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Abstract
In Hierarchical Mobile IPv6 (HMIPv6) networks, the mobility anchor point (MAP)
is introduced to localize binding update messages destined to the home agent. In
a large-scale wireless/mobile network, multiple MAPs may be deployed in order
to provide more scalable and robust mobile services. In this case, it is important
for a mobile node (MN) to select the most appropriate MAP among them. In this
paper, we propose an adaptive MAP selection scheme for HMIPv6 networks. In the
adaptive MAP selection scheme, an MN first estimates its session-to-mobility ratio
(SMR). Then, based on its SMR, the MN chooses a MAP that minimizes the total
cost, consisting of the binding update cost and packet delivery cost. In addition,
the MN calculates two threshold SMR values, which adaptively trigger a new MAP
selection procedure. If the estimated SMR is larger (or smaller) than the upper (or
lower) threshold SMR value, the MN recalculates the total cost and re-selects a
MAP that minimizes the total cost. Simulation results indicate that the adaptive
MAP selection scheme achieves a lower total cost and a better load balancing than
the previous schemes.
Key words: Hierarchical Mobile IPv6, Mobility anchor point (MAP), MAP
selection scheme, Performance analysis.
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Introduction

In IP-based wireless/mobile networks, there are different types of mobility
agent (e.g. the home agent (HA) and foreign agent (FA)) that are used to
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Fig. 1. Overview of HMIPv6 operation.

support host mobility. Mobile IPv6 (MIPv6) [1] is the de facto mobility protocol in IPv6 wireless/mobile networks. Hierarchical Mobile IPv6 (HMIPv6)
[2] was proposed by Internet Engineering Task Force (IETF) to mitigate the
high signaling overhead that is incurred in Mobile IPv6 networks when mobile
nodes (MNs) perform frequent handoffs.
In HMIPv6 networks, the mobility anchor point (MAP) has been introduced
in order to handle binding update (BU) procedures due to handoffs within a
MAP domain in a localized manner, which reduces the amount of networkwide signaling traffic for mobility. In HMIPv6 networks, an MN configures
two care-of-addresses (CoAs): a regional care-of-address (RCoA) and an onlink care-of-address (LCoA). The RCoA is an address on the MAP’s subnet.
An MN configures an RCoA when it receives a Router Advertisement (RA)
message with the MAP option. On the other hand, the LCoA is an on-link CoA
attributed to the MN’s interface based on the prefix information advertised
by an access router (AR).
Figure 1 illustrates the basic operations that are performed in HMIPv6 networks. An MN entering a MAP domain will receive an RA message containing
information on the MAP. Then, the MN sends a BU message to the MAP,
which binds its current location (i.e. LCoA) with an address on the MAP’s
subnet (i.e. RCoA). The MAP acts as a local HA and, as such, it receives all
packets on behalf of the MNs it is serving. That is, the MAP decapsulates and
forwards the received packets to the MN’s current address. If the MN changes
its current address within a MAP domain, it only needs to register the new
address (i.e. new LCoA) with the MAP. The RCoA does not change as long as
the MN moves within the same MAP domain. This makes the MN’s mobility
transparent for the correspondent nodes (CNs).
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In HMIPv6 networks, a MAP can exist at any level in the hierarchy, including
at the level of the AR, and one or more MAPs can be located within the same
network hierarchy and operate independently of one another. Especially when
HMIPv6 is deployed in large-scale wireless/mobile networks, multiple MAPs
are deployed to provide scalable mobile services. In this environment, it is
important for an MN to select the most suitable MAP among the available
MAPs, in order to reduce the total cost. Here, the total cost, incurred by an
MN in an HMIPv6 network, consists of the binding update cost and the packet
deliver cost [9–11].
An MN needs to consider several factors when selecting an optimal MAP
that minimizes the total cost among the various MAPs available in a foreign
network. In the HMIPv6 specification [2], two MAP selection schemes are
recommended. The first of these is a distance-based selection scheme. In this
scheme, an MN chooses to register with the furthest MAP, in order to avoid
frequent re-registrations. This scheme is particularly efficient for fast MNs that
are likely to perform frequent handoffs, because by choosing the furthest MAP,
they reduce the probability of changing MAPs. Accordingly, the probability
of informing the HA and all their CNs of this RCoA change is decreased.
However, each MN has different mobility characteristics, such as its subnet
residence time, subnet crossing rate, etc. Therefore, for some MNs (e.g. slow
MNs), the furthest MAP may not constitute the optimal solution. Furthermore, if all MNs select the furthest MAP as their serving MAPs, that MAP
would become a single point of performance bottleneck, resulting in a high
processing latency. This weakness of the first scheme motivates the preferencebased scheme, which uses a PREFERENCE field within the MAP option [2]. For
example, the PREFERENCE field can contain the MAP load information. The
MAP option information is appended to and broadcasted with the RA message. However, it is difficult to choose an appropriate preference value for
each MAP considering its dynamic traffic load. Furthermore, the MNs’ mobility cannot be taken into account by the MAP. Therefore, this preference-based
selection scheme may not be a effective solution.
Along with the distance-based selection scheme and the preference-based selection scheme, a few other MAP selection scheme have been proposed in the
literature [5–8]. However, these schemes consider only certain specific characteristics and possess both advantages and disadvantages. In this paper, we propose a new MAP selection scheme called the adaptive MAP selection scheme.
In contrast with the existing schemes, the adaptive MAP selection scheme
takes both the MN’s mobility and MN’s session activity into consideration.
Namely, an MN determines its serving MAP based on the estimated sessionto-mobility ratio (SMR). By considering the SMR, the MN is able to select a
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more appropriate MAP with respect to its own mobility and session activity.
The remainder of this paper is organized as follows. In Section 2, we introduce
the existing MAP selection schemes. In Section 3, we propose an adaptive
MAP selection scheme. In Sections 4 and 5, we present the simulation model
and results, respectively. Finally, Section 6 concludes this paper.

