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Abstract Fairness of competing transmission control
protocol (TCP) flows is an integral and indispensable
part of transport protocol design for next-generation,
high-bandwidth-delay product networks. It is not just a
protocol-intrinsic property but it could also have severe
impact on quality of experience (QoE). In this paper,
we revisit FAST TCP fairness behavior based on a com-
prehensive performance evaluation study. We demon-
strate that FAST TCP with proper parameter settings
can always achieve fair behavior with HighSpeed TCP
and Scalable TCP. We also show that this behavior
is a rather robust property of the protocol concerning
different traffic mix or network topology. The dynamic
behavior of reaching the fair equilibrium state can
be different, which is demonstrated in the paper. Our
study also emphasizes the important need for finding
a dynamic sensitive fairness metric for performance
evaluation of transport protocols for next-generation,
high-bandwidth-delay product networks.
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1 Introduction

The advance in technologies and newer and newer
forms of applications ensure improved and diversified
services to end-users but they also bring new challenges
for network designers. As a result, there is a genuine
need for next-generation transport protocols that can
efficiently utilize the resources and that can operate in
these new and diverse network environments.

This question has recently received considerable
attention from the research community [16, 30], and a
number of solutions have been proposed (HighSpeed
transmission control protocol (TCP) [8], Scalable TCP
[12], FAST TCP [11, 28], and others). Roughly, these
protocols can be divided into two classes: loss-based
and delay-based. Loss-based versions share similar fea-
tures with traditional TCP (TCP Reno), whereas delay-
based TCP (FAST TCP) is an extension of TCP Vegas
[15]. There is considerable research regarding the mod-
eling and analysis of high-speed TCP versions, e.g.,
[8, 11, 12, 17, 22, 26]. It is widely accepted that one of the
most important issues with these protocols is operabil-
ity and deployability. This directly leads to the question
of fairness. In fact, this question has been tackled by
the research community for quite a long time (see, e.g.,
[1, 2, 11–13, 23, 24, 27, 29]), and a number of fairness
metrics have been proposed, such as Jain’s index, max–
min fairness, proportional fairness, utility-based fair-
ness, etc. These metrics are different, but they share a
common aspect. They are all concerned with the long-
term average of the flows and their stable/equilibrium
performance. The main weakness of these metrics is the
lack of attention to the dynamic of the flows.

Fairness could also have significant impact on the
subjective experience of the end users. For example,
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when more users download files (e.g., DVD con-
tent) from a file server sharing a common bottleneck
link, may experience very different download times;
in extreme cases, a user’s transaction can last sev-
eral times longer than others’. Therefore, investigat-
ing fairness characteristics, the aspects of quality of
experience (QoE)—which is a “measure” from the
user perspective—has to be considered, as well. User
behavior—selfish behavior in particular—can have sig-
nificant impacts on the performance of the network
as a whole [26]. Selfish activities (e.g., by adopting
aggressive transport protocols) of some users can be
considered unfair to other users sharing the same net-
work. In this respect, the fairness of network bandwidth
allocation can implicitly affect the experience of end-
users who suffer unfair bandwidth share. There is a
huge diversity in actual network applications with ver-
satile traffic characteristics having different impacts on
the TCP fairness. As a consequence, it has been recog-
nized that TCP is no longer sufficient to ensure the fair
sharing of network resources. This is the reason why
priority control may be introduced to support fairness.
Moreover, there is an increasing tendency to employ
application level control to improve users’ perfor-
mance over shared wide-area networks. For example,
some web and peer-to-peer applications use Parallel
TCP to accelerate data access and provide acceptable
fairness [10, 14].

The new challenges of TCP have been addressed
by several research groups in the last decade, and a
number of new TCP versions have been developed. A
brief overview of the protocols analyzed in the paper is
given here, and some technical details are summarized
in Table 1. HighSpeed TCP (HSTCP) [8] is a modifi-
cation to TCP’s congestion control mechanism for use
with TCP connections with large congestion windows.
It changes the TCP response function to achieve better
performance on high-capacity links. HSTCP is based on
an additive increase multiplicative decrease (AIMD)
mechanism, where the increase and decrease parame-
ters (a(W) and b(W)) are functions of the current value
of the congestion window (see the corresponding row of
Table 1), yielding an adaptive and more or less scalable
algorithm.

Ideas to introduce multiplicative increase multiplica-
tive decrease (MIMD) mechanisms for TCP have also
been considered. Scalable TCP (STCP) [12] is a good
example that has been suggested as an efficient trans-
port protocol for high-speed networks. Here, the multi-
plicative increase and multiplicative decrease algorithm
guarantees the scalability of the protocol. The conges-
tion window is increased by a constant parameter (a) as
a response to a received acknowledgement, while it is
reduced in a multiplicative manner (by b W) in case of
packet losses (see Table 1).

