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Cellular Networks

SUMMARY  Next-generation wireless/mobile networks will be IP-
based cellular networks integrating Internet with the existing cellular net-
works. Recently, Hierarchical Mobile IPv6 (HMIPv6) was proposed by
the Internet Engineering Task Force (IETF) for efficient mobility manage-
ment. HMIPv6 reduces the amount of signaling and improves the per-
formance of MIPV6 in terms of handoff latency. Although HMIPv6 is an
efficient scheme, the performance of wireless networks is highly dependent
on various system parameters such as user mobility model, packet arrival
pattern, etc. Therefore, it is essential to analyze the network performance
when HMIPv6 is deployed in IP-based cellular networks. In this paper, we
develop two analytic models for the performance analysis of HMIPv6 in
IP-based cellular networks, which are based on the random-walk and the
fluid-flow models. Based on these analytic models, we formulate the loca-
tion update cost and the packet delivery cost. Then, we analyze the impact
of cell residence time and user population on the location update cost and
the packet delivery cost, respectively. In addition, we study the variation
of the total cost as the session-to-mobility ratio is changed and the optimal
MAP domain size to minimize the total cost is also investigated.

key words: Hierarchical Mobile IPv6, performance analysis, analytic
model, random-walk model, fluid-flow model

1. Introduction

In wireless/mobile networks, users freely change their ser-
vice points while they are connected. In this environment,
mobility management is an essential technology for keep-
ing track of the users’ current location and for delivering
data correctly. In terms of cellular networks for voice call
services, many schemes have been proposed to provide ef-
ficient mobility management [1]. However, since next-
generation wireless/mobile networks will be unified net-
works based on IP technology, they will have different char-
acteristics from the existing cellular networks. Therefore,
the design of IP-based mobility management schemes has
become necessary.

The Mobile IP working group [2] within the Internet
Engineering Task Force (IETF) proposed a mobility man-
agement protocol, called Mobile IPv4 [3]. Mobile IPv4 al-
lows the transparent routing of IP packets to mobile nodes
(MNs5s) connected to the Internet. Each MN is always iden-
tified by its home address, regardless of its current point of
attachment to the Internet. While it is located away from its
home network, the MN is also attributed a care-of address
(CoA) which provides information about its current point of
attachment to the Internet. Generally, the CoA indicates the
address of a foreign agent (FA) as an end point for packet
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tunneling. The Mobile IP provides for the possibility of reg-
istering the CoA with a home agent (HA). The HA sends
packets destined for the MN through a tunnel to the CoA.
After arriving at the end of the tunnel, each packet is decap-
sulated and then delivered to the MN.

However, Mobile IPv4 is not a suitable solution for en-
vironments in which MNs frequently change their points
of attachment to the network, in other words the so-called
micro-mobility environments. Also, since all data packets
have to transit via the limited number of nodes, which make
up the FAs and HAs, basic Mobile IPv4 is not scalable. To
overcome these drawbacks, the Mobile IPv6 (MIPv6) pro-
tocol was proposed by the Mobile IP Working Group [4].

Mobile IPv6 allows an MN to move within the Internet
topology while maintaining connections between the MN
and correspondent nodes (CNs). To do this the MN sends
Binding Update (BU) messages to its HA and all CNs every
time it moves. Authenticating the BU message requires ap-
proximately 1.5 round trip times between the MN and each
CN. These round trip delays disrupt active connections each
time a handoff to a new access router (AR) is performed.
Eliminating this additional delay element from the time-
critical handoff period provides the improved performance
with Mobile IPv6. Moreover, in the case of wireless links, it
is required to reduce the number of messages sent over the
air interface to all CNs and to the HA. Thus, the existence
of a local anchor point allows Mobile IPv6 to benefit from
reduced mobility signaling with external networks.

