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Performance Analysis of Flow-Based Label Switching:

The Single IP Flow Model

Ling-Chih KAO† and Zsehong TSAI††, Nonmembers

SUMMARY A closed-loop queueing model of flow-based la-
bel switches, supporting label reservation protocols of different
label-setup and release policies, is presented. This model can
emulate the behavior of TCP under the label switch when the
maximum window size has been achieved and the packet loss
rate is negligible. The label-setup policy is that the IP controller
does not start to set up a label until the accumulated packets
of the same flow in the switch buffer have exceeded a triggering
threshold. Meanwhile, the reserved bandwidth is released when
the flow is detected idle and the label-release timer has expired.
This policy can achieve higher channel utilization with minimal
label processing overhead in spite of suffering from certain de-
lay penalty. To avoid unnecessary TCP timeout or large packet
delay under such policy, we also introduce a label-setup timer.
Norton’s theorem is applied to obtain approximate solutions of
this queueing model. Although the analytical method is an ap-
proximate one, the simulation results show that the accuracy is
high and this model can clearly illustrate how the label-setup and
the lable-release timer affect the system performance. Besides,
one can observe the trade-off between the throughput and the
channel utilization.
key words: ow, label switch, performance analysis

1. Introduction

We consider a flow-based label switch in which the net-
work bandwidth and labels can be dynamically reserved
for each flow. A flow is defined as a sequence of pack-
ets that are treated identically by the complex routing
function employed in flow-based label switching sys-
tems, where the label switch forwards IP packets us-
ing either IP address or label that is mapped to the IP
address [7], [8]. The label switch is superior than the
traditional IP router since not all packets belonging to
a flow require the processing of IP routing engines. Af-
ter some packets are identified as leading packets of a
flow, then all their following packets can be switched di-
rectly by layer-2 switching. But directly combining the
operations of layer-2 switching and layer-3 IP routing
involves unnecessary overhead, namely, some functions
are duplicate and certain bandwidth might be wasted.
Therefore, it is necessary for a well-designed high-speed
IP router to meet today’s requirements by using ef-
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ficient cut-through techniques. These new techniques
take advantage of IP routing and high speed switch-
ing, while maintain high bandwidth utilization. They
include classical IP over ATM and NHRP [1], Cisco’s
Tag Switch [2], Toshiba’s Cell Switch Router (CSR)
[3], Ipsilon’s IP Switch [4], [5], [9], and IBM’s Aggre-
gate Route Based IP Switching (ARIS) [6]. In order
to integrate these techniques, the Internet Engineering
Task Force (IETF) recently proposes the MultiProtocol
Label Switching (MPLS) architecture [7], [8] which can
be used for transport of any level 3 protocol over any
level 2 technology.

Most related research works in this area discuss the
architectural issue of flow-based label switches or IP
switches. From [9], we know that most Internet traffic
processed by IP switches is long-lived. So our atten-
tion focus on the effects of long-duration traffic pass-
ing through a label switch. So far, only a few papers
[10]–[15] explored the mathematical model of generic
layer 2/3 switch, including Ethernet-based or ATM-
based switches, under long-duration traffic sources. In
[10]–[12], Niu and et al. proposed a performance model
for SVC-based IP-over-ATM networks. However, they
did not suggest how to reduce the processing overhead
of IP controller, and how to determine an adequate
label-release timer for increasing the channel utiliza-
tion. In [13], they studied the impact of the bursti-
ness of the input traffic on the performance of SVC-
based IP-over-ATM networks. In [14], the important
system design parameters, such as buffer size, band-
width, and SVC timeout period, on the performance
SVC-based IP-over-ATM networks were investigated.
In [15], Zheng and Li developed another performance
model of IP/ATM switch. Their model can be used to
evaluate the percentage of flows switched and the re-
quired virtual channel space size in an IP/ATM switch.
In the models proposed in previous research works,
none of them have been used to evaluate the trade-off
between the label-setup policy and the channel (link)
utilization or throughput of IP streams. An efficient
model for investigating the related performance issues
and the trade-off in network engineering is thus strongly
desired.

