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One of the major design issues in wireless ATM is the support of inter-switch handoff. An inter-switch handoff occurs when a
mobile terminal moves to a new base station connecting to a different switch. Recently, a two-phase handoff protocol has been proposed
to support inter-switch handoff in wireless ATM networks. With the aim of shortening handoff delay while using the network resources
efficiently, the two-phase handoff protocol employs path extension for each inter-switch handoff, followed by path optimization if
necessary. To implement the two-phase handoff protocol efficiently, we need to determine when to trigger path optimization. In this
paper, we propose and analyze three path optimization schemes, namely: periodic, exponential, and Bernoulli, for the two-phase handoff
protocol. The design objective is to determine the time to invoke path optimization such that the average cost per connection is minimized.
We develop a discrete time analytical model and a discrete-event simulation model for comparing the performance of the three path
optimization schemes. Results indicate that the Bernoulli path optimization scheme outperforms the other two schemes by providing a
lower average cost per connection. The proposed models can also be adapted to analyze other path optimization schemes in general.

1. Introduction

In recent years, there has been active research in support-
ing multimedia in wireless networks. One of the proposed
architectures is by extending the capabilities of ATM (asyn-
chronous transfer mode) to the wireless domain [12]. Over
the past few years, a lot of work has been done related
to the support terminal mobility in ATM networks [7,18].
A number of prototypes have also been reported in the lit-
erature. Examples include the WATMnet from NEC [11]
and the MAGIC WAND (Wireless ATM Network Demon-
strator) [14] from ACTS (Advanced Communications Tech-
nologies and Services). The standard activities include the
ATM Forum wireless ATM working group [13] and the
European Telecommunications Standards Institute (ETSI)
Broadband Radio Access Networks (BRAN) [5].

Our research focus on handoff control in wireless ATM
networks. Handoff occurs when a mobile terminal moves
from one base station to another. ATM handoff [10,16]
differs from conventional voice handoff in that a mobile
user may have several active connections with different
bandwidth requirements and quality-of-service (QoS) con-
straints. The handoff function should ensure that all these
ongoing connections are rerouted to another access point in
a seamless manner. In other words, the design goal is to
prevent service disruption and degradation during and after
the handoff process.

There are two types of handoff, namely intra-switch
handoff and inter-switch handoff. An intra-switch hand-
off occurs when the mobile terminal moves from one base
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station to another, and both base stations are connected to
the same switch. An inter-switch handoff occurs when the
mobile terminal moves from one base station to another that
is connected to another switch. In both cases, channel al-
location is performed at the new base station. However for
inter-switch handoff, connection rerouting is also required
within the fixed ATM network.

Several connection rerouting protocols to facilitate inter-
switch handoff have recently been proposed [1–3,8,15,17,
23]. Two methods based upon a partial connection re-
establishment are the path extension and the path rerouting
schemes. The rationale behind path extension is to extend
the original connection to the switch to which the new base
station is connected. Referring to figure 1, the switches
to which the original and new base stations are connected
are usually referred to, respectively, as the anchor switch
and the target switch [2]. The path extension method ex-
tends the connection from the anchor switch to the target

Figure 1. Path extension scheme.
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Figure 2. Path rerouting scheme.

switch during handoff. The minimum hop path between
these two switches is usually chosen as the extended path.
The path extension scheme is fast and simple to imple-
ment. QoS degradations such as cell loss, duplicate cells,
and mis-sequence cells do not occur. However, since the
extended path is longer than the original one, certain QoS
requirements, such as cell transfer delay and cell delay vari-
ation, may not be guaranteed after a handoff. In addition,
data looping may occur when the mobile terminal moves
back to the previous anchor switch later, which leads to an
inefficient use of network resources.

Path rerouting can be considered as a generalization of
the path extension scheme. In path extension, the anchor
switch extends the original connection to the target switch,
while in path rerouting, any switch along the original con-
nection can be selected to set up a branch connection to
the target switch (see figure 2). The switch chosen to per-
form this function is usually referred to as the crossover
switch [15] or the handoff switch [23]. Depending on the
performance criteria of the crossover switch discovery al-
gorithms, the end-to-end path after rerouting may not be
optimal.

Recently, a two-phase handoff protocol [17] has been
proposed which combines the advantages of path extension
and path rerouting schemes. The two-phase handoff pro-
tocol consists of two stages, namely: path extension and
possible path optimization. Referring to figure 3, path ex-
tension is performed for each inter-switch handoff, path
optimization is performed once a while. During path opti-
mization, the network determines the optimal path between
the source and the destination (i.e., the path between the
remote terminal and the current anchor switch in figure 3),
and transfers the user information from the old path to the
new path. The major steps during path optimization exe-
cution generally involve:

(1) determining the location of the crossover switch;

(2) setting up a new branch connection;

(3) transferring the user information from the old branch
connection to the new one;

(4) terminating the old branch connection.