Hierarchical Mobile IPv6 (HMIPv6) [6] is an enhanced
Mobile IPv6 to minimize the signaling cost using a local
agent called Mobility Anchor Point (MAP). The MAP can
be located at any level in a hierarchical network of routers,
including the AR. The MAP is intended to limit the amount
of Mobile IPv6 signaling outside the local domain.

An MN entering a MAP domain will receive Router
Advertisements containing information on one or more lo-
cal MAPs. The MN can bind its current CoA (on-link CoA
(LCoA)) with an address on the MAP’s subnet (regional
CoA (RCoA)). Acting as a local HA, the MAP receives all
packets on behalf of the MN it is serving and encapsulates
and forwards them directly to the MN’s current address.
If the MN changes its current address within a local MAP
domain, it only needs to register the new address with the
MAP. Hence, only the RCoA needs to be registered with the
CNs and the HA. The RCoA does not change as long as the
MN moves within the same MAP domain. This makes the
MN’s mobility transparent to the CNs it is communicating
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with. A MAP domain’s boundaries are defined by means
of the ARs advertising the MAP information to the attached
MNS.

Recently, Xie et al. proposed an analytic model for Mo-
bile IP regional registration [S] which is a kind of hierarchi-
cal mobility management scheme [7]. The proposed ana-
Iytic model focused on the determination of the optimal size
of regional networks, given the average total location update
and packet delivery cost. In this study, Xie et al. assumed the
existence of one-level regional networks where there is only
one Gateway Foreign Agent (GFA). Also, Woo proposed an
analytic model to investigate the performance of Mobile IP
regional registration [8]. In [8], Woo measured the registra-
tion delay and the CPU processing overhead loaded on the
mobility agents to support regional registration. The ana-
lytic model proposed in [8] is based on the fluid-flow mobil-
ity model.

Although these models are well-defined analytic mod-
els, they have some drawbacks. First, they are based on
Mobile IPv4 and not Mobile IPv6. Furthermore, [7] used a
spatial-oriented Internet architecture for performance anal-
ysis. Currently, the Internet is based on the spatial-oriented
location area model, which specifies that the distance be-
tween two end points situated on the Internet has nothing to
do with the geographic locations of these two points. How-
ever, the ARs used in next-generation wireless/mobile net-
works may utilize a cellular architecture to maximize the
utilization of the limited radio resources. Therefore, it is
more appropriate for us to analyze network performance in
context of IP-based cellular networks. Besides, [8] consid-
ered only the fluid-flow mobility model. Although the fluid-
flow model is suitable for modeling of users with a high
mobility, it is not appropriate to model pedestrian users. In
general, random-walk model is widely used for modeling of
pedestrian mobile users.

In this paper, we propose two analytic models for
HMIPv6, which can be used to evaluate its performance in
terms of location update and packet delivery. We assume
wireless IP networks with a hexagonal cell structure and
the proposed analytic models are based on both the random-
walk model and the fluid-flow model. The remainder of this
article is organized as follows. In Sect.2, we propose two
analytic models based on the random walk and fluid-flow
mobility models. Section 3 formulates the location update
cost and the packet delivery cost using the analytic mod-
els. Section 4 presents various numerical results which show
the impacts of the cell residence time, user population, and
MAP domain size on the location update and packet deliv-
ery costs. Section 5 concludes this paper.

2. Analytic Mobility Model

This paper assumed an hexagonal cellular network architec-
ture, as shown in Fig. 1. In addition, each MAP domain is
assumed to consist of the same number of rings, R. Each
ring r (r > 0) is composed of 6r cells. The innermost cell 0,
is called the center cell. The cells labeled 1 formed the first
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Fig.1  Hexagonal cellular configuration in HMIPv6 architecture.

ring around cell “0,” the cells labeled 2 formed the second
ring around cell O and so forth. Therefore, the number of
cells up to ring R, N(R), is calculated using the following
equation:

R

N(R)=Z6r+1:3R(R+1)+1 (1)

r=1

In terms of user mobility model, two commonly used
mobility models are taken into account: fluid-flow mobil-
ity model and random-walk mobility model. The fluid-
flow model is more suitable for MNs with a high mobil-
ity and static speed/moving direction. On the other hand,
the random-walk model is more appropriate for pedestrian
movements where mobility is generally confined to a limited
geographical area such as residential and business buildings
[10].