Our flow-based label switch queueing model sup-
porting flow-based IP transport is modified from
the SVC-based IP-over-ATM model proposed by [10].
First, we use closed-loop queueing network model with
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round-trip delay because our attention is on heavy traf-
fic conditions, i.e., we assume the maximum TCP win-
dow size is maintained in the communication. Secondly,
the IP controller (or label processor) does not start to
set up a label until the switch has accumulated enough
packets. The threshold for accumulated packets to trig-
ger label-setup is a design parameter. Although our
label-setup policy can increase the channel utilization
and reduce the label processing overhead, a large trig-
gering threshold may cause unnecessary TCP timeout
or large packet delay. To overcome this problem, the
label-setup timer is included to assure that packet delay
does not exceed TCP timeout value. The label-setup
policy is modified such that either if the accumulated
packets in the switch buffer have exceeded the trigger-
ing threshold, or if the label-setup timer has expired,
the IP controller shall set up a label. We not only inves-
tigate the effects of the label-setup timer and the label-
release timer on a flow-based label switch, also obtain
the trade-off between the throughput and the channel
utilization. Besides, a set of different label-setup poli-
cies incorporating different thresholds can be devised.
We believe it is possible to achieve the required perfor-
mance under reasonable channel utilization by selecting
an appropriate label-setup policy and release timer with
our model.

The remainder of the paper is organized in the fol-
lowing. In Sect. 2, the queueing model for a flow-based
label switch is described. In Sect. 3, an approximate
and efficient analysis is presented. In Sect. 4, three per-
formance measures are derived. Numerical examples
and simulation results are presented in Sect. 5. Conclu-
sions are drawn in Sect. 6.

2. Queueing Model

In this section, we present a queueing model which
characterizes the behavior of the single IP flow on a
flow-based label switch. Since our objective is to model
the behavior of a flow-based label switch during heavy
traffic loads, we employ a close-loop queueing network
model with a finite window size W.

The original queueing network is shown in Fig. 1.
Eleven queueing nodes in total are included in this
model: Token Buffer, Header Buffer, Label Setup,
Label Release, Label Release Timer, Transmitter, In-
put Buffer, Output Buffer, Forward Channel, Receiver
and Ack Channel. In order to simplify the performance
analysis, the Forward Channel and the Ack Channel
are lumped into the Delay queue in the steady-state
analysis. This should not affect the steady-state be-
havior of other queueing nodes. Because if one changes
the location of the Receiver and the Forward Channel,
the throughput can be kept the same (see [16]). The
steady-state queueing model for performance analysis
is shown in Fig. 2. The Transmitter, the Input Buffer,
the Output Buffer, the Receiver and the Delay queue

Fig. 1 Original queueing model.

Fig. 2 Steady-state queueing model.

form the message loop. The Token Buffer stores the
token which represents the availability of the channel.
The channel is available if there is a token in the To-
ken Buffer. The Header Buffer stores the header infor-
mation of the first packet of the flow. The Label Setup
queue represents the time required to look up the rout-
ing table and set up a label. The Label Release queue
represents the time required to release a label. The La-
bel Release Timer queue represents an inactive label-
release timer, which is a timer indicating the length
of idle period of a flow. The Delay queue represents
the total round-trip delay of the forward and the feed-
back channels. The sending rate of the transmitter is
assumed to be larger than the switch output and the
receiver. The switch output is assumed to have enough
buffers, so the packet loss rate is negligible. The de-
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tailed operations are described as follows.
When a burst of packets arrive, the header infor-

mation of the first packet is extracted and copied into
the Header Buffer of the IP controller. The leading
packet and its following packets then enter into the
Input Buffer of the switch. If a token resides in the
Token Buffer, and the accumulated packets reside in
the Input Buffer of the switch have exceeded the trig-
gering threshold or the label-setup timer has expired,
the IP controller then starts to set up a label. The
switch starts serving packets when the label has been
set up. The label manager maintains an inactive timer,
controlling label-release time, to each label. The label is
released only if no packets arrive during the maximum
allowed inactive duration.

In our model, we use Erlang-k distribution in
Label Release Timer to approximate a constant label-
release timer and employ infinite server queue for the
Delay queue to approximate the round-trip delay. In
all nodes, service time is assumed to be exponentially
distributed, unless stated otherwise.