Figure 3. Two-phase handoff scheme.

Since the mobile terminal is still communicating over
the extended path via the current base station while path
optimization takes place, this gives enough time for the net-
work to perform the necessary functions while minimizing
any service disruptions. Notice that the path optimization
process described above is not restricted to the two-phase
handoff protocol, but it can also be applied to other connec-
tion rerouting protocols where the location of the crossover
switch is not the optimal one. In addition, when the mobile
terminal moves to another switch during the execution of
path optimization, path extension can still be used to extend
the connection to the target switch.

Although path optimization can increase the network
utilization by rerouting the connection to a more efficient
route, transient QoS degradations such as ATM cell loss
and an increase in cell delay variation may occur. In ad-
dition, path optimization increases the processing load of
certain switches and increases the signaling load of the net-
work. Thus, path optimization after each path extension
may not be necessary or desirable. To ensure a seamless
path optimization, two important issues need to be ad-
dressed:

1. How to minimize service disruptions during path opti-
mization?

2. When and how often should path optimization be per-
formed?

We address the first issue in [21,22] by proposing a sig-
naling protocol in which buffering is used at the anchor
switch and the crossover switch during path optimization
to prevent ATM cells loss and maintain cell sequencing.
In this paper, we address the second issue by proposing
and analyzing three path optimization schemes, namely:
exponential, periodic, and Bernoulli. These schemes are
not optimal but they are simple to implement. An analyti-
cal model and a simulation model are used to analyze the
performance of these path optimization schemes. For the
discrete time analytical model, closed-form solution of the
expected cost of a mobile call and the optimal operating
point are derived for each path optimization scheme. The
analytical results are corroborated by simulations based on
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random graphs. The proposed analytical and simulation
models can also be adapted to analyze other wireless ATM
handoff protocols.

The rest of the paper is organized as follows. The pro-
posed path optimization schemes are described in section 2.
The discrete time analytical model and the discrete event
simulation model proposed for evaluating the performance
of different path optimization schemes are explained in sec-
tions 3 and 4, respectively. Section 5 discusses the an-
alytical and simulation results. Conclusions are given in
section 6. The proofs of the expected cost per call for
the proposed path optimization schemes are shown in the
appendices.

2. Path optimization schemes

As mentioned in the previous section, the end-to-end
path after connection rerouting may not be optimal. For a
large number of mobile connections within the fixed net-
work, these sub-optimal paths can lead to an inefficient use
of network resources. In this section, we discuss different
methods to initiate path optimization. Path optimization
schemes are grouped into four types, namely, QoS-based,
network-based, time-based, and handoff-based. These path
optimization initiation schemes are described below.

2.1. QoS-based schemes

As the name implies, QoS-based path optimization
schemes trigger path optimization of each mobile connec-
tion based on its current QoS measures. For example, path
optimization can be initiated if the number of hops of the
path is greater than a certain number, or if the end-to-end
cell transfer delay bound is violated. To implement those
QoS-based path optimization schemes, information about
the quality of the current path in terms of the defined QoS
measures (e.g., hop count, current average delay) must be
maintained by the network.

2.2. Network-based schemes

Network-based path optimization schemes trigger path
optimizations for a group of connections based on the exist-
ing traffic load of a switch or the utilization of the network.
For example, a network switch can initiate path optimiza-
tion for a group of mobile connections whenever the new
call dropping probability of a certain traffic class exceeds
a particular threshold. During path optimization, a num-
ber of connections will be rerouted to some other switches,
thereby reducing the traffic load of that switch.

2.3. Time-based schemes

In this case, path optimizations are triggered at time in-
stants which are independent of the current QoS of the
connection or the network utilization of the network. The

time instants can be deterministic or random. For example,
the time between path optimization can be based on some
random processes. In addition, it can also be a function
of the velocity of the mobile terminal, the dwell time, and
the residual service time of the mobile connection. In this
paper, we analyze two of these time-based schemes which
are simple to implement:

1. Periodic path optimization scheme. The time to perform
path optimization is periodic with period T .

2. Exponential path optimization scheme. The time be-
tween path optimizations is modeled as an exponentially
distributed random variable with mean 1/ν.

The periodic scheme has been proposed within the ATM
Forum wireless ATM working group [13] to facilitate the
inter-switch handoff protocol. Notice that both periodic and
the exponential schemes trigger path optimization indepen-
dent of whether or not there is an inter-switch handoff.
Thus, unnecessary path optimizations may be performed
for stationary mobile connections.

2.4. Handoff-based schemes

The handoff-based path optimization schemes trigger
path optimization for each mobile connection based on
some criteria after each inter-switch handoff. For exam-
ple, it can be a function of the number of previous hand-
offs, the velocity of the mobile terminal, and the residual
service time. In this paper, we also analyze the following
scheme:

3. Bernoulli path optimization scheme. After each path
extension, there is a probability p, 0 6 p 6 1, such that
path optimization is performed.