2.1 Random Walk Mobility Model

In terms of random-walk mobility model, we use the one-
dimensional Markov chain model used in [10]. In this
model, the next position of an MN is equal to the previous
position plus a random variable whose value is drawn inde-
pendently from an arbitrary distribution. In addition, an MN
moves to another cell area with a probability of 1 —g and re-
mains in the current cell with probability, g. In the cellular
architecture shown in Fig. 1, if an MN is located in a cell of
ring r (r > 0), the probability that a movement will result in
an increase (p*(r)) or decrease (p~(r)) in the distance from
the center cell is given by
1

I 1 1
+ _ - - - _
PN =g+ and ()= - @)

We define the state r of a Markov chain as the distance
between the current cell of the MN and the center cell. This
state is equivalent to the index of a ring where the MN is
located. As a result, the MN is said to be in state r if it
is currently residing in ring r. The transition probabilities
a,r+1 and f,,_; represent the probabilities of the distance
of the MN from the center cell increasing or decreasing, re-
spectively. They are given as follows:

~ (]—q) if =0 3
Apre1 = (1—6])(%"'%) if 1<r<R (3)
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Fig.2  State diagram for random walk mobility model.
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’ 3 or
where g is the probability that an MN remains in the current
cell.

Figure 2 shows a state transition diagram in the Markov
chain for a random walk model. Let r,. g be the steady-state
probability of state r within a MAP domain consisting of R
rings. Using the transition probabilities in Egs. (3) and (4),
7.k can be expressed in terms of the steady state probability
Tto,r aS

r—1
@i+l

TR = TOR for 1<r<R (5)
i=0 Bz’+l,i
. . R
With the requirement }; m, g = 1, mo g can be expressed
=0
as g
1
MOR= o ©)
1+ 3 [T 5
r=1i=0 P

2.2 Fluid-Flow Mobility Model

Under the fluid-flow model, the direction of an MN’s move-
ment in a MAP domain is distributed uniformly in the range
of (0, 27). v is the average velocity of an MN. Let R, and R,
be cell crossing rate and MAP domain crossing rate, respec-
tively. Therefore, the cell and domain crossing rates are as
follows [9]:

L
R, = PLe

(7

T
_ pL(R)
B v/

R4 (®)
where L. and L(R) are the perimeters of a cell and a MAP
domain consisting of R rings, respectively. v and p denote
the average velocity and MN density, respectively. L(R) can
be obtained using the following equation.

L(R)=6><(2R+1)><% R>1) ©)]

3. Cost Functions

In cellular networks, there is a trade-off between location
update cost and paging cost. Therefore, in order to analyze
the performance of wireless/mobile networks, the total cost,
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consisting of location update cost and paging cost, should
be considered. However, since HMIPv6 [6] does not sup-
port paging functions, we divide the total cost into location
update cost and packet delivery cost. The location update
cost and the packet delivery cost are denoted by Cjycqrion and
Cpacker» Tespectively. Then, the total cost is the sum of loca-
tion update cost and packet delivery cost.

Ctatal = Clacation + Cpacket

3.1 Location Update Cost

In HMIPv6, an MN performs two types of binding update
procedures: the global binding update and the local binding
update. The global binding update is a procedure in which
an MN registers its RCoA with the CNs and the HA. On the
other hand, if an MN changes its current address within a
local MAP domain, it only needs to register the new address
with the MAP. A local binding update refers to this regis-
tration. C, and C; denote the signaling costs in the global
binding update and the local binding update, respectively.
In the IP networks, the signaling cost is proportional to the
distance of two network entities. Therefore, the signaling
cost of the global binding update is larger than that of the
local binding update. C, and C; can be obtained from the
below equations.