The research on the delay-based ideas has resulted
in FAST TCP [11, 28]. FAST TCP has the same equi-
librium properties as TCP Vegas [15], but it can also
achieve weighted proportional fairness. FAST TCP
seeks to restrict the number of its packets queued
through the network path between an upper (β) and
a lower (α) bound; however, the behavior is usually
controlled by a single parameter (α) that can be con-
sidered as the targeted backlog (packets in the buffers)
along the flow’s path [11, 17, 28]. Under normal net-
work conditions, FAST TCP periodically updates its
congestion window based on the comparison between
the measured average round-trip time (RTT) and the
estimated round-trip propagation delay (when there is
no queueing). More exactly, the window is adjusted
according to the formula presented in Table 1, where γ

is the step size affecting the responsiveness of the proto-
col, and baseRTT is the minimum RTT observed so far,
which is an estimation of the round-trip propagation
delay. The parameter α controls the equilibrium behav-
ior; therefore, the appropriate setting of this parameter
is crucial (see [11, 17, 28]). FAST TCP also reacts to
packet losses, halving its congestion window.

Due to its beneficial properties, the fairness char-
acteristics of the delay-based scheme, especially FAST
TCP, are intensively investigated by the research com-
munity. In [2], the equilibrium fairness properties of
FAST TCP and TCP Vegas are compared, and the
impacts of the error of the propagation delay esti-
mation are analyzed. In [24], the intra-protocol fair-
ness characteristics of FAST TCP and TCP Reno are
investigated considering the long-term behavior and
equilibrium bandwidth allocations. A novel metric is

Table 1 Details of TCP
variants analyzed
in the paper

Protocol Window adjustment (When) Reaction to loss

HSTCP w ← w+ a(w)

w
(Per ACK) w ← w− b(w)w

STCP w ← w+ a (Per ACK) w ← w− bw

FAST TCP w ← min
{

2w, (1 − γ )w+ γ

(
baseRTT

RTT
w+ α

)}
(Periodically) w ← 0.5w
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also introduced as the Euclidean distance between the
max–min fair bandwidth allocation (as the benchmark)
and any bandwidth allocation. On the basis of this
framework, the fairness of FAST TCP and TCP Reno
is evaluated, and numerical demonstrations are also
given regarding different topologies, such as dumb-bell,
parking-lot, and the NSFNET Backbone topologies.
These works consider the long-term, average behavior
of the protocols, and the dynamical, transient proper-
ties are not analyzed. Fairness problems of FAST TCP
due to the inaccurate estimation of the propagation
delay are revealed in [25], and a possible solution is
also given. The fairness is improved by giving the first
packet in every flow priority. Similar phenomena are
investigated in [6], and a novel method is suggested in
order to ameliorate the propagation delay estimation.
This scheme does not need priority queueing; instead,
the bottleneck queue is emptied occasionally by a pause
of newly started flows. This algorithm can improve the
fairness of FAST TCP to new coming flows.

In this paper, we revisit FAST TCP, a delay-based
TCP version that is designed as a transport protocol for
next-generation networks, especially high-bandwidth-
delay product networks. We illustrate and show some
surprising benefits of this approach, in particular, FAST
TCP, in terms of fairness. As the intra-protocol char-
acteristics of the delay-based protocols, such as TCP
Vegas and FAST TCP, are well investigated by the
research community (see, e.g., [2, 6, 17, 24–26]), this
paper deals with open issues regarding the interaction
of delay-based and loss-based schemes. Our study also
emphasizes the important need for finding a dynamic
sensitive fairness metric for performance evaluation
of high-speed transport protocols. As a first step to-
wards this new fairness metric, we introduce the sat-
uration time of transport protocols and suggest novel
methods—such as spectral analysis and identification of
main operating frequencies—that can play an important
role in the characterization of new proposals. With this
spectral analysis together with flow-level, packet-level,
and queueing analysis, we have a good understanding
of the investigated phenomena. This paper is devoted
to giving important and demonstrative results gained
from a comprehensive analysis [21].

The rest of the paper is organized as follows: In
Section 2, the simulation environment and the impor-
tant parameters are presented. Section 3 shows the
fairness issues of FAST TCP with other loss-based TCP
versions from a flow-level perspective. Observations
of the deficiencies of the available fairness metrics
are also provided in Section 3. Section 4 provides a
comprehensive packet-level analysis of the observed
phenomena, especially the impact of starting time on

long-term fairness. In Section 5, a brief discussion on
the performance in more complex topologies is given.
Section 6 concludes the paper.

2 Simulation environment

The fairness analysis of competing high-speed TCP
protocols and the validation of the analytical results
are carried out in the Ns-2 [18] simulation environment.
Our simulation scripts regarding different network sce-
narios can be found in [21]. The different high-speed
transport protocols are integrated in the environment.
Ns-2 version 2.27 includes the algorithm of HSTCP,
while the STCP control mechanism can easily be im-
plemented. The Ns-2 source code of FAST TCP is used
from [19] simulator module for ns-2.

