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Abstract 
In this paper we propose a close-loop queueing model of 
MPLS switch with the different label-setup and release 
policies, supporting both trafic-driven and topology- 
driven connection setup procedures. This model can em- 
ulate the behavior of TCP under the MPLS switch when 
the maximum window size is sustained and the packet 
loss rate is negligible. Fkom the proposed flow-based 
MPLS switch model, one can clearly observe the com- 
petition of multiple IP  flow for limited labels, and how 
the label-setup policy and the label-release policy aflect 
the system performance. W e  find that Norton’s theo- 
rem can be applied to solve this sophisticated queueing 
model. Therefore, with very limited computational com- 
plexity with respect to the number of I P  flows or labels, 
the proposed mathematical model and the approximation 
of label competition can be used to obtain the desired per- 
formance metrics, such as the throughput, the label-setup 
mte ,  and the channel utilization. Finally, the trade-ofl 
among performance metrics can be observed as well. 

key words: flow, MPLS, performance analysis. 

1 Introduction 
With the advent of fiber optics technologies, the network 
bottleneck has shifted from the shortage of bandwidth to 
the processing capability of the router. The label switch 
is found often superior to the traditional IP router since 
not all packets belonging to a flow require the processing 
of IP routing engines. After some packets are identified 
as leading packets of a flow, then all their following pack- 
ets can be switched directly by a layer-2 switching tech- 
nique, such as label-based switching. In other words, 
new techniques in label switching take advantage of IP 
routing and high speed switching and can save a lot of 
packet transmission time over the network. The Internet 
Engineering Task Force (IETF) thus adopted the Mul- 
tiProtocol Label Switching (MPLS) architecture [l, 21 
which can be used for transport of any level 3 proto- 
col over any level 2 technology. The basic operation of 
MPLS is that only the packet passes through the edge 
LSR (Label-Switching Router) needs performing a con- 
ventional longest-match lookup in the IP header, the for- 
warding mechanism that the packet passes through the 
core LSR is based only on label swapping. In general, 
MPLS switches have more powerful traffic engineering 
capability [3, 41 than the traditional router. However, 
the resources (labels) in the MPLS switch are often lim- 
ited. Some flow aggregation methods [5] are then pro- 
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posed to save the label usage and have triggered research 
work on related engineering or modeling. 

In label or IP  switch models proposed in previous re- 
search works, only a few of them has been used to evalu- 
ate the trade-off between the label-setup policy and the 
channel (link) utilization or throughput performance. 
The label-setup policy proposed in [6] is that if the ac- 
cumulated packets in the switch buffer have exceeded 
the triggering threshold within a fixed time interval, the 
IP  controller shall set up a label. The label-setup pol- 
icy proposed in [IS] is 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. The label-setup 
policies in [6, 161 are approximately similar under heavy 
traffic loads. The label-release policy is discussed more 
frequently (see [9: 10, 161). The label can be released 
only during the maximum allowed inactive duration, if 
no packets arrive. Our work [16] presented an efficient 
model for investigating the related performance issues. 
However: it is restricted to the single IP flow. .4lthough 
the mathematical models proposed in [ll, 121 allowed 
multiple flow: they did not describe the detailed opera- 
tion of the label-setup and release policies. 

n o m  181, we know that most Internet traffic pro- 
cessed by IP switches is long-lived: which should h s o  
hold for MPLS switches. So one can focus on the ef- 
fects of long-duration traffic passing through ail MPLS 
switch. w e  propose to use the closed-loop aueueing 
network model w-it11 the round-trip delay, a&kiing the 
maximum TCP window size is maintained during the 
communication. In this paper, we extend our previous 
work [16] to model the behavior of multiple IP  flow that 
contend for a limited set of labels. The performance of 
the traffic-driven and the topology-driven MPLS switch 
with various label-setup and release policies can then 
be evaluated by such queueing model. Since it is diffi- 
cult to directly manipulate an original but sophisticated 
queueing model, we introduce the concept of label va- 
cation model to approximate the availability of label in 
a label-competition scenario. With the approximation 
approach for a multiple IP flow MPLS model, one can 
obtain the results quickly without resorting to simula- 
tion. With this model, one can also investigate the ef- 
fects of the label-setup tinier and the label-release timer 
on a flow-based MPLS model, and observe the trade- 
off among the throughput, the label-setup rate, and the 
channel utilization. Furthermore, our proposed queue- 
ing model could be applied to the latest proposed ”A- 
labeling” MPLS system [7] if the wavelength-switched 
technique become available. 