Cy = 2-(k+7-(Dyap-ar + Daa—pmapr))
+ 2 New - (k + 7 (Dyap-ar + Den-par))
+ PCHA + NCN . PCCN + PCMAp

C; = 2-(k+7-Dyap-ar) + PCyap

where 7 and « are the unit transmission costs in a wired
and a wireless link, respectively. Let Dey-pga, Dya-map,
Dcn-pap and Dyap-ag be the hop distance between the CN
and the HA, the HA and the MAP, the CN and the MAP
and the MAP and the AR, respectively. PCya, PCcy and
PCyap are the processing costs for binding update proce-
dures at the HA, the CN and the MAP, respectively. Ncy
denotes the number of CNs which are communicating with
the MN.

3.1.1 Random Walk Mobility Model

According to the random mobility model proposed in the
previous section, the probability that an MN performs a
global binding update is as follows:

TTR.R - AR .R+1

Specifically, if an MN is located in ring R, the boundary
ring of a MAP domain composed of R rings, and performs
a movement from ring R to ring R + 1. The MN then per-
forms the global binding update procedure. In other cases,
except this movement, the MN only performs a local bind-
ing update procedure. Hence, the location update cost per
unit time can be expressed as follows:
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TR C,+ (1 —nra C
Connr = ™R RR+1Cy (_ RaRR+1)CI (10)
T

where T is the average cell residence time.
3.1.2 Fluid-Flow Mobility Model

In the previous section, the cell crossing rate (R.) and do-
main crossing rate (R;) in the fluid-flow model were ob-
tained. The location update cost per MN can then be cal-
culated as follows:

Ry-Cy+ (Nag-R. —Ry) - C
p-AR)
In Eq. (11), A(R) refers to the area of a MAP domain.

Let A, be the area of a cell. The A(R) can then be calculated
as follows:

Y

Clocation =

A(R) = Nap - Ac = Nag - ﬁ L2
24

where Ng 1s the number of ARs in a MAP domain and L% .
V3/24 is the dimension of a hexagonal cell area. Since a
MAP domain consists of multiple cells (i.e., Nag) and the
sum of all cell crossing rates in a MAP domain includes the
MAP domain crossing rate, the overall rate performing a
local binding update is Nag - R, — Ry.

3.2 Packet Delivery Cost

Let Nyy be the total number of users located in a MAP do-
main. This paper assumes that the average number of users
located in the coverage of an AR is K. Therefore, the total
number of users can be obtained using Eq. (12).

Nyn = Nagr XK (12)

In case of the fluid-flow model, K is equal to p - A..
The packet delivery cost (Cpacker) in HMIPV6 can then
be calculated as follows:

Cracket = Cyap + Ca + Cr (13)

In Eq. (13), Cpap and Cya denote the processing costs
for packet delivery at the MAP and the HA, respectively.
Cr denotes the packet transmission cost from the CN to the
MN.

In HMIPv6, a MAP maintains a mapping table for
translation between RCoA and LCoA. The mapping table is
similar to that of the HA, and it is used to track the current
locations (LCoA) of the MNs. All packets directed to the
MN will be received by the MAP and tunneled to the MN’s
LCoA using the mapping table. Therefore, the lookup time
required for the mapping table also needs to be considered.

Specifically, when a packet arrives at the MAP, the
MAP selects the current LCoA of the destination MN from
the mapping table and the packet is then routed to the MN.
Therefore, the processing cost at the MAP is divided into
the lookup cost (Cokup) and the routing cost (Couring). The
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lookup cost is proportional to the size of the mapping table.
The size of the mapping table is proportional to the num-
ber of MNs located in the coverage of a MAP domain. On
the other hand, the routing cost is proportional to the loga-
rithm of the number of ARs belonging to a particular MAP
domain. Therefore, the processing cost at the MAP can be
expressed as Eq. (14). In Eq. (14), A, denotes the session ar-
rival rate and S denotes the average session size in the unit
of packet. a and (8 are the weighting factors.