The examined dumb-bell topology containing one
bottleneck link is shown in Fig. 1a. The queueing mech-
anism corresponding to the bottleneck link is drop-
tail. We do not consider the impacts of the buffer size
(B) in our analysis, and the buffers are set according
to the bandwidth-delay product. We found that the
quantitative properties of competing flows are affected
by the size of the buffers in the network; however,
the basic phenomena and the qualitative characteris-
tics do not depend on this parameter. We also inves-
tigate a simple parking-lot topology (Fig. 1b), where
the impacts of different round-trip times (RTT) can
be revealed. Here, only the second link is congested.
In case of these scenarios, a simulation contains two
competing flows starting at different time instances and
performing an infinite FTP download (permanent TCP
connection). Investigating the impacts of the starting
time, different values are chosen. More exactly, on
the one hand, we analyze scenarios when the second
flow enters later than the saturation time of the first
flow (e.g., with a 50-s delay), and on the other hand,
scenarios with smaller delay (e.g., with a 15-s delay) are
also examined. In the dumb-bell topology, the compe-
tition of a later-entering flow against a traffic aggregate

(a) (b)

S1 S1

S2 S2

n1 n1

D2D2

D1D1

n2 n3n2
1 Gbps
50 ms

1 Gbps
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Fig. 1 Network topologies. a Dumb-bell. b Simple parking-lot
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Table 2 Parameters Network parameters
Capacity 1 Gbps
RTT 100 ms
Packet size 1,500 bytes

Buffer size (B)
Dumb-bell 8,333 pkts
Parking-lot 25,000 pkts

Sampling periods
cwnd, queue 0.01 s
Throughput 1 s

FAST TCP—dumb-bell
α = β 4,166 pkts

FAST TCP—parking-lot
α = β 12,500 pkts

containing ten flows using the same protocol is also
analyzed.

Besides permanent (infinite) connections, we also
investigate the interaction of finite FTP transactions
downloading a constant number of packets (bytes). In
these cases, the transaction times are directly experi-
enced by end users and mainly determine the quality of
experience.

During the evaluation, the default parameter set of
the protocols is used (see [8] and [12]). HSTCP and
STCP apply the limited slow-start (LSS) mechanism
[9], as well. The parameters of the simulations are
summarized in Table 2.

FAST TCP seeks to restrict the number of its packets
queued through the network path between an upper
and a lower bound. The appropriate setting of parame-
ters α and β regarding the bounds is crucial. We use
only one parameter (α) setting the bounds as α = β.
The control mechanism is based on the comparison
between the observed RTT and the baseRTT, which
is an approximation of the round-trip propagation
delay (when there is no queueing). The α parameter of
FAST TCP flows is chosen so that the total number of
outgoing packets of the flows is smaller than the buffer
size (B) to avoid losses due to buffer overflow for these
FAST TCP connections. In case of two flows, then the
α parameter of FAST TCP is set to B/2.

3 Flow-level study

In this section, two competing flows (one FAST TCP
flow and one HSTCP or STCP flow) are examined at
the flow-level and the dynamics of average throughput
and fairness metrics are analyzed. The deficiencies of
the available fairness metrics are also revealed. Recent
researches [21, 29] showed that competing high-speed
transport protocols (such as STCP, HSTCP) cannot
always achieve fair equilibrium state or the conver-

gence time can be too long. It was also revealed that
the starting time of the flows can have relevant impact
on the performance. We show that FAST TCP with
appropriate parameters can exhibit fair or almost fair
behavior. Here, we focus on the inter-protocol prop-
erties; however, FAST TCP with appropriate parame-
ters shows fair behavior with other FAST TCP flows,
as well.

First, the dumb-bell topology is analyzed. The
dynamics of the bandwidth share for scenarios with
different starting delays are presented in Fig. 2. It can
be observed in all presented results that the equilib-
rium bandwidth share is approximately fair. On the
one hand, when FAST TCP starts first, the bottleneck
bandwidth is always shared fair in equilibrium state. On
the other hand, when FAST TCP enters the network
later, the equilibrium state is only near to the fair state.
In the rest of the paper, this bandwidth share is referred
to as almost fair. This operation is reached after a
transient period with a length depending on the starting
delay. This bias in the equilibrium state can be caused
by the estimation error of baseRTT (the FAST TCP
flow does not experience empty buffer).

For the examined scenarios, available fairness met-
rics can also be derived. Here, we calculate three impor-
tant ones that can be used in our analysis. Let BW1

and BW2 be the average bandwidth share of the two
sources, respectively.

Relative fairness (used in [8]) can be defined as
follows:

RF = BW1

BW2
.
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Fig. 2 Performance of competing flows. a FAST TCP–STCP.
b FAST TCP–HSTCP
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Jain’s index [5] is a normalized metric in the [0.5, 1]
interval and can be defined as follows:

JI = (BW1 + BW2)
2

2(BW
2
1 + BW

2
2)

The bandwidth share is fair if JI → 1, and unfair behav-
ior can be observed if JI → 0.5.