The remainder of the paper is organized in the follow- 
ing. In Section 2: the queueing model for a flow-based 
MPLS switch is described. In Section 3: an approxi- 

553 
0-7695-0951-7/01 $10.00 0 2001 IEEE 



I 

Lkh 

Figure 1: Original queueing model. 

mate and efficient analysis is presented. In Section 4, 
four performance measures are derived. Since estimat- 
ing an adequate label vacation time becomes the key fac- 
tor that determines the success of the proposed model, 
the method of estimating an adequate vacation time is 
proposed in Section 5 .  Numerical examples and sirnula- 

drawn in Section 7. 
tion results are presented in Section 6. Conclusions are 

2 Queueing Model 
In this section, we present a queueing model which char- 
acterizes the behavior of N IP  flows competing for M 
labels in a flow-based MPLS switch. Since the objec- 
tive is to model the behavior of flow-based MPLS un- 
der heavy traffic loads: the employed model is close-loop 
queueing network model. A fixed window size for each 
flow is assumed. 

The detailed queueing network, called the original 
model, is shown in Figure 1. Ten queueing nodes are 
included in this model: Token-Buger, Header-Buger, 
Label-Setup, LabelLRelease, LabelLRelease- Timer, Trans- 
mitter, Input-Buffer, Output-Buffer, Receiving-Node 
and Delay. The Transmitter, the Input-Buffer, the Out- 
put-Buffer, the Receiving-Node and the D e l q  queue 
form a loop for the IP  data packet and I P  ack. The 
Token-Buffer stores the tokens which represent the avail- 
ability of the channel. The channel is available if there 
is a token in the Token-Buffer. The Header-Buger 
stores the header information of the first packet of 
each IP flow when it requests for a label. The La- 
bel-Setup queue represents the time required to look up 
the routing/switching table and set up a label. The 
LabelLRelease queue represents the time required to re- 
lease a label. The Label-Release-Timer queue represents 
an label-release timer. This timer indicates the max- 

imum length of idle period of a flow before its label 
is released for other use. The Delay queue represents 
the total round-trip delay of the forward and the feed- 
back channels. Once a flow is granted a label, the flow 
is served with its own output server and uses its own 
label-setup and release mechanism. The switch output 
is assumed to  have enough buffers, so the packet loss 
rate is negligible. The detailed operations are described 
as follows. 

When a burst of packets for a flow arrive; the header 
information of the first packet for that flow is extracted 
and copied into the Header-Buffer of the MPLS con- 
troller. The leading packet and its following packets 
then enter into the Input-Buffer of the switch. If the 
condition that a token resides in the Token-Buger, and 
the accumulated packets reside in the Input-Buffer of 
the switch has exceeded the triggering threshold or the 
label-setup timer has expired, the MPLS controller then 
starts to set up a label. The switch starts serving pack- 
ets when the label has been set up. The label manager 
maintains an activity timer to control the label-release 
operation. The label is released only if the activity timer 
indicated that the maximum allowed inactive duration 
has been reached. 

The original queueing model is too complicated to 
solve directly. The behavior of the original queueing 
model of each flow can be observed to be of two kinds. 
The first kind ( N  5 M) is that a flow can get a label 
immediately when it requests for a label. Concerning 
this part, one can refer to [16] for detail. This happens 
when labels are available to all flows. The second kjnd 
( N  > M )  is that a flow can not be allocated a label im- 
mediately when it requests for a label. The analysis of 
this part is described in the next section. This happens 
when labels are not enough for all flows. Therefore, one 
can consider a label is on vacation when a flow requests 
for a label, but no label is available. In other words, the 
impact of label competition on the behavior of a single 
IP  flow can be modeled via a label vacation node. As 
a result, the steady-state queueing model in Figure 2 is 
proposed for performance analysis. 