For the Bernoulli scheme, path optimization may only
occur on condition that there is an inter-switch handoff.
Thus, path optimization is never triggered after each hand-
off if p = 0. On the other hand, path optimization is always
performed after each path extension if p = 1.

Path optimization can also be invoked based on a com-
bination of the above schemes. In the remaining of this
paper, we will compare the performance of the periodic,
exponential, and the Bernoulli path optimization schemes,
and determine how to assign the optimal values for ν, T ,
and p given a set of call and mobility parameters.

3. Analytical model

In this section, we present a discrete time analytical
model proposed to evaluate the performance of different
path optimization schemes [19]. Our proposed model is a
generalization of the model in [9]. Events occur at each
fixed time interval. The time interval can be minutes or
seconds. When the time interval is sufficiently small (e.g.,
fraction of a second), this model is approximately the same
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as a continuous time model. For each mobile connec-
tion, the following events can occur at each time interval:
(1) path extension due to inter-switch handoff; (2) path op-
timization; and (3) call termination. At each time interval,
we let:

• λ denote the probability that there is an inter-switch
handoff (and thus a path extension);

• µ denote the probability that the call terminates.

Thus, inter-switch handoff is modeled as a Bernoulli
process. The call duration has a geometric distribution with
mean 1/µ. For each mobile connection, we let:

• L denote the number of links between the source and
the destination during call setup;

• H denote the number of links between the anchor switch
and the target switch during path extension.

The random variables L and H are assumed to be in-
dependent, each having a general distribution with mean
L and H , respectively. During path optimization, the path
between the current anchor switch and the source is recom-
puted. We assume the number of links of this optimal path
is a random variable also with mean L.

The performance metric is the expected cost per call,
which captures the amount of network resources used and
the processing and signaling load of the network. The total
cost per call is the sum of the link cost and the signaling
cost due to inter-switch handoff. More precisely, we let:

• Clink denote the link cost per unit time interval per link;

• CPE denote the signaling cost for each path extension
event;

• CPO denote the signaling cost for each path optimization
event.

The term Clink captures the amount of resources (e.g.,
bandwidth) used by the connection. Different traffic classes
can be assigned different values forClink. The total link cost
of the call is a function of time and the number of links.
The term CPE captures the cost for setting up the extended
path between the anchor switch and the target switch. The
term CPO includes the cost for (1) locating the crossover
switch; (2) setting up the new branch connection; (3) ter-
minating the old branch connection; and (4) updating the
connection server about the status of the existing route.
Since path optimization is more complex than path exten-
sion, the cost to perform path optimization is higher than
the cost to perform path extension. Thus, it is reasonable
to assume that CPO � CPE. As we are only interested in
the relative performance between different path optimiza-
tion schemes, other signaling costs including the costs for
call setup and termination, as well as the costs for location
update and intra-switch handoff are not considered in this
paper.

In the following subsections, we describe the closed-
form expressions of the expected cost for the exponential,
periodic, and Bernoulli path optimization schemes. The

derivation of these expressions are presented in the appen-
dices.

3.1. Exponential path optimization scheme

In the exponential scheme, the time between path op-
timization is modeled as an exponentially distributed ran-
dom variable with mean 1/ν. In the discrete time model,
the time between path optimization is modeled as a geo-
metrically distributed random variable. At each time in-
terval, we let ν denote the probability that path optimiza-
tion is invoked. The expected cost per call, denoted as
E[Cexponential], is

E[Cexponential] =
L

µ
Clink +

λ(1− µ)(1− ν)H
µ[1− (1− µ)(1− ν)]

Clink

+
λ(1− µ)

µ
CPE +

ν(1− µ)
µ

CPO. (1)

The proof of equation (1) is shown in appendix A. In
equation (1), the first term is the link cost of the call if the
mobile terminal remains connected to the same switch dur-
ing its connection lifetime. The second term is the increase
in link cost due to the path extension associated with each
inter-switch handoff. The third term is the signaling cost
due to path extension. And the last term is the signaling
cost due to path optimization. When ν = 0,

E[Cexponential]
∣∣
ν=0

=
L

µ
Clink +

λ(1− µ)H
µ[1− (1− µ)]

Clink

+
λ(1− µ)

µ
CPE. (2)

The exponential path optimization scheme reduces to pure
path extension. That is, only path extension is performed
for each inter-switch handoff and there is no path optimiza-
tion. On the other hand, if ν = 1,

E[Cexponential]
∣∣
ν=1

=
L

µ
Clink +

λ(1− µ)
µ

CPE

+
(1− µ)
µ

CPO. (3)

In this case, path optimization is invoked at each time in-
terval.

By taking the derivative of equation (1) with respect to
and setting the expression to zero, we obtain the optimal ν,
denoted as νopt, such that the expected cost is minimized.
The expression is

νopt =
1

1− µ

[√
λH

Clink

CPO
− µ

]
. (4)

Since ν is a probability, it has to be within the range 0 6
ν 6 1. Thus, based on equation (4), the sub-optimal value
of ν is

νsub-opt =

0, if νopt 6 0,
νopt, if 0 6 νopt 6 1,
1, if νopt > 1.