2

Previous Work

For the purpose of mobility support for telephony service in traditional cellular networks, a two level hierarchy, consisting of the visitor location register
(VLR) and the home location register (HLR), has been widely used [4]. These
mobility agents are statically deployed in the network and assigned to MNs
based on their current locations. Recently, a two-tier cellular network [3,7]
was introduced in order to provide higher system capacity, where MNs can be
serviced by an upper tier cell (e.g. macro cell) or a lower tier cell (e.g. micro
cell). Which tier to select is dependent on such factors as the MNs’ mobility
rate, the current network load at each tier, etc. However, in these cellular
infrastructures, since there is only one available mobility agent (i.e. VLR) at
each tier for visiting MNs, there is no problem of mobility agent selection in
the traditional cellular networks.
However, in data-oriented Mobile IP networks, depending on the size of a
foreign network, more than one mobility agents (e.g. MAP) may have to be
deployed and selected by individual MNs, in order to provide more scalable and
fault-tolerant mobile Internet services. Consequently, how an MN selects an
appropriate mobility agent plays an important role in optimizing the location
update/packet delivery procedures and reducing the signaling overhead in the
network as a whole. As mentioned earlier, several selection schemes have been
proposed in an attempt to solve this mobility agent selection problem.

2.1 Distance-based Selection Scheme (Furthest MAP Selection Scheme)
In the HMIPv6 specification [2], a distance-based selection scheme was recommended. In this scheme, an MN learns the hop distance between the MAP and
the MN from the DISTANCE field in the RA message and the MN then registers
with the furthest MAP. Without loss of generality, we assume that the area of
the further MAP is larger than that of the closer MAP. That is, assuming the
same moving speed, an MN at the further MAP’s service is likely to request
inter-MAP domain handoffs less frequently than an MN at the closer MAP’s
service. In this way, the MN can avoid performing frequent binding updates
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to the HA. As a result, this selection scheme minimizes the traffic amount of
location registration that occurs at the HA and CNs.
However, the furthest MAP selection scheme has some drawbacks [7]. First,
the furthest MAP may be closest to (or even collocated with) the gateway of
the foreign network. Consequently, if every MN selects the furthest MAP, the
MAP may have to deal with most MNs in the foreign network and is likely
to become a bottleneck point. Second, if the MN moves only within a limited
area in the foreign network, it is unnecessary to register with the furthest
MAP. In this case, using the furthest MAP will only increase the registration
delay, because the hop distance from the MN to the furthest MAP is relatively
longer than the one to the closer MAP.