In this model, we still use Erlang-k distribution in 
Label-Release-Timer to  approximate a constant label- 
release timer. Erlang-k distribution is employed to  ap- 
proximate the label vacation time. An infinite server 
queue is used 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 
MPLS switch model as shown in Figure 2; with a fixed 
window size W for each IP flow. We adopt the following 
notations: 

W : maximum window size, in packets. 
pq : service rate in the Delay queue. 
po : service rate in the Output queue. 
p~ : service rate in the Receiving-Node queue. 
Tp,l = 2 : the average sojourn time in the La- 

beLRelease-Timer queue. 
k : the number of phases of the Erlang-k distributed 

sqjourn time in the Label-Release-Tinier queue. 
Tset : the threshold of the label-setup timer. 
ps : service rate in the LabeLReleuse queue. 
p~ : service rate in the Label-Setup queue. 
pv : service rate in the label Vacation queue. 

P P  
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Figure 3: State-transition diagram of the shorted-circuit queueing model. 

nA : the number of packets in the Delay queue, rang- 
ing from 0 to W. 

n o  : the number of packets in the Output-Buger 
queue, ranging from 0 to W. 

ns : the number of packets in the Input-Buger of the 
switch, ranging from 0 to W. 

713 : the number of tokens in the Token-Buger, equals 
0 if the channel is available, equals 1 if the channel is in 
use. 

AT : the current phase at  which the token stays in the 
Label-Release- Timer queue: ranging from 1 to k. 

AR : the state of the LabeIRelease queue, equals 0 if 
the Label-Release queue is idle, equals 1 if label-release 
has been started. 

AV : the current phase at which the token stays in 
the Vacation queue, ranging from 1 to H. 

m : the triggering threshold which represents the 
number of accumulated packets waiting for setting up 
a label, ranging from 1 to W. 

Unfortunely, the steady-state queueing model shown 
in Figure 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 Figure 2 so that the equivalent Norton's theo- 
rem in queueing analysis (see (13, pp. 2501 or [14]) 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 Figure 2 to  ob- 
tain the shorted-circuit queueing model of the steady- 
state queueing model. We then employ the state vec- 
tor ( a ,  b, c: d: e ,  f) to represent the state of the shorted- 
circuit model when n o  = a,nA = b,AT = C,AR = d, 
nT = e ,  and AV = f . 

Based on the above definitions, the global balance 
equations of shorted-circuit queueing model are listed 
as follows. 
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Figure 2: Steady-state queueing model. 

~ ~ - j - ~ , ~ + ~ , o , o , o , o  , 1 < j < W - iriin(m, n)  
(PO + jPA)~W-j,j,O,O,O,O = ~O~W-j+i,j-i,o,o,o,o 
+( j  + ~)PA~W-j-i,j+i,O,O,o,o , 

(12) 

W - m i n ( m , n ) + l < j <  W - 2  (13) 

pw-1,1,0,0,0,0 (14) 
~OpW,O,O,O,O,O = PTpO,O,O,O,l,O -k PA ' 

where Pa,b,c,d,e,f is the steady-state probability of the 
state vector (a: b: c, d: e:  f ) .  In equations (10)-(13): 71 is 
the integer such that 1 + 1 + ... + 
is closest to Tset. This is due to a released flow must 
have all its packets in the backlog at  the Delay queue 
iIi the short-circuited model. In other words, instead of 
directly modeling Tset! we use a corresponding pseudo 
threshold n to limit the holding time of packets. The 
state-transition diagram of the shorted-circuit queueing 
model corresponding to equations (1)-( 14) is shown in 
Figure 3. In most cases: we set n > vi. Consequently, 
in the balance equations, the label-setup timer is domi- 

WPA (W-l)PA (W-n+l)PA 

nated by a triggering threshold m so that a label 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. .4fter examining this state-transition 
diagram, one can conclude from Kolmogorov's criterion 
that the underlying system process is not time reversible 
and it does not satisfy the quasi-reversibility [13]. Hence, 
product-form solution can not be easily obtained since 
local balance equations do not hold. Fortunately, the 
structure of this diagrani follows certain rule. We fourid 
an iterative computational algorithm which can solve 
global balance equations effectively even for large state 
space. 