Another normalized asymmetry metric proposed in
[4] can express which flow is more aggressive. This
index is defined as

BI = BW1 − BW2

BW1 + BW2
.

The closer BI is to 0, the more fair bandwidth share
can be observed. BI → 1 shows the dominance of the
first flow while BI → −1 shows the dominance of the
second one.

Table 3 summarizes the fairness indices of the pro-
tocols calculated from the simulations. The results con-
firm quantitatively the qualitative statements based on
throughput diagrams. These metrics are mainly capable
of characterizing the equilibrium behavior and cannot
capture the dynamic properties of the interaction; thus,
further analysis both in packet-level and flow-level is
necessary.

Second, we examine the behavior of FAST TCP in
the parking-lot topology where the fairness of compet-
ing high-speed TCP flows with different RTT can be
analyzed. The results are promising, and here, some ex-
amples are given as illustrations. We found that FAST
TCP with longer path and RTT can also achieve good
performance and shows fair behavior with STCP and
HSTCP. Another attractive property of the protocol is
shown when the RTT of the FAST TCP flow is shorter.
FAST TCP does not starve the other flows and fair
equilibrium states are achieved. Demonstrative results
are shown in Fig. 3. The upper parts of the figure cor-
respond to scenarios when the RTT of the FAST TCP
flow is greater, while the lower parts present the results
for the reverse case. When FAST TCP flow starts first,
the characteristics of the interaction are similar to the
behavior exhibited in the dumb-bell topology: after a
transient phase, FAST TCP gives up approximately
half of the shared link bandwidth. However, the length
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Fig. 3 Performance—parking-lot topology. a FAST TCP–STCP.
b FAST TCP–HSTCP

of the transient period differs. In case of later-entering
FAST TCP flow, the fair (or almost fair) equilibrium
state is realized again; however, in the transient phase,
other phenomena can also be observed. The later-
entering FAST TCP flow with longer RTT can only
achieve the fair equilibrium at the cost of timeout of the
other flow. In our simulation environment, HSTCP and
STCP can respond to this event in a different manner;
thus, the transient phases show different properties.

Finally, we show some illustrative results on the
interaction of finite TCP flows and the impacts of flow
size on the fairness characteristics. In [7], it is argued
that flow completion time (FCT) is one of the most
important performance metrics for the user and can
be defined as the time from when the first packet of
the connection is sent (typically a SYN packet) till
when the last packet is received. From the aspects of
high-speed transport protocols, larger file sizes (e.g.,
CD or DVD downloads) are more interesting because
the new congestion control algorithms take effect af-
ter the initial slow-start phase. However, for exam-
ple, web applications—generating a lot of short-time
connections (dragonflies, mice traffic)—have a great
importance today [3]. Therefore, the number of small

Table 3 Fairness indices
(dumb-bell topology)

Flow 1 Flow 2 del: 50s del: 15s del < 5s

Prot. Prot. BI JI RF BI JI RF BI JI RF

FAST TCP STCP 0.051 0.997 1.106 0.051 0.997 1.107 0.051 0.997 1.107
STCP FAST TCP −0.273 0.930 0.569 −0.051 0.997 0.904 −0.051 0.997 0.905
FAST TCP HSTCP 0.081 0.993 1.177 0.081 0.994 1.176 0.081 0.994 1.176
HSTCP FAST TCP −0.287 0.924 0.555 −0.081 0.994 0.851 −0.081 0.993 0.848
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objects (files) on web pages that do not allow TCP to
go beyond the slow-start phase can have a significant
impact on the download times of web pages. For exam-
ple, in [20], traffic mixes containing a great number of
short-lived and long-lived flows are analyzed, and it is
shown that the good RTT-fairness properties of delay-
based control do not hold due to the slow-start behavior
of short flows. However, we focus on the interaction of
the high-speed control algorithms, and the impacts of
short-lived flows operating in only slow start phase are
not analyzed here.

FCT—as a metric—can be convenient for charac-
terizing the competition of finite transport protocol
flows (e.g., performing finite FTP downloads), as well.
For competing TCP flows, the FCT consists of two
main components. On the one hand, FCT is obviously
affected by the sending rate control mechanism of
the protocol (this part captures the individual flow
behavior). And on the other hand, the interaction/
competition of the flows results in additional time nec-
essary to accomplish the transaction (this component
regards to the fairness characteristics of the protocols).
The separation of these effects could be practical. We
define reference FCT values for the examined protocols
as the FCT for a given flow size when a single flow
of that protocol operates alone in the same network
environment. In the scenarios with competing flows, the
FCT values can be related to the reference values of
the protocols, respectively. In Fig. 4a, the relative FCT
(the ratio of FCT and the reference FCT of the protocol)
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Fig. 4 Relative FCT, large flow sizes. a STCP–FAST TCP.
b STCP–HSTCP