(5)



W.S.V. Wong et al. / Performance evaluation of path optimization schemes 255

3.2. Periodic path optimization scheme

The periodic scheme invokes path optimization period-
ically. In the discrete time model, we let positive integer
k denote the time period, measured in number of discrete
time intervals, between successive path optimizations. The
expected cost per call, denoted as E[Cperiodic], is

E[Cperiodic] =
L

µ
Clink +

λ(1− µ)H
µ2[1− (1− µ)k]

×
[
1− k(1− µ)k−1 + (k − 1)(1− µ)k

]
Clink

+
λ(1− µ)

µ
CPE +

(1− µ)k

1− (1− µ)k
CPO. (6)

The proof for equation (6) is shown in appendix B. Sim-
ilar to equation (1), the first term in equation (6) is the link
cost of the call if no inter-switch handoff is generated. The
second term is the increase in link cost due to path exten-
sion at each inter-switch handoff. The last two terms are the
signaling cost due to path extension and path optimization,
respectively. When k = 1 in equation (6),

E[Cperiodic]
∣∣
k=1

=
L

µ
Clink +

λ(1− µ)
µ

CPE +
(1− µ)
µ

CPO.

(7)

Equations (3) and (7) are the same. That is, path optimiza-
tion is performed at each time interval.

By taking the derivative of equation (6) with respect to
k and setting the expression to zero, the optimal k, denoted
as kopt, such that the expected cost is minimized, is given
by the solution of

λHClink
[
1 + (1− µ)k − k ln(1− µ)

]
= µCPO ln(1− µ).

(8)

Although the value of k that satisfies equation (8) is always
positive, it may not be an integer. Thus this value needs to
be rounded to the closest integer number.

3.3. Bernoulli path optimization scheme

For the Bernoulli scheme, path optimization is per-
formed with probability p after each path extension. As
derived in appendix C, the expected cost of the call, de-
noted as E[CBernoulli], is

E[CBernoulli] =
L

µ
Clink +

λ(1− p)(1− µ)H
µ[1− (1− λp)(1− µ)]

Clink

+
λ(1− µ)

µ
(CPE + pCPO). (9)

In equation (9), the first term is the link cost of the
call if the mobile terminal moves under the coverage of
the same edge switch during its connection lifetime. The
second term is the additional link cost due to path extension
at each inter-switch handoff. The last term is the signaling
cost due to path extension and path optimization. When

p = 0, equation (9) reduces to the same expression as
equation (2), as follows:

E[CBernoulli]
∣∣
p=0

=
L

µ
Clink +

λ(1− µ)H
µ[1− (1− µ)]

Clink

+
λ(1− µ)

µ
CPE. (10)

The Bernoulli scheme reduces to pure path extension. On
the other hand, when p = 1,

E[CBernoulli]
∣∣
p=1

=
L

µ
Clink +

λ(1− µ)
µ

(CPE + CPO), (11)

path optimization is performed after every path extension.
By taking the derivative of equation (9) with respect to p

and setting the expression to zero, we obtain the optimal p,
denoted as popt, such that the expected cost is minimized,
as follows:

popt =
1

λ(1− µ)

{√[
µ+ λ(1− µ)

]
H
Clink

CPO
− µ

}
. (12)

Since p is a probability, it has to be within the range 0 6
p 6 1. Thus, based on equation (12), the sub-optimal value
of p is

psub-opt =

0, if popt < 0,
popt, if 0 6 popt 6 1,
1, if popt > 1.

(13)

4. Simulation model

In this section, we present the framework of the sim-
ulation model for the comparisons between different path
optimization initiation schemes [20]. An ATM network is
modeled as a random graph based on the minimum weight
spanning tree [4]. The generation of the random graph
consists of the following steps [6]:

1. V nodes are randomly distributed over a rectangular co-
ordinate grid. Each node is placed at a location with
integer coordinates. A minimum distance is specified
so that a node is rejected if it is too close to another
node. The Euclidean metric is then used to calculate the
distance d(i, j) between each pair of nodes (i, j).

2. A fully connected graph is constructed with the link
weight equals to the Euclidean distance.

3. Based on the fully connected graph, a minimum weight
spanning tree is constructed.

4. To achieve a specified average node degree1 of the
graph, edges are added one at a time with increasing
distance.

1 The average node degree is defined as the average number of links con-
nected to a node.
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Figure 4. A 20-node random graph with node degree of 3; minimum
distance between any two nodes is 15.

If node i and j are connected, then the link delay, de-
noted as dij , is assumed to be equal to

dij = d(i, j) + δ, (14)

where δ is a uniformly distributed random variable in the
range 0 6 δ 6 δmax. In equation (14), the first term can
be interpreted as the propagation delay of the link, and the
second term approximately models the queueing delay of
the link.