Let ~ ( w )  denote the throughput of the shorted-circuit 
queueing model, provided that the population (window 
size) is w. Then ~ ( w )  can be calculated using the steady- 
state solution obtained via the above calculation proce- 
dure and the following equation: 

U' 

7/(.1) = PO ~i,zu--I,o,o,o,o i w = 1: 2: ... : W (15) 
i=l 

The throughput q(w) can be used for approxiniat- 
ing the performance of the steady-state model as fol- 
lows. Applying the procedure as used in the equivalent 
Nortonk theorem, the shorted-circuit queueing model is 
then replaced by an equivalent queue. Therefore, the 
steady-state queueing network can be reduced to an ap- 
proximate queueing model. 

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

4 Performance Measures 
The steady-state throughput: the label-setup rate arid 
the channel utilization are considered to be key perfor- 
mance metrics. The steady-state throughput is reflected 
by the average cycle time in the steady-state queueing 
model. The label-setup rate is concerned with the re- 
quired label processing overhead. With the channel uti- 
lization, one can predict the ratio of wasted bandwidth. 
The formula of these metrics are as follows. 

4.1 Average Cycle Time and Through- 
put 

The average cycle time Tc: the time required by a packet 
or its ack to  circulate around the message loop in the 
steady-state queueing model, is proportional to the in- 
verse of throughput. It is well-known that 

where Psire is the packet size; and r/*(W) is the through- 
put of equivalent queueing rietworks giver1 the InaxiIriuiii 
window size W. 

4.2 Label-Setup Rate 
The label-setup rate S R  is defined as the average number 
of label-setup operations in the MPLS controller per unit 
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time. Using the steady-state probability that the label- 
setup token is ready, one can derive the label-setup rate 
SR as 

W-min(m,n) 

S R  PT ~O,i,O,O,l,O (17) 
i=O 

Here, we assume the capacity of the Receiving-Node is 
much larger than q(W). If p~ is not much larger than 
q(W),  equation (20) still serves as a worse case (upper 
bound) approximation. 

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

i=l 
W 

i=l i= 1 

i=O 

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 period that the 
packet transmission in the channel is considered to be 
efficiently utilized. Here, we assume the capacity of the 
Receiving-Node is much larger than q(W).  If p~ is not 
much larger than q(W), equation (21) serves as a best 
case approximation. 

5 How to determine vacation 
time 

Estimating an adequate vacation time is the key step 
that determines the accuracy of the proposed model. 
We have a three-step approach to  determine the vaca- 
tion time. First, we use the token cycle time (equals 
~ /SR) obtained from our previous work [16] or from the 
model of this paper (via equation (19)) with the vaca- 
tion time has to be set to be negligible. Before we obtain 
an accurate estimation, we first assume that if a token 
is not available, one must wait for an integer multiple of 
token cycle time. When the number of labels is less than 
the number of IP  flows, some flows can get a label for 
its own use immediately, while others probably wait 1 
or more cycles of token rotation. Therefore, we can then 
approximate the lower bound of waiting time, denoted 
by Tw,lowerbound, and the upper bound of waiting time, 
denoted by Tw,upperbound, under this assumption by the 
following equations 

N 
M 

LSJ-1 

Tw,lowerbound = ‘1‘MINSR + ( N  - M L - - J ) .  
i=l 

N 
Tw,upperbound = - I)/SR 

where M is the number of labels and N is the number 
of flows. Secondly, one can study the extreme case when 
Tref is exceedingly long. In this case, the number of la- 
bels equals the number of IP flows that can use the labels 
forever no matter how many other flows need to  access 
the labels. The steady-state throughput for this case 
is equal to (L/F)q*(W)IL,F=l, where L / F  is the ratio 
of the number of labels to IP flows and q * ( W ) ~ ~ l ~ = ~  
is the steady-state throughput given that L / F  equals 1 
(which equals q*(W) in [16] or equation (17) in this pa- 
per if the vacation time is set to  be negligible). Hence, 
one can know the extreme case steady-state through- 
put for various L / F .  Finally, one can select an esti- 
mate value of Tw E {Tw,lowerbound, Tw,upperbound} which 
satisfies l q * ( W ) l ~ ~  - (L /F)v* (W)p /~=11  < 6 ,  where 
Tw = p i ’  is equivalent to  the waiting time for the next 
available label, q*(W)lT, is the steady-state through- 
put obtained by substituting all the equations in section 
3 with /AV for T;’, and e is a small value. The last 
criterion is based on an approximate conservation law, 
S R T ~  = C in our system, where C is some constant. For 
different thresholds value of Trel under the same given 
L / F ,  the waiting time for the next available label should 
be still C/SR. Simulation results show that the above 
arguments hold. 