are shown for different flow sizes when a FAST TCP
flow competes with a STCP flow in the dumb-bell topol-
ogy (see Fig. 1a). The parameters of the simulations
are shown in Table 2. Here, the flows always start at
the same time instant and download the same amount
of data while the packet size is constant (1,500 bytes).
We emphasize that this plot corresponds to several
scenarios with different flow sizes. It can be observed
that the FCT of STCP and FAST TCP increase together
from the value of 1 toward 2 in the presented range.
Therefore, a similar behavior is experienced by both
users. It is worth noting that this beneficial property is
not always shown by other protocols. As an example,
the relative FCT of competing STCP and HSTCP flows
are presented in Fig. 4b. For the examined range of
flow sizes, the user of the STCP protocol experiences
similar FCTs to the reference case (when he/she does
not share the network with others), while the other user
(choosing HSTCP) meets sometimes more than two
times longer completion times than the ideal ones.

For the sake of completeness, the FCT are pre-
sented for scenarios when the flow sizes are significantly
smaller than previously. The corresponding plots are
shown in Fig. 5a and b for competing STCP–FAST
TCP and STCP–HSTCP flows, respectively. Here, the
horizontal axes follow logarithmic scale. The beneficial
fairness properties of FAST TCP are not exhibited in
these scenarios and the relative FCT values indicate
that FAST TCP slightly outperforms the STCP flows
when the flow size is smaller. (See the smaller values of
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Fig. 5 Relative FCT, smaller flow sizes. a STCP–FAST TCP.
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relative FCT in Fig. 5a.) On the other hand, HSTCP
and STCP flows experience approximately the same
completion times in these scenarios.

4 Packet-level analysis

This section is devoted to revealing and explaining the
phenomena experienced at the flow-level based on a
comprehensive packet-level analysis. First, the initial
behavior of individual flows is summarized in order to
gain a basic knowledge of the characteristics of dif-
ferent congestion control principles. Second, the long-
term behavior of competing high-speed TCP protocols
is investigated. We apply spectral analysis of cwnd and
queue processes to get an insight into the dynamic
properties of the interaction.

4.1 Initial dynamics—saturation time

In this section, we focus on the initial phase, which plays
a significant role of the performance of an entering
flow. Here, the investigation is carried out considering
the simple dumb-bell topology. We introduce a new
performance metric, namely, the saturation time, as
the length of this transient phase. This metric can be
defined for a loss-based protocol as the time from
the starting till the first packet drop. In Fig. 6a, the
saturation time and different phases of an individual
STCP flow are presented as an illustration. Increasing
the congestion window (and sending rate) of the source,
the bottleneck link will be saturated after a while (link
saturation). After this event, the buffer is filled by
the new arriving packets. The time instance when the
buffer is full at the first time is the saturation time.
For a delay-based protocol, depending on the network
environment (buffer size, parameters of the protocol),
packet losses can be avoided during the operation. In

these cases, the network is said to be saturated when
the congestion window has settled down around the
equilibrium state or the source has entered the delay-
based (AIAD) operating regime (see Fig. 6c).

Various TCP versions apply different mechanisms
during the initial phase. A source generally starts send-
ing according to a slow-start-like manner using a multi-
plicative increase algorithm with a protocol-dependent
parameter. This means that the congestion window is
increased by a constant value for each acknowledge-
ment received. In our particular cases, the protocols
use the following mechanisms. The behavior of HSTCP
and STCP is determined by the slow-start and LSS
algorithms. With certain network parameters, the LSS
phase can be left for the additive increase (HSTCP) or
the multiplicative increase (STCP) phase, before the
first packet drop. FAST TCP increases its congestion
window according to a multiplicative increase algo-
rithm if it is far from the equilibrium state. As a re-
sult, to understand the saturation behavior of different
protocols, we have to understand the operation of basic
algorithms used in the initial phases.

4.1.1 Dynamics of slow-start

The slow-start mechanism is analytically tractable and
relevant parameters can easily be derived. Here, we
only summarize the main results (for further details,
see [21]).

The slow-start phase lasts till cwnd reaches the
threshold ssthresh or a packet loss can be detected.
This time instance is tss = min{tth, tdrop + tdelay}, where
tth = R0 log2 ssthresh and tdrop is the solution of the
following equation:

2t/R0

lg 2
− Ct +

(
Ct0 − 2t0/R0

lg 2
− B

)
= 0, (1)
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Fig. 6 Saturation time and equilibrium behavior. a STCP. b HSTCP. c FAST TCP
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where R0 is the round-trip propagation delay, C is
the link capacity, and B is the buffer size. The time
instance tdrop can be approximated by the following
simple formula, assuming that the congestion window
is equal to the sum of the bandwidth-delay product
(BDP) and the buffer size at the saturation time:

tdrop ≈ R0 log2(R0C + B) = R0
lg(R0C + B)

lg 2
. (2)

tdelay corresponds to queueing delay and one-way prop-
agation delay.