As an example, a 20-node random graph generated from
the above model is shown in figure 4. The size of the
rectangular coordinate grid is 100 × 100. The minimum
distance between any two nodes is 15. The average node
degree of the graph is 3. For equation (14), δmax is set
to be equal to 100. Each node represents an ATM switch
and each edge represents a physical link connecting the two
switches.

For our simulations, ten different 20-node random
graphs, similar to the example shown in figure 4, were
generated. Each random graph is employed in 10000 sim-
ulation runs. For each simulation run, a call is generated
with two nodes chosen randomly as the source and destina-
tion nodes. Dijskstra’s algorithm [4] is used to compute the
shortest delay path between these two nodes. The source
node is assumed to be stationary. The destination node be-
comes the anchor switch of the mobile connection. The
call duration and the time between inter-switch handoff are
modeled as exponentially distributed random variables with
mean 1/µ and 1/λ, respectively.

During each inter-switch handoff, the target switch is
restricted to be one of the neighboring switches of the cur-
rent anchor switch. Path extension is used to extend the
connection from the anchor switch to the target switch.
Subsequent path optimizations may be triggered based on
different initiation schemes as described in section 2.

Table 1
Summary of parameters used in simulation and analytical models

Item Symbol Value

Number of nodes in the network V 20
Size of the rectangular coordinate grid – 100× 100
Average node degree – 3
Maximum queueing delay (ms) δmax 100
Time between inter-switch handoff (min) 1/λ 5
Average call duration (min) 1/µ 20
Signaling cost per path extension CPE 1
Signaling cost per path optimization CPO 5
Link cost per link per min Clink variable
Time interval in analytical model (min) 1× 10−3

Average number of links during call setup
(from simulation) L 3.44

Average increase in number of links during
path extension H 1

Path optimization rate (per min) or probability
(per time interval) ν variable

Path optimization period (min or time intervals) k variable
Path optimization probability p variable

Similar to the performance metric used in our analytical
model, the performance metric in our simulation model is
the average cost per call, which is defined as the sum of the
link cost and the signaling cost due to inter-switch handoff,
and is given by

Cost = nPECPE + nPOCPO +
m∑
i=1

τiliClink, (15)

where nPE and nPO denote the number of path extension and
path optimization, respectively, during a call; Clink, CPE and
CPO are as defined in the previous section; m is the num-
ber of events per call; τi denotes the time elapsed between
event i − 1 and i; and li denotes the number of links be-
tween two end nodes during τi. The average cost per call
is calculated by averaging the total cost per call over all
(200000) simulation runs.

The simulation model described above can be extended
to handle other network topologies (e.g., star, ring, and
hierarchical), as well as other statistical distributions for the
call duration and the time between inter-switch handoff.

5. Results and discussions

The baseline parameters for the analytical and simula-
tion models are summarized in table 1. Since the analytical
model is a discrete time model and the simulation model
is a continuous time model, for a fair comparison, the time
interval in the analytical model has to be sufficiently small
in order to approximate it as a continuous time model. We
have chosen a time interval of 1 × 10−3 min. Thus, if
Clink = 0.5/link/min in the simulation model, the corre-
sponding value is Clink = 0.5 × 10−3/link/time interval
in the analytical model. The inter-switch handoff rate λ,
the call termination rate µ, the path optimization rate ν for
the exponential scheme, and the path optimization period k
for the periodic scheme also have to be scaled accordingly
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Figure 5. Exponential path optimization scheme.

Figure 6. Periodic path optimization scheme.

(e.g., λ = 0.2/min in the simulation model is expressed as
0.2× 10−3/time interval in the analytical model).

We first present the analytical results for the three pro-
posed path optimization schemes. The expressions of the
expected cost per call as shown in equations (1), (6), and (9)
are normalized with respect to the signaling cost per path
optimization, CPO. Figures 5–7 show the analytical results
for the exponential, periodic, and Bernoulli path optimiza-
tion schemes, respectively. Given the link cost to signaling
cost ratio, Clink/CPO, and the mobility parameters λ and µ,
there exists an optimal operating point for each scheme such
that the expected cost per call is minimized. This optimal
value can be determined directly from equations (4), (8),
and (12).

Figure 7. Bernoulli path optimization scheme.

For the exponential path optimization scheme, as shown
in figure 5, the optimal path optimization probability νopt in-
creases as Clink/CPO increases. From equations (4) and (5),
νsub-opt is always equal to 1 when

Clink

CPO
> 1

λH
. (16)

For the periodic path optimization scheme, as shown in
figure 6, the optimal path optimization period kopt decreases
as Clink/CPO increases. When Clink/CPO exceeds a certain
threshold, kopt is always equal to 1. This threshold can be
determined from equation (8).