2.2 Velocity-based Selection Scheme

In [5,6], MAP selection schemes based on the MN’s velocity, were proposed. In
these velocity-based selection schemes, a serving MAP is selected depending
on the estimated velocity of the MN. Each of theses schemes can be divided
into two functional components: the measurement of the velocity of the MN
and the selection of which MAP to register with. First, to measure the velocity
of the MN, the MN’s binding update interval is used. Each MAP records not
only the binding of the MN, but also the binding update time. When the
MN moves into a new MAP domain, it is possible for the new MAP to get
the MN’s residence time in the previous MAP domain, by comparing the
old binding update time in the previous MAP domain with the new binding
update time. Then, the velocity is calculated by dividing the distance that
the MN has traversed in the previous MAP domain by the residence time.
However, measuring the actual distance is difficult, so that this scheme makes
use of the concept of a standard distance that is predefined for each MAP
domain, instead of the actual distance. In other words, the estimated velocity is
used rather than the actual velocity. When the velocity of an MN is estimated,
the previously estimated velocity is also taken into consideration, in order to
avoid misinterpreting the fluctuating MN’s velocity. Second, the method of
selecting a MAP for an MN involves the network’s informing the MN of the
average binding update interval of all MNs in the MAP domain, so that the
MN can select a suitable MAP to register with, by comparing its own binding
update interval with the average value in the MAP domain. Here, the binding
update interval represents the MN’s residence time in a MAP. In addition,
to avoid creating any bottleneck points and to achieve load balancing, two
techniques are used. The first technique is to limit the number of MNs in a
MAP domain. When a MAP receives a BU message, if the number of registered
MNs exceeds a threshold value, the MAP forwards the BU message to the next
candidate MAP. The other way is to use a new entity called the user agent
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(UA), which is created by the network when an MN enters a new MAP domain.
In this case, the UA decides the mobility type of the MN (i.e. fast and slow
MNs) and selects the serving MAP.

2.3 Topology-based Selection Scheme

In general, it is difficult to measure the velocity of MNs and the measurements/estimates are often inaccurate. Therefore, MNs may not always be registered with an adequate level MAP. In [8], a new MAP selection scheme
that uses the MAP topology instead of the MN’s velocity measurement was
proposed. In this scheme, an MN determines its relative mobility based on
the constructed MAP topology. Each MAP advertises its information to all
MNs, and the MNs keep track of the MAP topology in the form of a tree.
To construct the MAP tree topology, a new IPv6 neighbor discovery option
that contains three informational fields was defined: LIFETIME, DISTANCE, and
IP ADDRESS. This option travels with the RA message containing the MAP
information throughout the foreign network. The gateway MAP (i.e. root of
the tree) initiates the tree construction process, by sending out the first RA
message with the MAP option. As the RA message propagates away from
the gateway MAP, other MAPs append their information to the RA message.
Obviously, the length of the RA message gradually increases until the AR
is reached. Each AR also maintains a local MAP list, which includes all the
MAPs along the shortest tree path from the gateway MAP to the AR itself.
The AR periodically sends out the MAP list together with its RA message.
Using this list, the MN can find all the MAPs on the tree path from the gateway MAP to the AR and their respective hop distances. When the MN enters
a new MAP domain, it selects the gateway MAP (or the furthest MAP) by
default. Then, the MN begins to search for a suitable MAP to replace the
gateway MAP during a predefined period called the search interval. At the
end of the search interval, the MN identifies those MAPs that are common in
every RA message, and the one closest to the MN is selected to replace the
gateway MAP. When the MN moves beyond the coverage of the selected MAP,
it will immediately detect this by noticing that the serving MAP is absent in
the latest received MAP list. Then, a new MAP will be selected from the
latest MAP list. However, the topology-based scheme requires modifications
to the RA message and its performance is highly dependent on the length of
the search interval.
6