6 Numerical Examples and Sim- 
ulation Results 

In this section: we demonstrate the applicability of our 
queueing model and present analytical results of flow- 
based MPLS switch under the different label-setup poli- 
cies and different ratio of the nuniber of labels to IP 
flows (L IF) .  We also illustrate the trade-off between 
key system parameters. The system parameters used in 
numerical examples and simulations are shown as fol- 
lows. 

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 10 Mbps, as- 
suming exponential packet transmis- 

Receiving-Node rate : a mean rate of 10 Mbps, as- 
suming exponential packet processing 

time 
Label-setup time : exponentially distributed with a 

mean of 100 ms 
Label-release time : exponentially distributed with 

a niean of 20 iris 
Label-release timer threshold (Trel) : Erlang-k dis- 

tributed in modeling, constant in s- 

Label-setup timer threshold ( T S e t )  : constant 
Round-trip delay : exponentially distributed 
Triggering threshold ( m )  : an integer ranging from 

The ratio of the number of labels to  IP flows ( L I F )  

k .  100 
H‘: 20 

We observe from Figures 5, 6, 8, and 9 that as Trel in- 
creases, a t  certain Trel value, the label-setup rate starts 
to approach zero and the channel utilization approaches 
a constant. Such Trel is called Trel,cr;tical. In other 
words, to set Trel >> Trel,crit ,cal does not improve per- 
formance and should not be considered. 

sion time 

imulation 

1 to 64 

: variable 
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Throughput (Mbps) 
Number of flows = 100 

L/F T,,l = 2 ms T,,l = 10 ms T,,I = 50 ms 

Table 1: Steady-state throughput with Tset = 50 Ins 
under 300 ms round-triD delav and 100 IP flows 

Throuahuut (A4bus) 
Number of flows = 500 

L/F  T,,l = 2 111s TTel = 10 ms T,,l = 50 ms 

Table 2: Steady-state throughput with Tset = 50 Ins 
under 300 ms round-trip delay and 500 IP flows 

Label-setuD rate (1 / s )  \ r ,  

Number of flows = 100 
L/F  T,,I = 2 ms T,,J = 10 ms T,,l = 50 111s 

Table 3: Label-setup rate with Tset = 50 111s under 300 
111s round-trip delay and 100 IP  flows 

In simulations or numerical calculation, the round- 
trip delay, Trel: and Tset are key parameters. However, 
we also find that neither the number of IP  flows nor the 
riurnber of labels alone can determine system behavior. 
Instead, the L / F  ratio plays a key role. In order to 
demonstrate the results are the same for the same L / F  
regardless of the number of IP flows: we run simulations 
with TSet = 50 ms under 300 Ins round-trip delay and 
the different number of IP  flows (100, 500). Tables 1-6 
show this evidence. 

In Figures 4-6, we plot the throughput, the channel 
utilization, and the label-setup rate as a function of T,,l 
under 300 ms round-trip delay and different L / F .  From 
Figure 4: the throughput increases with the increase of 
Trel if L / F  equals 1. This is because each flow can be 
allocated a label when requesting for a label individu- 
ally. When LIF  equals 0.2 and 0.4, the decrease of the 
throughput with the increase of Trel is that most flows 
need to wait when requesting for a label. One can note 
that the number of labels equals the number of I P  flows 
can hold the labels forever when Trel is exceedingly long. 
This explains why the throughput, the label-setup rate, 
and the channel utilization remain unchanged when Trel 
is above 45 ms, as observed in Figures 4: 5: and 6. There- 
fore: the system should approximate the topology-driven 
MPLS switch when Trel is well above 45 ms, and the 
system model is close to the traffic-driven A4PLS switch 
when T,,l is well below 45 111s. With these results, we 
alsoobserve the following. When L / F  is low ( 5  0.4): one 
should select the traffic-driven system because this will 
give the high throughput, and the high channel utiliza- 
tion in spite of suffering higher label-setup rate. If the 
throughput, and the channel utilization are of concerns, 

Label-setup rate ( l / s )  
Number of flows = 500 

L / F  T,,, = 2 ms T,,, = 10 ms T,,t = 50 ms 

Table 4: Label-setup rate with Tset = 50 ms under 300 
ms round-trip delay and 500 IP  flows 