For the Bernoulli path optimization scheme, as shown
in figure 7, the optimal path optimization probability popt

increases as Clink/CPO increases. From equations (12)
and (13), when

Clink

CPO
> λ(1− µ) + µ

H
, (17)

psub-opt is always equal to 1.
Figures 8–10 compare the analytical and simulation re-

sults for the periodic, exponential, and the Bernoulli path
optimization schemes, respectively. As shown in the fig-
ures, the results of the expected cost per call from the an-
alytical model and the average cost per call from the sim-
ulation model are closely in agreement. The simulation
results corroborate the closed-form solutions derived from
the analytical model.

Although the analytical and simulation models give the
same results, there are subtle differences between these two
models. In the simulation model, a fixed network topology
is required; while in the analytical model, only the para-
meters L and H are fixed. Thus, even though the average
cost per call and the expected cost per call are the same, the
variances of the expected cost per call of these two models
are different.
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Figure 8. Analytical and simulation results of the periodic path optimiza-
tion scheme.

Figure 9. Analytical and simulation results of the exponential path opti-
mization scheme.

Figure 11 shows the performance comparisons between
different path optimization schemes. For each path op-
timization scheme, its optimal value (i.e., respectively,
kopt, νopt, and popt) is first calculated and then used to de-
termine the minimum expected cost per call. On the whole,
the exponential scheme gives the highest expected cost per
connection. The performance of the periodic scheme lies
between the exponential and the Bernoulli schemes. The
Bernoulli scheme outperforms the other two schemes by
giving the lowest expected cost per call. This is due to the
fact that in the Bernoulli scheme, path optimization may be
invoked only after each inter-switch handoff, while in the
exponential and periodic cases, multiple path optimizations
may occur unnecessarily between successive inter-switch
handoff. Other results for different values of λ and µ also
indicate that the Bernoulli scheme has a better performance
over the other two schemes. Another observation from
figure 11 is that the minimum expected cost per call in-
creases linearly in Clink/CPO. This is due to the fact that
as Clink/CPO increases, the first term in equations (1), (6),

Figure 10. Analytical and simulation results of the Bernoulli path opti-
mization scheme.

Figure 11. Comparisons between different path optimization schemes.

(9), (i.e., LClink/µ) becomes the dominant term of the re-
spective expression.

Although both the analytical and simulation models pro-
vide us with some useful insights on the network resources
used and the processing and signaling load per connection,
these models are not without drawbacks. First of all, path
extension and path optimization are assumed to be point
processes, i.e., the time to perform these operations has not
been taken into account. In addition, the signaling over-
head for path optimization is assumed to be constant. In
practice, this signaling overhead may also depend on the
location of the crossover switch.

Further work is in progress to develop other QoS-
based path optimization schemes, enhance and modify
the models to analyze their performance, and determine
the increase in network utilization after path optimiza-
tion.
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6. Conclusions

Path optimization may be necessary if the end-to-end
path after connection rerouting is not optimal. In this pa-
per, we have proposed and analyzed three different path
optimization schemes which are simple to implement. In
the exponential path optimization scheme, the time be-
tween path optimizations is modeled as an exponentially
distributed random variable. The periodic path optimization
scheme invokes path optimization at periodic time intervals.
For the Bernoulli scheme, path optimization is performed
with a fixed probability after each path extension. A dis-
crete time analytical model and a discrete event simulation
model have been proposed to compare the performance of
these schemes by evaluating the expected cost during a
call. The analytical model enables a closed-form expres-
sion and optimal operating point to be obtained for each
path optimization scheme. The analytical and simulation
results agree with each other, corroborating the two mod-
els. Results indicate that the Bernoulli scheme outperforms
the other two schemes by giving the lowest expected cost
per call.

Appendix A. Expected cost of the exponential path
optimization scheme

In this section, we derive the expected cost per call for
the exponential path optimization scheme. The notations
used follow the analytical model described in section 3.
Referring to figure 12, the following notations are defined
to facilitate the derivation:

• n denotes the call termination time,

• Ci denotes the total cost during time interval [i, i+ 1),2

• C l
i denotes the link cost during time interval [i, i+ 1).

• Cs
i denotes the signaling cost at time i.

The cost functions Ci, C l
i, and Cs

i are related by the fol-
lowing equation:

Ci = C l
i + Cs

i . (A.1)

Two indicator functions are defined:

Ii =

{
1, if path extension occurs at time i,

0, otherwise.
(A.2)

Ĩi =

{
1, if path optimization occurs at time i,

0, otherwise.
(A.3)

Figure 12. Time diagram. Ci denotes the total cost during time interval
[i, i+ 1).

2 [i, i+ 1) denotes the interval between a and b that includes a but not b.