Configuring initial slow-start threshold to be 100
packets, the end of the slow-start phase is triggered
by the event that cwnd exceeds ssthresh. During
our analysis, we always assume this initial value of
ssthresh.

4.1.2 Dynamics of LSS

LSS operates in congestion avoidance mode in the Ns-2
implementation till the first packet drop. LSS affects
the increase mechanism of cwnd, comparing the incre-
ment of the congestion control mechanism (e.g., STCP,
HSTCP) with its own increment, and the maximum
of these values is used. With this algorithm, a faster
convergence can be achieved when the source’s sending
rate is far from the equilibrium value. In LSS phase,
cwnd is increased by at most max_ssthresh/2 per
RTT. In the simulations, the parameter is set to the
proposed value (100 packets). It can easily be derived
analytically [9] that

log2(max_ssth) + cwnd− max_ssth

max_ssth/2

RTT is needed to reach cwnd (which is greater than
the threshold parameter). The first term corresponds to
the standard slow-start phase and max_ssth stands for
max_ssthresh.

The end of the LSS phase, actually, can be caused
by a packet drop or the fact that the protocol’s increase
mechanism “suggests” more aggressive increment than
the LSS algorithm. In our simulations, the end of this
phase depends on the protocol version. As cwnd in-
creases, there will be a state (WLSS) when the increment
of LSS and the increment of STCP’s or HSTCP’s algo-
rithm will be equal, triggering the end of this phase. On
the one hand, in case of individual STCP flow, this state
can be expressed by

WLSS = max_ssth

2
1
a
,

where a is the increase parameter of STCP. The details
of the derivation can be found in [21]. Our parameters

give that the end of LSS phase is expected to be around
WLSS = 5,000 at t ≈ 10.46 s. On the other hand, for
HSTCP flow, WLSS can be derived from the following
equation:

a(W0) = max_ssth/2,

where a(W0) is the cwnd-dependent increase para-
meter of HSTCP. In our scenario, WLSS ≈ 29,000.
This high value of cwnd cannot be reached with the
computed simulation parameters, resulting in HSTCP
source operating in LSS till the first packet drop. Thus,
the initial behavior is determined by slow-start and LSS
algorithms.

4.1.3 STCP—saturation time

In case of STCP, the end of LSS phase can be expressed
as follows (see [21] for details):

tLSS = R0
lgmax_ssth

lg 2
+ R0

WLSS − max_ssth

max_ssth/2

≈ 10.46 s, (3)

where WLSS is the value of congestion window trig-
gering the end of LSS. After LSS, the multiplicative
increase mechanism of the protocol operates. During
this period, the congestion window is increased from
WLSS to the BDP (R0C). Thus, the link saturation time
can easily be determined:

t0 = tLSS + t′ = tLSS + R0
lg R0C

WLSS

lg(1 + a)
≈ 15.6 s. (4)

The time till the first packet drop can also be deter-
mined by solving differential equations describing the
dynamics of congestion window and the behavior of the
queue. Instead of solving complicated differential equa-
tions (with varying delays and recursive arguments),
a simple approximation can be applied. In this phase,
the congestion window is increased from W0 = R0C
to R0C + B according to the multiplicative increase
mechanism. Approximating the increase of the queue-
ing delay by a linear function, the RTT can be treated as
a constant with a mean value: R̃ = R0 + B/(2C). Thus,
the saturation time can be expressed as follows:

t̂saturation = t0 + t∗ = t0 + R̃
lg R0C+B

R0C

lg(1 + a)
≈ 26.05 s. (5)

The analytically derived parameters and the approx-
imation of saturation time meet well the simulation
results presented in Fig. 6a.
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4.1.4 HSTCP—saturation time

In case of individual HSTCP flow, the time of the first
packet drop (saturation time) can similarly be deter-
mined as it was outlined for STCP. The link saturation
time can be expressed as follows:

t0 = R0
lgmax_ssth

lg 2
+ R0

R0C − max_ssth

max_ssth/2

≈ 17.13 s. (6)

Determining the saturation time, a similar approxima-
tion can be used as it was applied for STCP:

t̂saturation = t0 + t∗,

where

t∗ = R̃
R0C + B − R0C
max_ssth/2

= R̃
B

max_ssth/2
. (7)

Our parameters yield that t̂saturation = 42.13 s which
meets well the simulation results (see Fig. 6b).

4.1.5 FAST TCP—saturation time

Far from the equilibrium state of cwnd, FAST TCP
converges exponentially to that equilibrium performing
a slow-start-like multiplicative increase algorithm. This
fast convergence of the cwnd is shown in Fig. 6c. If
queueing delay exceeds a threshold (which is a constant
parameter of the protocol in the Ns-2 implementation),
the additive increase additive decrease control algo-
rithm is used instead of multiplicative increase. In our
simulation environment, FAST TCP (with α = 4166)
reaches the equilibrium approximately after 2 s.