3

Adaptive MAP Selection Scheme

MAP selection schemes proposed in [5–8] take the mobility rate (i.e. the MN’s
velocity) into account, but these schemes do not consider the session activity.
However, as shown in [9–11], the performance of HMIPv6 is dependent on
session activity as well as mobility and hence the cost function of HMIPv6
can be expressed as a sum of the binding update cost and the packet delivery cost. Although the binding update cost can reflect the MN’s mobility, it
cannot take the MN’s session activity into consideration. In short, the previous MAP selection schemes may not select an optimal MAP in terms of the
total cost. For example, a fast MN selects a further MAP in some previous
schemes. However, if the fast MN’s session arrival rate is too high, the packet
delivery cost will increase accordingly and the further MAP may then result in
a higher total cost than closer MAPs. To overcome this problem, we propose
an adaptive MAP selection scheme. In the proposed scheme, an MN selects
its serving MAP based on the session-to-mobility ratio (SMR). The SMR is
the ratio of the session arrival rate to the mobility rate, which is a key factor
to minimize the total cost.

3.1 Overview

The adaptive MAP selection scheme consists of four procedures. Followings
are an overview of each procedure. Detailed descriptions for each procedure
will be elaborated in the next subsections.
• Initialization: An MN collects all RA messages sent from the available
MAPs in the foreign network. From these RA messages, the MN can obtain
information for each MAP, e.g. the hop distance, network load. Using the
MAP information, the MN makes an available MAP list (AML).
• SMR estimation: For each measurement interval (M I), the MN estimates
its SMR by measuring the number of handoffs and session arrivals. At the
same time, the MN updates its SMR and compares the estimated SMR with
the two SMR threshold values.
• Threshold Determination: To select the optimal MAP adaptively, two
SMR threshold values are calculated by an iterative method.
• MAP Selection: If the new SMR is smaller than the lower SMR threshold
value or larger than the upper SMR threshold value, the MN computes the
total costs for the other MAPs available in the current location. Then, the
MN selects the MAP that minimizes the total cost.
Figure 2 gives an overview of the adaptive MAP selection scheme. First of all,
the MN learns the information of MAPs by the initialization procedure. After
7
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Fig. 2. Flow diagram for adaptive MAP selection: CS and CC denotes the counters
for session arrivals and subnet crossings, respectively.

then, the MN estimates its SMR and determines two SMR thresholds. Based
on the estimated SMR, the MN can choose the serving MAP. In addition, the
MN monitors the number of session arrivals and intra-MAP handoff (i.e. subnet crossing). When the monitored count of either handoffs or session arrivals
is equal to the measurement interval, the MN re-estimates the SMR. At the
same time, the estimated SMR is compared with high and low SMR thresholds. When the estimated new SMR is larger than the upper SMR threshold
value or smaller than the lower SMR threshold value, the new MAP selection
procedure is invoked. On the other hand, if the estimated new SMR is between
the lower SMR threshold value and and the upper SMR threshold value, the
serving MAP is not changed. If the current serving MAP does not exist in the
AML, the MN performs the above procedures again.

3.2 Initialization

In the multiple MAP environments, an MN receives multiple RA messages.
Then, the MN configures an AML. The AML consists of the MAP id list
and hop distance vector (D), which is a data structure used to store the hop
distance to each MAP. The hop distance vector is defined as follows:
D = (D[1], D[2], ..., D[N ])
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where N is the number of available MAPs at the current location and D[i] is
the hop distance from MAP i to the MN. Since the latency from each MAP
to the MN is not the same, RA messages arrive at the MN at different times.
Therefore, the MN collects RA messages during a predefined time interval (T ),
and the configuration of the hop distance vector is completed after this time
interval.