3. Steady-State Analysis

We here present a procedure to efficiently calculate
steady-state distribution of the proposed flow-based la-
bel switch, considering only the single IP flow with a
fixed window size W. We adopt the following notations:

W : maximum window size, in packets
µA: service rate in the Delay queue
µO: service rate in the Output queue
µR: service rate in the Receiver queue
Trel = 1

µP
: the average sojourn time in the Labe-

l Release Timer queue
k: the number of phases of the Erlang-k distribut-
ed sojourn time in the Label Release Timer queue
Tset: label-setup timer
µS : service rate in the Label Release queue
µT : service rate in the Label Setup queue
nA: the number of packets in the Delay queue, r-
anging from 0 to W
nO: the number of packets in the Output Buffer
queue, ranging from 0 to W
nS : the number of packets in the Input Buffer of
the switch, ranging from 0 to W
nT : the number of tokens in the Token Buffer, e-
quals 0 if the channel is available, equals 1 if the
channel is in use
ST : the current phase at which the token stays in
the Label Release Timer queue, ranging from 1 to
k
SR: the state of the Label Release queue, equals
0 if the Label Release queue is idle, equals 1 if label-
release has been started
m: the triggering threshold which represents the
number of accumulated packets waiting for setting
up a label, ranging from 1 to W

Fig. 3 Shorted-circuit queueing model.

The steady-state queueing model shown in Fig. 2 is
still overly complicated for deriving exactly solutions.
Two steps are required in the approximate performance
analysis. First, we cut down the model shown in Fig. 2
so that the equivalent Norton’s theorem in queueing
analysis (see [17, p.250] or [18]) can be employed to
carry out the approximate calculation. The procedure
of this simplification is in the following: We short points
E and F of the model in Fig. 2 to obtain the shorted-
circuit queueing model of Fig. 3. We then employ the
state vector (a, b, c, d, e) to represent the state of the
shorted-circuit model when nO = a, nA = b, ST =
c, SR = d and nT = e.

Based on the above definitions, the global balance
equations of shorted-circuit queueing model are listed
as follows.

µSP0,W,0,1,0 = WµAP0,W,0,0,1 (1)

kµP P0,W,1,0,0 = (µS + WµA)P0,W,0,1,0 (2)

kµP P0,W,i+1,0,0 = (kµP + WµA)P0,W,i,0,0,

1 ≤ i ≤ k − 1 (3)

µOP1,W−1,0,0,0 = (kµP + WµA)P0,W,k,0,0 (4)

(i + 1)µAP0,i+1,0,1,0 = (µS + iµA)P0,i,0,1,0,
0 ≤ i ≤ W − 1 (5)

(i + 1)µAP0,i+1,0,0,1 + µSP0,i,0,1,0

= (iµA + µT ) · P0,i,0,0,1,

0 ≤ i ≤ W − min(m, n) (6)
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(i + 1)µAP0,i+1,0,0,1 + µSP0,i,0,1,0

= iµAP0,i,0,0,1,

W − min(m, n) + 1 ≤ i ≤ W − 1 (7)

[µO + jµA]PW−j,j,0,0,0

= µT P0,j,0,0,1 + µOPW−j+1,j−1,0,0

+ (j + 1)µAPW−j−1,j+1,0,0,0,

1 ≤ j ≤ W − min(m, n) (8)

[µO + jµA]PW−j,j,0,0,0

= µOPW−j+1,j−1,0,0

+ (j + 1)µAPW−j−1,j+1,0,0,0,

W − min(m, n) + 1 ≤ j ≤ W − 2 (9)

µOPW,0,0,0,0 = µT P0,0,0,0,1 + µAPW−1,1,0,0,0 (10)

where Pa,b,c,d,e is the steady-state probability of the
state vector (a, b, c, d, e). In Eqs. (6)–(9), n is the in-
teger such that 1

WµA
+ 1
(W−1)µA

+ . . . + 1
(W−n+1)µA

is
closest to Tset. This is due to a released flow must have
all its packets in the backlog at the Delay queue in the
short-circuited model. In other words, in stead of di-
rectly modeling Tset, we use a corresponding pseudo
threshold n to limit the holding time of packets. The
state-transition diagram corresponding to Eqs. (1)–(10)
is shown in Fig. 4. In most cases, we set n > m. Conse-
quently, in the balance equations, the label-setup timer
is dominated by a triggering threshold m such that a la-
bel is set up mostly when the number of waiting packets
have reached m and the timer has almost no effect (i.e.
for protection only). Since the balance equations are
used to obtain steady-state performance, therefore, this
approximation should hold well. After examining this
state-transition diagram, one can conclude from Kol-
mogorov’s criterion that the underlying system process
is not time reversible and it does not satisfy the quasi-
reversibility [17]. Hence, product-form solution can not
be easily obtained since local balance equations do not
hold. Fortunately, the structure of this diagram fol-
lows certain rule. We found an iterative computational
algorithm which can solve global balance Eqs. (1)–(10)
effectively even for large state space. The details of this
algorithm are shown as follows.