4.2 Equilibrium behavior

In this section, the packet-level characteristics of the
long-term behavior of competing high-speed TCP flows
are investigated.

4.2.1 Dumb-bell topology: single flows

First, we focus on scenarios when FAST TCP source
starts the transmission and the other flow enters into
the network when the first one has achieved maximal
sending rate. The simulation results corresponding to
starting delay of 50 s are presented in Fig. 7 for STCP
(a) and HSTCP (b), respectively. During the tran-
sient phase, the additive decrease algorithm of FAST
TCP interacts with the control mechanism of the other
protocol (LSS and multiplicative increase in case of
STCP and LSS in case of HSTCP). Following the pro-
posed schemes for choosing an α parameter of FAST

FAST TCP starts first, delay: 50s
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Fig. 7 Competition of two flows. a FAST TCP–STCP. b FAST
TCP–HSTCP. c STCP–FAST TCP. d HSTCP–FAST TCP

TCP, cwnd processes converge to an equilibrium state
corresponding to approximately fair bandwidth share.
The length of the transient phase is determined by
the congestion control algorithms. After the transient
period, a common periodic behavior is shown by the
sources. When STCP reduces its congestion window,
FAST TCP can increase the number of packets in
the bottleneck queue performing an additive increase
based on queueing delay. During the second part of
a period, the multiplicative increase of STCP interacts
with the additive decrease of FAST TCP. Thus, the pe-
riodic behavior is affected by the interaction of AIAD–
MIMD algorithms. The common time period and the
dynamics of the bottleneck queue are determined by
the time period of STCP. It is worth noting that losses
do not occur during the FAST TCP connection and
the equilibrium state is quasistable. The equilibrium
behavior of FAST TCP and HSTCP is very similar.
Here, the interaction of AIAD and AIMD mechanisms
results in a longer time period.

Second, the FAST TCP source enters later into the
network and tries to catch the half of the capacity of the
bottleneck link. Recent researches [21, 29] showed that
a STCP flow in equilibrium state can starve other flows
starting later (including other STCP flows). FAST TCP
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with α parameter chosen as suggested in [11] achieve
significant bandwidth share against STCP and HSTCP,
too. The simulation results corresponding to 15 s delay
are presented in Fig. 7c and d. In these scenarios, after
a very short transient period, the congestion windows
settle down again around an equilibrium state.

A significantly different behavior can be experienced
at the packet-level increasing the starting delay of the
FAST TCP flow. As an illustration, the simulation re-
sults of the competition of STCP and FAST TCP flow
corresponding to a 50-s delay are shown in Fig. 8. This
behavior can be examined in the frequency domain,
too. The power spectral density (PSD) functions of the
cwnd process of STCP and FAST TCP and the bottle-
neck queue process are also shown in Fig. 8. The good
performance of FAST TCP can be explained by the
special control algorithm used by the protocol. When
FAST TCP is far from the equilibrium sending rate,
it performs multiplicative increase algorithm. As the
bottleneck queue operates around its full state, during
the transient period, FAST TCP also suffers from losses
and halves the cwnd. After a recovery period, the expo-
nential increase is performed until the next loss. After a
long and oscillating transient phase, the previously seen
common periodic equilibrium behavior is exhibited
when FAST TCP does not suffer from losses. The dom-
inant frequency of a single STCP flow (ω ≈ 0.34 1/s)
occurs in the PSD of FAST TCP (with lower energy
value), as well, while the presence of a higher frequency
component can also be observed corresponding to the
MIMD oscillation of the transient phase. These two
frequency spikes mainly determine the dynamics of the
bottleneck queue. In case of interaction with HSTCP, a
similar behavior can be observed (see Fig. 9). We ob-
served that the length of the transient period depends
on the starting time and other parameters of FAST
TCP, as well.
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Fig. 8 STCP–FAST TCP, delay: 50 s
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4.2.2 Dumb-bell topology: traffic aggregate—single flow

FAST TCP can also achieve good performance and
fair behavior against STCP or HSTCP traffic aggregate.
On the one hand, we found that later entering FAST
TCP flow can occupy half of the bottleneck bandwidth
beside HSTCP flows (if the parameters are well chosen)
and the behavior is similar to the behavior of two com-
peting flows: FAST TCP realizes a quasistable equilib-
rium state without losses (AIAD). On the other hand,
the interaction with STCP traffic aggregate can have
different characteristics. To illustrate the point, we let a
traffic aggregate that contains ten STCP flows (Fig. 10)
and ten HSTCP flows (Fig. 11) mixed with a FAST TCP
source enter with a delay of 50 s. Here, the characteris-
tics of the equilibrium behavior are determined by the
MIMD mechanisms of the protocols, and FAST TCP
is not able to reach a stable (or quasistable) state and
shows oscillation. However, the achieved throughput
approximates the half of the bottleneck capacity (as it
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Fig. 10 STCP aggregate—FAST TCP
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is targeted by the parameter setting of FAST TCP)
resulting in good performance.