Since at each time interval, path extension and path opti-
mization are modeled as Bernoulli processes with probabil-
ities λ and ν, respectively, we have

E[Ii] = λ and E
[
Ĩi
]

= ν. (A.4)

For the initial conditions, i.e., at i = 0, we assume

Cs
0 = 0 and C l

0 = LClink. (A.5)

Their expected values are

E
[
Cs

0

]
= 0 and E

[
C l

0

]
= LClink. (A.6)

For the signaling cost due to mobility at time i:

Cs
i = IiCPE + ĨiCPO, i > 1. (A.7)

Taking the expectation:

E
[
Cs
i

]
= λCPE + νCPO, i > 1. (A.8)

For the link cost between time interval [i, i+ 1):

C l
i =
(
C l
i−1 + IiHClink

)(
1− Ĩi

)
+ LClinkĨi, i > 1. (A.9)

Taking the expectation, we have

E
[
C l
i

]
= (1− ν)E

[
C l
i−1

]
+
[
(1− ν)λH + νL

]
Clink.

(A.10)

For i > 1, it can be proved by mathematical induction that

E
[
C l
i

]
= (1− ν)iLClink

+
[
1 + (1− ν) + · · ·+ (1− ν)i−1

]
M , (A.11)

where M = (1 − ν)λHClink + νLClink. Equation (A.11)
can also be written as

E
[
C l
i

]
= (1− ν)iLClink +

1− (1− ν)i

ν
M , i > 0. (A.12)

The expected cost of the call when using the exponential
path optimization scheme is

E[Cexponential]

= E

{
E

[
n−1∑
i=0

Ci

∣∣∣n]}

=
∞∑
n=1

E

[
n−1∑
i=0

Ci

∣∣∣N = n

]
P (N = n)

=
∞∑
n=1

E

[
n−1∑
i=0

(
C l
i + Cs

i

)∣∣∣N = n

]
P (N = n). (A.13)

The expected signaling cost of the call:

∞∑
n=1

E

[
n−1∑
i=0

(
Cs
i

∣∣N = n
)]
P (N = n)

=
∞∑
n=2

n−1∑
i=1

(λCPE + νCPO)P (N = n)
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= (λCPE + νCPO)
∞∑
n=2

(n− 1)(1− µ)n−1µ

=
1− µ
µ

(λCPE + νCPO). (A.14)

The expected link cost of the call:

∞∑
n=1

E

[
n−1∑
i=0

(
C l
i

∣∣N = n
)]
P (N = n)

=
∞∑
n=1

{
n−1∑
i=0

[
(1− ν)iLClink +

1− (1− ν)i

ν
M

]}
× P (N = n)

=
∞∑
n=1

{
1− (1− ν)n

ν
LClink +

[
n

ν
− 1− (1− ν)n

ν2

]
M

}
× P (N = n)

=
L

µ
Clink +

λ(1− µ)(1− ν)H
µ[1− (1− µ)(1− ν)]

Clink. (A.15)

Substituting equations (A.14) and (A.15) into equation (A.13),
we have

E[Cexponential] =
L

µ
Clink +

λ(1− µ)(1− ν)H
µ[1− (1− µ)(1− ν)]

Clink

+
1− µ
µ

(λCPE + νCPO). (A.16)

Appendix B. Expected cost of the periodic path
optimization scheme

In this appendix, we derive the expected cost per call for
the periodic path optimization scheme. The notations and
definitions used follow those defined in section 3 and ap-
pendix A. In addition, we let k denote the period to invoke
path optimization. The value of k is a positive integer and
is measured in time interval as defined in section 3. An in-
dicator function, which models the time to perform periodic
path optimization, is defined as

Ĭi =

{
1, if imodk ≡ 0,
0, otherwise.

(B.1)

Thus, Ĭi is equal to 1 whenever time i is a multiple of k.
For the signaling cost due to mobility at time i:

Cs
i = IiCPE + ĬiCPO, i > 1. (B.2)

Taking the expectation:

E
[
Cs
i

]
= λCPE + ĬiCPO, i > 1. (B.3)

For the link cost between time interval [i, i+ 1):

C l
i =

(
C l
i−1 + IiHClink

)(
1− Ĭi

)
+ LClinkĬi. (B.4)

Taking the expectation:

E
[
C l
i

]
=
(
1− Ĭi

)
E
[
C l
i−1

]
+
[(

1− Ĭi
)
λH + ĬiL

]
Clink.

(B.5)

Since E[Cl0] = LClink, equation (B.5) can also be written
as

E
[
C l
i

]
= LClink + λHClink(imodk), i > 0. (B.6)

The expected cost of the call is

E[Cperiodic] =
∞∑
n=1

E

[
n−1∑
i=0

(
C l
i + Cs

i

) ∣∣N = n

]
P (N = n).