step 1: P0,W,1,0,0 = 1

step 2: P0,W,0,1,0 =
kµP

µS + WµA
P0,W,1,0,0

step 3: P0,W,0,0,1 =
µS

WµA
P0,W,0,1,0

step 4: for (i = 1; i ≤ k − 1; i + +)

P0,W,i+1,0,0 =
(

1.0 +
WµA

kµP

)
P0,W,i,0,0

step 5: P1,W−1,0,0,0 =
kµP + WµA

µO
P0,W,k,0,0

step 6: for (i = W − 1; i ≥ 0; i −−)

P0,i,0,1,0 =
(i + 1)µA

iµA + µS
P0,i+1,0,1,0

step 7: for (i=W−1; i ≥ W−min(m, n)+1;

i −−) P0,i,0,0,1 =
(i + 1)µA

iµA
P0,i+1,0,0,1

+
µS

iµA
P0,i,0,1,0

step 8: for (i=W−min(m, n); i ≥ 0; i −−)

P0,i,0,0,1 =
(i + 1)µA

iµA + µT
P0,i+1,0,0,1

+
µS

iµA + µT
P0,i,0,1,0

step 9: if (min(m, n) = 1)
for (2 ≤ i ≤ W − 1)

Pi,W−i,0,0,0 =
µT

µO

W−i∑
j=0

P0,j,0,0,1

+(W − i + 1)
µA

µO

·Pi−1,W−i+1,0,0,0

else

for (2 ≤ i ≤ min(m, n) − 1)

Pi,W−i,0,0,0 =
µT

µO

W−min(m,n)∑
j=0

P0,j,0,0,1

+(W − i + 1)
µA

µO

·Pi−1,W−i+1,0,0,0

for (min(m, n) ≤ i ≤ W − 1)

Pi,W−i,0,0,0 =
µT

µO

W−i∑
j=0

P0,j,0,0,1

+(W − i + 1)
µA

µO

·Pi−1,W−i+1,0,0,0

step 10: PW,0,0,0,0 =
µT

µO
P0,0,0,0,1 +

µA

µO
PW−1,1,0,0,0

step 11: Normalize Pi,i,k,l,m

In this procedure, step 9 is based on aggregation
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Fig. 4 State-transition diagram.

Fig. 5 Equivalent queueing network with state-dependent ser-
vice rate at the equivalent server node, where x is the number of
packets in the Receiver queue and W is the maximum window
size.

of (8) and (9). Let η(w) denote the throughput of the
shorted-circuit queueing model, provided that the pop-
ulation is w. Then η(w) can be calculated using the
steady-state solution obtained via the above calcula-
tion procedure and the following equation:

η(w) = µO

w∑
i=1

Pi,w−i,0,0,0 , w = 1, 2, . . . , W (11)

The throughput η(w) can be used for approximat-
ing the performance of the steady-state model as fol-
lows. Applying the procedure as used in the equivalent
Norton’s theorem, the shorted-circuit queueing model
is then replaced by an equivalent queue. Therefore, the
steady-state queueing network can be reduced to an
approximate queueing model shown in Fig. 5.

The equivalent queueing network is now a typical
product-form queueing network. The second step of our
analysis is simply to solve this product-form queueing
network, which can be solved via well-known techniques
available in [19], [20].

When we calculate the throughput of the equiv-
alent queueing model, the service rate of equivalent
queue must be set equal to η(W − x) when the queue

size of the Receiver is equal to x. Owing to our label-
setup policy, η(W − x) is set to η(min(m, n)) when
W − x ≤ min(m, n).

4. Performance Measures

The steady-state throughput, the label-setup rate and
the channel utilization are considered as key perfor-
mance metrics. The steady-state throughput is re-
flected by the average cycle time in the steady-state
queueing model. The label-setup rate is concerned with
the required label processing overhead. With the chan-
nel utilization, one can predict the ratio of wasted band-
width. These metrics are derived as follows.