4.2.3 Parking-lot topology

We found that the fair behavior of FAST TCP still
holds in simple parking-lot topology with one con-
gested link where the flows meet different RTT. Here,
we show some demonstrative results. (For further de-
tails, see [21].) In the first scenario, the FAST TCP flow
traverses the shorter path. As an illustration, the sim-
ulation results are shown in Fig. 12a for later-entering
STCP. Besides the dynamics of the bottleneck queue
and the congestion windows, the figure includes the
throughput diagrams, too. Similar to the competition
in the dumb-bell topology, fair or almost fair behavior
is always exhibited. The FAST TCP flow with shorter
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Fig. 13 Complex parking-lot topology with four congested links

RTT does not starve the loss-based protocols with
longer paths. FAST TCP reduces its sending rate till a
fair equilibrium bandwidth share is realized. The only
difference in the long-term behavior is the oscillation
of the cwnd process of FAST TCP indicating packet
losses. In the next scenario, FAST TCP flow operates
with longer RTT. The illustrative results are presented
in Fig. 12b. Here, FAST TCP enters into the network
50 s later than HSTCP. It can be observed that the
FAST TCP flow can always achieve fair or almost fair
equilibrium state. In certain cases, FAST TCP outper-
forms the loss-based protocol, which can be explained
by the estimation error of baseRTT (FAST TCP flow
does not experience empty buffer).

5 Discussion

Surprisingly, the performance of FAST TCP shows
degradation in complex parking-lot topology with mul-
tiple congested links. Here, we show some demonstra-
tive results (for further details, see [21]).
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shorter path starts first
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Fig. 14 Parking-lot: five nodes, FAST TCP–HSTCP. a FAST TCP with longer RTT starts first. b FAST TCP with longer RTT
starts later

A complex parking-lot topology with five nodes is
shown in Fig. 13, where all links are congested. Here,
one FAST TCP flow traverses across the backbone
containing four congested links and four flows of a loss-
based protocol use single links, respectively. Here, the
parameters of FAST TCP are set to the same value as
were used in the dumb-bell scenarios.

As an illustration, the competition of a single FAST
TCP flow traversing the backbone and four HSTCP
flows using separate links is shown in Fig. 14. The con-
gestion window of FAST TCP can settle down around
the same equilibrium state where the other flows op-
erate. Therefore, the bandwidth share of FAST TCP
is significantly below the fair state. The equilibrium
behavior slightly depends on the starting time of the
flows, as well. Obviously, the performance of FAST
TCP can be enhanced, increasing the α parameter of
the protocol. However, this can yield unstable network
behavior with degraded link utilization.

6 Conclusion

In this paper, we revisited FAST TCP, a delay-based
TCP version proposed for next-generation networks.
We illustrated and showed some surprising benefits of
this approach in terms of fairness.

Our main findings are the following: In contrast to
loss-based protocols, FAST TCP with appropriate pa-
rameters can always show fair (or almost fair) behavior
beside HSTCP and STCP flows in simple network envi-
ronments with single congested link. Concerning the

dynamics of TCP starting times, the fair or almost fair
state is achieved by different ways:

– If FAST TCP flow starts first, then a fair and
quasistable equilibrium state can always be directly
achieved.

– In case of a later entering FAST TCP flow, the
equilibrium state is reached through an oscillating
transient phase with a length depending on the
starting time and other parameters.

These beneficial fairness properties implicitly affect
the experience of end-users, as well. In contrast to
aggressive protocols, such as STCP, FAST TCP does
not starve other flows, and it is able to significantly im-
prove the quality of experience of different users. More
specifically, as the bandwidth is always shared fairly, the
FCT experienced by end-users are very similar for a
wide range of scenarios.

We have also found that this fair behavior of FAST
TCP seems to be a robust property of the protocol
and FAST TCP can achieve good utilization against
traffic aggregate of loss-based protocols. However, in
general, FAST TCP cannot exhibit these good properties
operating in complex network environments (parking-
lot topology) with multiple congested links. We should
also note that this property holds for a certain range of
the parameter alpha depending on the actual network
topology, flow parameters, etc. To find a method that
can continuously change this parameter according to
the network and flow environments to keep this prop-
erty broadly general is a good point of future research.

We have also revealed the drawbacks of currently
used fairness metrics and showed the urgent need to
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find metrics which can reflect the dynamic protocol
behavior. In the future, we plan to continue the analysis
with other high speed protocols and more complex
network environments. Our aim is to define a dynamics
sensitive fairness metric for performance evaluation
of transport protocols for next generation high BDP
networks.
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