Channel utilization (%) 
Number of flows = 100 

L / F  T,,J = 2 ms T,,, = 10 ms T,,, = 50 ms 

Table 5: Channel utilization with Tset = 50 ms under 
300 ms round-trip delay and 100 IP  flows 

Channel utilization (%) 
Number of flows = 500 

L/F  T,,, = 2 ms T,,I = 10 ms T,,! = 50 ms 

Table 6: Channel utilization with Tset = 50 ms under 
300 ms round-trip delay and 500 IP flows 

lower T,,l is preferred. If one needs lower label-setup 
processing overhead, higher Trel is desired. Choosing 
the topology-driven system when L / F  equals 1 will lead 
to high throughput and label processing overhead, but 
the channel utilization is low. Conversely, selecting the 
traffic-driven system will give high channel utilization, 
but harm the throughput and label processing overhead. 

In Figures 7-9, we plot the throughput, the channel 
utilization, and the label-setup rate as a function of T,,l 
under 50 Ins round-trip delay and different LIF. In this 
circumstances, the system behavior is approximately 
equivalent to the topology-driven MPLS switch when 
T,,l is well above 8 ms and is close to  the traffic-driven 
MPLS switch when Trel is well below 8 ms. The reason 
that the throughput decreases with decrease of T,,l IS 
that the packets go back to  the transmitter quickly, but 
label is not readily available. 

When we use discrete-event siniulations to  simulate 
our queueing model, both Tset and T,,l are set to be con- 
stant. although T,,l 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 analytical model 
is approximated by a pseudo threshold n arid is set to  a 
little larger than the Tset used in the simulation. This 
approximation technique is validated by simulation re- 
sults shown iri Figures 4-9. 

7 Conclusions 
The queueing model for an MPLS switch supporting 
both traffic-driven and topology-driven connection setup 
has been developed, and the procedures to  analytically 
derive performance metrics are also presented. Via our 
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Figure 4: Throughput with Tset = 50 ms under 300 111s 
round-trip delay and different LIF.  

lo  i 

Figure 5: Label-setup rate with Tset = 50 ins under 300 
ms round-trip delay and different L / F .  

proposed model, one can clearly observe the competition 
of multiple IP  flow for limited resources. Although de- 
tailed operation of the label-setup and releases policies 
are also included in the queueing model. With only very 
limited computational complexity, the proposed math- 
ematical model and the estimation procedures of label 
vacation time can quickly solve the desired performance 
rnetrics, such as the throughput, the label-setup rate, 
and the channel utilization. 

In our previous work [16], observed from either sim- 
ulations or analytical results, one can find that the at- 
tempt to achieve the high channel utilization and the 
high throughput at the same time is a conflict in the 
single IP  flow environment. In the multiple IP  flow 
model, this phenomenon is observed again when each 
flow has reserved its own label. In turn: in the multiple 
flow/multiple label operation, it is possible to achieve 
the high channel utilization and the high throughput 
in certain cases. With our model, the trade-off issues 
can be carefully examined so that network engineers can 
reach a balance between the channel bandwidth utiliza- 
tion and the system throughput performance. With an 
appropriate label-setup policy, one can achieve higher 
channel utilization with the minimal label processing 
overhead by selecting appropriate timer thresholds. .41- 
ternatively, one can predict the required processing over- 
head under performance constraints. Furthermore, our 

0 , , , , I ,  I / ,  

o 5 in 15 20 U 30 35 40 45 M 

Figure 6: Channel Utilization with Tset = 50 ms under 
300 ms round-trip delay and different LIF.  

s t  
I 

0 I I 
2 I 6 8 10 

1, 0“ 

Figure 7: Throughput with Tset = 50 ins under 50 ms 
round-trip delay and different L I F .  

proposed queueing model also could be applied to the 
latest proposed ” A-labeling” MPLS system [7] since the 
resource under competition is simply replaced by A. 

In this paper, we have only analyzed the performance 
of a flow-based MPLS switch for multiple IF‘ flow, assurn- 
ing fixed window sizes and long-duration traffic. How 
to devise a sophisticated model including both short- 
duration and long-duration traffic, arid how to illus- 
trate the impact of variable-size windows of TCP on 
label competition should be an interesting area for fu- 
ture study. 
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