4.1 Average Cycle Time and Throughput

The average cycle time TC , which is the time required
by a packet or its ack to circulate around the message
loop in the steady-state queueing model and is propor-
tional to the inverse of throughput. It is well-known
that

TC =
WPsize

η�(W )
(12)

where Psize is the packet size, and η�(W ) is the
throughput of equivalent queueing networks given the
maximum window size W .

The throughput formula for η�(W ) is given by

η�(W ) = µR

(
1 − 1/

(
1 +

W∑
i=1

η(W )

· η(max(W − 1,min(m, n))) · · ·

· η(max(W − i + 1,min(m, n)))/µi
R

))
(13)
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Fig. 6 State-transition diagram of the equivalent queueing network.

The derivation of Eq. (13) is as follows. Let the system
state be the number of packets in the Receiver queue,
and let πi denote the steady-state probability, where i
(ranging from 0 ∼ W ) is the state. Since the corre-
sponding process is a standard birth-and-death process
and the service rate of the equivalent server node is
limited to be larger or equal to η(min(m, n)), the cor-
responding state-transition diagram of the equivalent
queueing network is shown in Fig. 6. It can be shown
that

πi = η(W )η(max(W − 1,min(m, n))) · · ·
· η(max(W − i + 1,min(m, n)))π0/µi

R ,

i = 1, 2, . . . , W (14)

Due to
∑W

i=0 πi = 1, and the fact that throughput can
be determined by server utilization 1 − π0, i.e.

η�(W ) = µR(1 − π0), (15)

one can then derive (13).

4.2 Label-Setup Rate

The label-setup rate SR is defined as the average num-
ber of label-setup operations in the IP controller per
unit time. Using the steady-state probability that the
label-setup token is ready, one can derive the label-
setup rate SR as

SR ≈ µT

W−min(m,n)∑
i=0

P0,i,0,0,1 (16)

Here, we assume the capacity of the receiver is much
larger than η(W ). If µR is not much larger than η(W ),
Eq. (16) still serves as a worse case (upper bound) ap-
proximation.

4.3 Channel Utilization

The channel utilization UR is defined as the ratio of
the time during the switch serves packets to the time
during the channel is reserved. It is given by

UR ≈
W∑
i=1

Pi,W−i,0,0,0/

(
W∑
i=1

Pi,Wi,0,0,0+
k∑

i=1

P0,W,i,0,0

+
W∑
i=0

P0,i,0,1,0

)
(17)

The time periods considered to be “reserved” by a flow
include the packet transmission time, the idle period
waiting for label-release timeout and the time required
to release a label. But only during the packet trans-
mission in the channel is considered to be efficiently
utilized. Here, we assume the capacity of the receiver
is much larger than η(W ). If µR is not much larger than
η(W ), Eq. (17) serves as a best case approximation.

5. Numerical Examples and Simulation Re-
sults

In this section, we demonstrate the applicability of our
queueing model and present analytical results of flow-
based label switches under different label-setup policies.
We also illustrate the trade-off between key system pa-
rameters. The system parameters used in numerical
examples and simulations are shown as follows.

• Maximum window size: 32 kbytes (equivalent to 64
packets)

• IP packet size: exponentially distributed with a
mean of 512 bytes

• Switch output rate: a mean rate of 10Mbps, as-
suming exponential packet transmission time

• Receiver rate: a mean rate of 10Mbps, assuming
exponential packet processing time

• Label-setup time: exponentially distributed with a
mean of 100ms

• Label-release time: exponentially distributed with
a mean of 20ms

• Label-release timer threshold (Trel): Erlang-k dis-
tributed in modeling, constant in simulation

• Label-setup timer threshold (Tset): constant
• Round-trip delay: exponentially distributed
• Triggering threshold (m): an integer ranging from

1 to 64
• k : 100

Among them, the round-trip delay, Trel, and Tset

are all key parameters. In Figs. 7–9, we plot the average
cycle time, the channel utilization, and the label-setup
rate as a function of Trel under various round-trip de-
lays. With Figs. 7 and 8, one can select an appropriate
Trel value when the channel utilization and the required
throughput must be taken into account simultaneously.
For example, if the target channel utilization is between
52% and 58% under 50ms round-trip delay, then the re-
quired Trel value is about 1.7ms to 5ms observed from
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Fig. 7 Average cycle time as a function of Trel under various
round-trip delays.

Fig. 8 Channel utilization as a function of Trel under various
round-trip delays.

Fig. 9 Label-setup rate as a function of Trel under various
round-trip delays.