Cuyap = As - § . (Cloakup + Crouting)
Ag - § . (CYNMN + ﬁlog(NAR)) (14)

In MIPv6, the route optimization is used to resolve the
triangular routing problem. Therefore, only the first packet
of a session transits the HA to detect whether or not an MN
moves into foreign networks. Subsequently, all successive
packets of the session are directly routed to the MN. The
processing cost at the HA can be calculated as follows:

Cha = A5 - Opa (15)

where 0y4 refers to a unit packet processing cost at the HA.

Unlike the processing cost, the transmission cost is as-
sociated with the distance between two network entities. In
IP networks, the distance is represented as the number of
hops. Since HMIPv6 supports the route optimization, the
transmission cost in HMIPv6 can be obtained using Eq. (16).
As mentioned before, T and « denote the unit transmission
costs in a wired and a wireless link, respectively. In general,
since the transmission cost in a wireless link is larger than
that in a wired link, « is larger than 7.

Cr =72 ((S = 1) (Den-map + Dyap-ar)
+ (Dcn-ba + Dra-map + Dyap-ar))
+K-A-S (16)

4. Numerical Results

This section presents various analysis results based on the
developed analytic model. The parameter values for the
analysis were referenced from [8] and [9]. They are shown
in Table 1.

4.1 Location Update Cost vs. User Mobility

First, the impact of the user mobility on the location up-
date cost is investigated. Figure 3 shows the variation in
the location update cost as the average cell residence time
is changed in the random-walk model. The MN performs
fewer movements as the average residence time of an MN

Table 1  System parameters for numerical analysis.
@ | B | Oa | T | k| PCua | PCyap | PCcn | Nen
0.1 | 0.2 20 1|2 24 12 6 2
Dcn-ma | Daa-map | Den-map | Dmapr-ar Lc
6 6 4 2 120m
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Fig.3 Location update cost as a function of average residence time
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Fig.4 Location update cost as a function of average velocity (Fluid-flow
model).

increases. Therefore, the location update cost is inversely
proportional to the average residence time. In addition, g
denotes for the probability that an MN remains in the cur-
rent cell at the next time unit. Therefore, MNs with a large
q refer to static MNs. Namely, the MNs performs fewer
movements and requires a lower location update cost. Be-
sides, the location update cost of a ring with a size of 1 is
larger than that of a ring with a size of 4, as shown in Fig. 3.
This is because an MN located in the MAP domain with a
small ring size is more likely to perform global binding up-
date procedures. In a comparison of HMIPv6 with MIPv6,
HMIPV6 requires only 59-84% (R=1) and 33-58% (R=4)
of the location update cost in MIPv6. However, the gain in
the HMIPv6 decreases as g increases.

On the other hand, Fig. 4 shows the location update cost
as the MN'’s average velocity in the fluid-flow model. In this
analysis, the user density is set as 0.0002. Since an MN
with a higher average velocity has a higher domain crossing
rate, a higher location update cost is required. Therefore,
the location update cost increases as the average velocity in-
creases. The signaling gain, which is defined as the location
update cost of HMIPv6 to that of MIPv6, are 54% and 38%
when R is 1 and 4, respectively.

In addition, the sensitivity of the location update cost
to the variance in the cell residence time was investigated.
It is assumed that the cell residence time follows a Gamma
distribution. Equation (17) shows a probability density func-
tion of a Gamma distribution with a shape parameter k and
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a scale parameter b.

fgamma(t) = tk_le_t/b (17)

T(k) - bk

where I'(k) = j:o t“~le~tdr. The variance of the Gamma dis-

tribution is kb®>. Figure 5 is the probability distribution of
the location update cost indicating the impact of the vari-
ance in a cell residence time. In this analysis, the average
cell residence times are identical in the three cases (T = 4).
However, the variances are 4, 8, and 16, respectively. g is
set to 0.4 and R is 3.