(B.7)

The expected signaling cost of the call:

∞∑
n=1

E

[
n−1∑
i=0

(
Cs
i

∣∣N = n
)]
P (N = n)

=
∞∑
n=2

n−1∑
i=0

(
λCPE + ĬiCPO

)
P (N = n)

= λCPE

∞∑
n=2

[
nP (N = n)

]
+ CPO

∞∑
n=2

n−1∑
i=0

ĬiP (N = n)

= λCPE

∞∑
n=2

[
n(1− µ)n−1µ

]
+ CPO

∞∑
j=1

k∑
m=1

jP (N = jk +m)

=
λ(1− µ)

µ
CPE + CPO

∞∑
j=1

k∑
m=1

j(1− µ)jk+m−1µ

=
λ(1− µ)

µ
CPE +

(1− µ)k

1− (1− µ)k
CPO. (B.8)

The expected link cost of the call:

∞∑
n=1

E

[
n−1∑
i=0

(
C l
i

∣∣N = n
)]
P (N = n)

=
∞∑
n=1

n−1∑
i=0

[
LClink + λHClink(imodk)

]
P (N = n)

= LClink

∞∑
n=1

[
nP (N = n)

]
+ λHClink

k−1∑
m=1

[
m
∞∑
i=1

∞∑
j=ki−(k−1−m)

P (N = j)

]

= LClink

∞∑
n=1

[
n(1− µ)n−1µ

]
+ λHClink

k−1∑
m=1

[
m
∞∑
i=1

∞∑
j=ki−(k−1−m)

(1− µ)j−1µ

]

=
L

µ
Clink +

λHClink

1− (1− µ)k

k−1∑
m=1

m(1− µ)m
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=
L

µ
Clink +

λ(1− µ)H
µ2[1− (1− µ)k]

[
1− k(1− µ)k−1

+ (k − 1)(1− µ)k
]
Clink. (B.9)

Substituting equations (B.8) and (B.9) into equation (B.7),
we have

E[Cperiodic] =
L

µ
Clink +

λ(1− µ)H
µ2[1− (1− µ)k]

[
1− k(1− µ)k−1

+ (k − 1)(1− µ)k
]
Clink

+
λ(1− µ)

µ
CPE +

(1− µ)k

1− (1− µ)k
CPO. (B.10)

Appendix C. Expected cost of the Bernoulli path
optimization scheme

In this appendix, we derive the expected cost per call
for the Bernoulli path optimization scheme. Following the
notations and definitions used in section 3 and appendix A,
we also define an indicator random variable:

Îi =

1, perform path optimization after
path extension at time i,

0, otherwise.
(C.1)

Since path optimization is invoked with probability p after
each path extension, we have

E
[
Îi
]

= p. (C.2)

Note that in our analytical model, path extension and path
optimization are modeled as point processes. Thus, the
time required to perform these operations is not taken into
account.

For the signaling cost due to mobility at time i:

Cs
i = Ii

(
CPE + ÎiCPO

)
, i > 1. (C.3)

Taking the expectation:

E
[
Cs
i

]
= λ(CPE + pCPO), i > 1. (C.4)

For the link cost between time interval [i, i+ 1):

C l
i =C l

i−1(1− Ii) +
(
C l
i−1 +HClink

)
Ii
(
1− Îi

)
+ LClinkIiÎi. (C.5)

Taking the expectation:

E
[
C l
i

]
= (1− λp)E

[
C l
i−1

]
+
[
λ(1− p)H + λpL

]
Clink.

(C.6)

Since E[C l
0] = LClink, it can be proved by mathematical

induction that for i > 1,

E
[
C l
i

]
= (1− λp)iLClink

+
[
1 + (1− λp) + · · ·+ (1− λp)i−1

]
K

= (1− λp)iLClink +
1− (1− λp)i

λp
K, (C.7)

where K = [λ(1− p)H + λpL]Clink.

The expected cost of the call when using the Bernoulli
path optimization scheme is

E[CBernoulli] =
∞∑
n=1

E

[
n−1∑
i=0

(
C l
i + Cs

i

) ∣∣∣N = n

]
P (N = n).

(C.8)

The expected signaling cost of the call:

∞∑
n=1

E

[
n−1∑
i=0

(
Cs
i

∣∣N = n
)]
P (N = n)

=
∞∑
n=2

n−1∑
i=1

λ(CPE + pCPO)P (N = n)

= λ(CPE + pCPO)
∞∑
n=2

(n− 1)(1− µ)n−1µ

=
λ(1− µ)

µ
(CPE + pCPO). (C.9)

The expected link cost of the call:

∞∑
n=1

E

[
n−1∑
i=0

(
C l
i

∣∣N = n
)]
P (N = n)

=
∞∑
n=1

{
n−1∑
i=0

[
(1− λp)iLClink +

1− (1− λp)i

λp
K

]}
× P (N = n)

=
L

µ
Clink +

λ(1− p)(1− µ)H
µ[1− (1− λp)(1− µ)]

Clink. (C.10)

Substituting equations (C.9) and (C.10) into equation (C.8),
we have

E[CBernoulli] =
L

µ
Clink +

λ(1− p)(1− µ)H
µ[1− (1− λp)(1− µ)]

Clink

+
λ(1− µ)

µ
(CPE + pCPO). (C.11)
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