3.3 SMR Estimation
In our scheme, each MN measures the number of session arrivals and subnet
handoffs, in order to calculate its SMR. The SMR of an MN is defined as
follows:
SM RM =

Session arrival rate
NS
=
Mobility rate
NC

where NS and NC are the number of sessions that arrive and the number of
subnets visited by the MN during a specific time duration (i.e. the measurement interval), respectively.
For stable estimation of the SMR, we use an exponentially weighted moving
average (EWMA) technique, in order to avoid the effect of sudden changes
of session activity or mobility rate. Eq. (1) shows the SMR estimation using
EWMA used in the adaptive selection scheme.
SM RE (i + 1) = ω · SM RE (i) + (1 − ω) · SM RM

(1)

where SM RE (i) and SM RM are the estimated SMR at the time i and the
currently measured SMR, respectively. ω is a weighting parameter, where 0 <
ω<1.
In the adaptive MAP selection scheme, the frequency of invoking the new
MAP selection procedure should be carefully decided. If this frequency is too
high, the processing overhead will be too high. On the other hand, if this
frequency is too low, the interval between MAP selection times is too long,
which will make the selected MAP suboptimal as time goes by. In addition,
in the case of IP networks, the session size could be very small and the subnet
residence time of an MN with high mobility could be very short. Therefore,
estimating the SMR during every session or every handoff may result in a
significant processing overhead for an MN with a limited capability. To solve
this problem, the measurement interval (M I) is introduced to avoid excessive
computation overhead arising from the SMR estimation procedure. In other
9
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Fig. 3. Timing diagram for the SMR estimation.

words, an MN estimates its SMR only when either the number of handoffs or
the number of session arrivals is equal to M I.
As an illustrative example, Figure 3 shows the timing diagram when M I is
set to 3. Let t0 , t3 , and t5 be the entering time to subnet 1, the entering time
to subnet 2, and the departure time from subnet 2, respectively. In addition,
let t1 , t2 , and t4 be the arrival times of sessions 0, 1, and 2, respectively. Then,
in this example, NS is 3, which is equal to M I whereas NC is 2. Therefore,
SM RM is 3/2=1.5.

Algorithm 1 SMR estimation procedure
1: while do
2: NS ← 0;
3: NC ← 1;
4: if the MN crosses the subnet then
5:
NC ← NC + 1;
6: end if
7: if a new session arrives at the MN then
8:
NS ← NS + 1;
9: end if
10: if max{NC , NS } is equal to M I then
11:
SM RM ← NS /NC ;
12:
SM RE ← ω · SM RE + (1 − ω) · SM RM ;
13: end if
14: end while
15: return SM RE ;

Algorithm 1 shows the operation performed by the MN in order to calculate
the estimated SMR that is used in the following sections.
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3.4 MAP Selection
In the proposed scheme, an MN performs the MAP selection procedure based
on the analytical cost function, which will be elaborated in Appendix A. In
this analytical function, the hop distances between the MN and the MAPs
are variables whereas the other hop distances (e.g. CN-HA, CN-MAP) are
assumed to be constant despite different MAP locations. The other parameter
values (e.g. unit transmission/processing cost) are the same for all available
MAPs. Then, we formulate the total cost of MAP i, which is the sum of the
binding update cost and packet delivery cost, as a function of the SMR and
hop distance vector (refer to Appendix A).
CT (SM R, D[i]) = CBU (SM R, D[i]) + CP D (SM R, D[i]) = f (SM R, D[i])
In the MAP selection procedure, the MN calculates the total cost function for
each MAP i using the hop distance vector and the estimated SMR, and selects
the MAP with the minimum total cost. Algorithm 2 shows how the optimal
MAP is selected. In this procedure, id represents the identifier of the selected
MAP.
Algorithm 2 MAP Selection
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:

estimate the current SMR value (SM RE );
id ← 1;
i ← 1;
while i ≤ N do
if CT (SM RE , D[i]) < CT (SM RE , D[id]) then
id ← i;
end if
i ← i + 1;
end while
return id;