In terms of the average location update cost, since the
average cell residence time is identical, the average location
update costs for the three cases are same. However, differ-
ent features can be identified from Fig. 5 when the variance
of cell residence time is considered. In the cell residence
time with a large variance, a high location update cost oc-
cupies a larger amount of the overall location update cost
compared to the cell residence time with a small variance.
This is because the probability that an MN will remains in
a cell area for a shorter time increases as the variance of the
cell residence time increases.

4.2 Packet Delivery Cost vs. User Population

In general, the location update cost is affected by the user
mobility and not by the user population. In contrast, in case
of a HMIPv6 without a paging function, the MAP needs to
determine whether or not the destination MN belongs to the
mapping table. The cost for this lookup procedure is gener-
ally proportional to the number of MNs in a MAP domain.
Therefore, the packet delivery cost increases as the number
of MNs in the MAP domain increases.

Figure 6 shows the impact of the number of MNs in
an cell area on the packet delivery cost in a random-walk
model. In this analysis, A, and S are equal to 0.1 and 10,
respectively. As shown in Fig. 6, the packet delivery cost
increases linearly as the number of MNs increases. This
tendency is clearer in a larger MAP domain size. These re-
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Fig.7  Packet delivery cost as a function of the user density (Fluid-flow
model).

sults suggest that it is important to reduce the packet delivery
cost for scalable services. In order to reduce the packet de-
livery cost, it is possible to minimize the lookup latency in a
mapping table using efficient search algorithms. In terms of
the comparison of HMIPv6 and MIPv6, the MIPv6 support-
ing route optimization has a lower packet delivery cost than
HMIPv6 for all MAP domain sizes. This is because there
is no processing cost at the MAP. However, MIPv6 without
a route optimization procedure has a larger packet delivery
cost than the HMIPv6 when there is a small number of MNs
in a cell or the size of the MAP is small.

Figure 7 shows the packet delivery cost as the MN den-
sity (p) is changed in a fluid-flow model. The results shown
in Fig. 7 are almost the same as those of Fig. 6

4.3 Total Cost vs. SMR

In this section, the total cost in HMIPv6 is analyzed. In
order to do accomplish this, a performance factor called
the session-to-mobility ratio (SMR), is defined. The SMR
is analogous to the call-to-mobility ratio (CMR) used for

467
700 % R <1 (HMIPve) ——
\ R =2 (HMIPVE) -
R =3 (HMIPVE) —x-
| R =4 (HMIPv6) &
600 B MIPVG ---m---

Total Cost per Session

100

0.1 1 10 100
SMR

Fig.8 Total cost vs. SMR (Random-walk model).

g R=1 (HMIPv6) ——
800 I\ R =2 (HMIPV6)
\ R =3 (HMIPV6) %~
R =4 (HMIPv6) —&
MIPVE ---m---

Total Cost per Session

SMR

Fig.9 Total cost vs. SMR (Fluid-flow model).

the performance analysis in existing cellular networks. The
SMR represents the relative ratio of the session arrival rate
to the user mobility ratio. In the random-walk model, the
SMR is defined as A - 7. On the other hand, the SMR in the
fluid-flow model is equal to A,/R,.

Using the SMR, the total cost per session is analyzed
as the SMR is changed. Figures 8 and 9 show the total cost
when the SMR is 0.1, 1, 10, and 100.

