck link, and Ô to be the

bottleneck link speed. We also define the load æ¶ç!è�é)J(Þ��Ô .ê ��ë&��ì���í From the analysis in [1], the loss rate î =Oïfð�ï 1 ïfñ of an �
����������� queue is given by:î =kïTðYï 1 ïfñ ) �Y9�LMæ¶x���Udª2ñ©LMæ�U�Y9>æuª ñ Leæ�U N
where

ª3òHLMæ�Uó) ò q ��v /]ÛÎô�õ!ö ò q v q
1z÷ Ldx§��Uzv�æ�v�L0økx s xn��UTvsÞù Núø��oC�N

and the delay distribution b´û Le�i·´��üzU is given by:

b´û LV� · �IüzU�) ¢%£ ¤ ödý PMþ�ï �rq 1dÿ�� ñ q 1d÷�v /]Û Ã vLz�yx Ã ñÎU N
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where Ã Û ) ��Y9>æuª2ñ©Leæ�U NÃ 1 ) ª � Leæ�U%x���Y9>æuª2ñ©Leæ�U NÃ ò ) ª ò�� 1 LMæ�U¸xWª ò LMæ�U�Y9>æ�ª�ñwLMæ�U N L�ø¶):C�N!������NT�;xn��U�NÃ ñ ) �Y9�LMæOxn��Uzª�ñwLMæ�U�Y9`æ�ª ñ Leæ�U �
Notice that ª ò ’s are quite complicated and, in fact, it is quite difficult to evaluate the loss rate by maintaining the

necessary numerical precision when the buffer size is large. The formula for the delay distribution has a similar problem.
We use Maple, which can specify an arbitrary precision, to evaluate the loss rate and delay distribution.ê � ê ��ìº��í The performance of an �
���
������� is well known and the loss rate î =Oï�=Oï 1 ïfñ , the expected delay gÐh �i· j =Oï�=kï 1 ïfñ ,
and the delay distribution b´û Le� · ��üzU =Oï�=Oï 1 ïfñ are given by:

î =Oï�=Oï 1 ïfñ ) æ ñ Lz�yx*æ�U�yx*æ ñ � 1 NgÐh � · j =Oï�=Oï 1 ïfñ ) � �Ô � �yx�Le�t9o��U�æ ñ 9>�kæ ñ � 1Ld�yxWæ�U�Ld��xWæ ñ U N
b´û Le��·´�IüzU =Oï�=Oï 1 ïTñ ) �yx ô q þ�P�yx*æ ñ ñ q 1� .�/]Û LV(rüzU .4 ù 9 æ ñ ô q þ�P�®x*æ ñ ñ q 1� .0/3Û LMÔ]üzU .4 ù �ê�� � ê ��ìº��í The loss rate î =���ï�=Oï 1 of an �������
������� is:

î =���ï�=kï 1 ) ��ò /21 ø û Ã ñ q � ��ò N
where the Ã . ’s are solved iteratively using the balance equations:( Ã Û ) Ô Ã 1Ll(¡9>Ô�U Ã v ) Ô Ã v � 1 �§� s m ûLl(¡9>Ô�U Ã v ) Ô Ã v � 1 9 Ã v q � (�N û � s m�� x��Ô Ã ñ ) ñ q 1�ò / ñ q � ( Ã ò� ) Ã Û 9 Ã 1 9	�
�
��9 Ã ñ �
Using the Little’s formula, the expected delay can be computed from the Ã . ’s. In Section 5, we conclude that the���!���
������� queue is not as appropriate for our purposes, and we do not apply this model to TCP-Vegas. As a result,

we do not include a formula for the delay distribution under this network model.
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