Fig. 8, and the corresponding throughput is in the range
of 2.2Mbps to 4.56Mbps, as observed from Fig. 7 and
Eq. (12). Now one can choose an adequate Trel value
according to the required throughput. The fact that
channel utilization is improved with decreasing Trel is

Fig. 10 Average cycle time as a function of Trel with different
m under 300ms round-trip delay.

Fig. 11 Channel utilization ratio as a function of Trel with
different m under 300ms round-trip delay.

due to the fast release of labels. With additional setup
operations, the average cycle time is then increased
and the throughput is lowered. Therefore, one need
to consider the trade-off between the throughput and
the channel utilization. In turn, as shown in Fig. 9,
the label processing overhead can be reduced and the
throughput should be improved by increasing Trel be-
cause less label-setup operations are required for larger
Trel. However, this also results in lower channel uti-
lization and causes more bandwidth to be wasted. This
should explain why it is important to select the most
appropriate Trel value.

Next, we examine the behavior of the label switch
under different label-setup parameters and illustrate
how the system performance is improved with differ-
ent policies. In Figs. 10–12, we show the average cycle
time, the channel utilization, and the label-setup rate
as a function of Trel with different label-setup triggering
threshold m. The round-trip delay 300ms is assumed.
As shown in Fig. 10, the larger the m value, the longer
the average cycle time. The reason is that more pack-
ets are held in the switch buffer before the label to be



1424
IEICE TRANS. COMMUN., VOL.E83–B, NO.7 JULY 2000

Fig. 12 Label-setup rate as a function of Trel with different m
under 300ms round-trip delay.

Fig. 13 Throughput verus Channel Utilization with Tset =
10ms.

set up. The merit of larger m is to obtain higher chan-
nel utilization and lower label processing overhead, as
shown in Figs. 11 and 12. For a larger Trel, the channel
utilization and the label-setup rate do not change a lot
for any m. As a result, when Trel is sufficiently long,
m is chosen to be 1 to simplify the implementation. In
turn, when Trel is relatively short, the use of large m
directly results in longer average cycle time and lower
throughput.

Another important observation can be made from
Fig. 8, with large round-trip delay (such as 300ms), ef-
ficient label-setup and release operations can easily in-
crease channel utilization. In turn, if the round-trip
delay is small (≤50ms), the improvement of utiliza-
tion is less significant. In order to illustrate the trade-
off between the throughput and the channel utilization
by adjusting Trel under various round-trip delays, we
plot the throughput versus the channel utilization un-
der various round-trip delays with a fixed Tset as shown
in Fig. 13. With this figure, one not only can easily de-
termine Trel according to the required throughput and
the channel utilization, but also can clearly see the im-

provement of channel utilization under various network
environments.

When we use discrete-event simulations to simu-
late our queueing model, both Tset and Trel are set to
be constant. Although Trel in the analytical model is
Erlang-k distributed, it is extremely close to a constant
timer with k = 100. The setup timer Tset in the ana-
lytical model is approximated by a pseudo threshold n.
This approximation technique is found to be valid ac-
cording to the simulation results shown in Figs. 10–13.

6. Conclusions

The queueing model for a flow-based label switch has
been developed, and the corresponding performance
formula is derived. Observed from either simulations or
analytical results, one can find that desiring to achieve
high channel utilization and high throughput at the
same time is a conflict. With our model, the trade-
off issues can be elaborated so that network engineers
can reach a balance between the channel bandwidth uti-
lization and the system throughput performance. With
the proposed label-setup policy, one can achieve higher
channel utilization with minimal label processing over-
head by selecting appropriate timer thresholds. Alter-
natively, one can predict the required processing over-
head under performance constraints.

If for some applications, the label-setup triggering
threshold m > 1 results in longer delay and becomes
beyond endurance, one still can focus on the selection
of an appropriate label-release timer value using our
proposed model with m = 1.

In this paper, we have only analyzed the perfor-
mance of a flow-based label switch for the single IP
flow with a fixed window size. Thus, this model can
only reflect the contentions between various IP flows in
the IP controller as they compete for limited resources,
such as SVC (in IP over ATM) or labels (in MPLS) by
adjusting the label-setup processing time in Label Setup
queue. How to adopt a more sophisticated model for
resource contention, such as the vacation model, and
how to illustrate the behavior of the variable-size win-
dows of TCP should be an interesting area for further
study.
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