In Fig. 8, g and K are 0.4 and 4, respectively. When the
SMR is 0.1, MIPv6 requires the largest total cost. However,
when the SMR is larger than 1, it has the smallest total cost.
This is because the packet delivery cost is the dominant fac-
tor when the session arrival rate is higher than the mobility
ratio. This can be also found in Fig. 9, which shows the rela-
tionship between the total cost and the SMR in the fluid-flow
model. In Fig. 9, the average velocity is 20 m/s and the user
density is 0.0002.

In addition, Figs.8 and 9 show the optimal MAP do-
main size as the SMR is changed. When the SMR is small,
mobility rate is larger than the session arrival rate. There-
fore, it is more important to reduce the location update cost
than to reduce the packet delivery cost. Consequently, a
large MAP domain size shows a smaller total cost. On the
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other hand, if the session arrival rate is larger than the mo-
bility rate (i.e., SMR is larger than 1), a large MAP domain
shows a larger total cost due to a higher packet delivery cost.
The next section investigates the optimal MAP domain size
for the different user mobility types.

4.4 Optimal MAP Domain Size

In terms of network deployment, it is essential to determine
the optimal MAP domain size minimizing the total cost. The
tradeoft relationship between the location update cost and
the packet delivery cost needs to be taken into account when
determining the optimal MAP size. In this section, the opti-
mal MAP domain size is examined as a function of different
MNs. To characterize an MN’s mobility, different parame-
ter values, which affect the mobility, are used. In the case of
the random-walk model, the static MN remains in the cur-
rent cell with a probability of 0.8 and the average residence
time is 8. In contrast, the dynamic MN remains in the cur-
rent cell with a probability of 0.2 and the average residence
time is 2. In the case of the fluid-flow model, the average ve-
locities of the static and dynamic MNs are 2 m/s and 20 m/s,
respectively. In addition, the user density is 0.0002.

Figure 10 shows the total cost for the static MN and
dynamic MN in the random-walk model. In the case of the
static MN, the location update cost is almost constant for all
MAP domain sizes. This means that the packet delivery cost
has an impact on the optimal MAP domain size because the
location update cost does not change as the MAP domain
size changes. Therefore, the optimal MAP domain size is 0
when the packet delivery cost is minimized. However, in the
case of the dynamic MN, the location update cost decreases
as the MAP domain size increases. Hence, in order to ob-
tain the optimal MAP domain size, the MAP domain size
required to minimize the total cost must be found. In the
case of the dynamic MN presented in Fig. 10, the total cost
is at a minimal when the ring size is 3, which is larger than
the optimal MAP domain size of the static MN. Namely,
the optimal MAP domain size increases as the user mobility
increases.

Figure 11 shows the same analysis results in the fluid-
flow model. The overall trend is similar to that of the
random-walk model. The optimal value to minimize the to-
tal cost is 2 and 6 in static MN and dynamic MN, respec-
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Fig.11  Impact of user mobility on the total cost (Fluid-flow model).

tively. These results indicate that there is some benefit when
enlarging the MAP domain size in the case of the dynamic
MN. On the other hand, in the case of the static MN, a small
MAP domain has the advantage of reducing the total cost.

5. Conclusion

Hierarchical Mobile IPv6 (HMIPv6) is a novel protocol de-
signed to minimize the mobility-related signaling costs. In
this paper, the location update cost and packet delivery cost
in HMIPv6 was modeled using the random walk and fluid
flow models. Using these models, the impact of cell resi-
dence time and user population on the location update cost
and the packet delivery cost, respectively, was analyzed. In
addition, the variation in the total cost was examined as the
SMR and the MAP domain size are changed. The analysis
results indicate that the MAP domain size and the SMR are
critical performance factors in order to minimize the total
cost in the HMIPv6. In addition, an efficient management
scheme for the mapping table at the MAP is needed in or-
der to reduce the lookup cost. In our future works, we will
consider more different mobility models [12] such as group
mobility model. Also, studies modeling and analyzing the
HMIPv6 supporting IP paging, which has the advantages
in minimization of the signaling overhead and power con-
sumption, are currently underway.
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