3.5 Threshold Determination
Even though the optimal MAP at a given moment can be selected by the above
Algorithm 2, the MN’s SMR may change as time goes by and the selected
MAP becomes suboptimal. To adaptively tackle this issue, the proposed MAP
selection scheme defines two threshold SMR values: lower threshold SMR and
upper threshold SMR. These threshold SMR values represent the two points
at which there are likely to be other MAPs with a lower total cost compared
to the current serving MAP. In other words, the threshold SMR values are
the upper and lower bounds of the area between which the current serving
MAP has the optimal or near-optimal total cost. The SMR threshold values
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are determined by Algorithm 3. In this procedure, we increase/decrease the
SMR value by a unit of δ and check whether the current optimal MAP still
holds for that increased/decrease value. This comparison is repeated up to the
value of SM Rmin (for the lower SMR threshold value) and SM Rmax (for the
upper SMR threshold value). OptimalM AP Selection(N, D, SM RE ) refers to
the procedure presented in Algorithm 2, where SM RE is the estimated SMR.
Algorithm 3 Determination of SMR threshold values
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:

set δ to a positive value;
SM Rmin ← 0;
SM Rmax ← IN F IN IT E;
SM Rl ← SM RE − δ;
SM Rh ← SM RE + δ;
id ← OptimalM AP Selection(N, D, SM RE );
while SM Rl > SM Rmin do
if id 6= OptimalM AP Selection(N, D, SM Rl )) then
SM Rl ← SM Rl + δ;
break;
else
SM Rl ← SM Rl − δ;
end if
end while
while SM Rh < SM Rmax do
if id 6= OptimalM AP Selection(N, D, SM Rh )) then
SM Rh ← SM Rh − δ;
break;
else
SM Rh ← SM Rh + δ;
end if
end while
return SM Rl and SM Rh ;

4

Simulation Model

To show the effectiveness of the adaptive MAP selection scheme, we have
conducted the comprehensive simulations. In this simulation, we compare four
MAP selection schemes, i.e. the distance-based scheme (or the furthest MAP
selection scheme), the velocity-based scheme, the topology-based scheme, and
the adaptive scheme. For simplicity of description, we represent the furthest,
velocity-based, topology-based, and adaptive MAP selection schemes as F ,
V , T , and A, respectively. In terms of simulation topology, a wrap-around
model consisting of 64 subnets is used to avoid boundary effects in mobility
[13]. These subnets are serviced by a two-level MAP hierarchy consisting of
the higher level MAP (HMAP) and the lower level MAP (LMAP). A HMAP
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Fig. 4. Simulation topology.

domain covers 16 subnets whereas a LMAP domain covers 4 subnets. Figure
4 shows the two-level simulation topology.

In the simulation, the followings are assumed.
(1) Random walk mobility model [14] is used for user mobility. Thus, an MN
moves to one of neighbor subnets with the same probability (i.e. 1/4)
over the simulation topology shown in Figure 4.
(2) The residence time in a subnet follows a Gamma distribution with mean
of 1/λm [15,16] as shown in Eq. (2).
fR (t) =

bk tk−1 −bt
e
Γ(k)

(2)

where k is the shape parameter and b = kλm Ris the scale parameter.
Γ(k) is the Gamma function, which is defined as 0∞ tk−1 e−t dt. The mean
and variance of the Gamma distribution are 1/λm and 1/kλ2m , respectively.
(3) Initial location of MNs are uniformly distributed among 64 subnets.
(4) There are two types of MNs: fast and slow MNs. The mean subnet residence times of fast and slow MNs are 60sec and 600sec, respectively.
Their variances are 600sec2 and 6000sec2 , respectively.
(5) The session arrival process follows a Poisson distribution with rate of λS .
Therefore, inter-session arrival time follows an exponential distribution
in Eq. (3).
fS (t) = λS e−λS

(3)
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(6) The session duration process follows a Pareto distribution with parameter
a and k [17]. In our simulation, a is set to 0.78 and k is set to 180.
a
fD (t) =
k

Ã !a+1

k
t

(4)

(7) Total simulation time is 10000 sec.

5

Simulation Results

In our simulations, we consider the following four scenarios depending on the
ratio of fast MNs. Let ρ denote the ratio of fast MNs to total MNs. Thus, 1− ρ
is the ratio of slow MNs to total MNs.
•
•
•
•

Scenario
Scenario
Scenario
Scenario

1:
2:
3:
4:

ρ
ρ
ρ
ρ

is
is
is
is

equal
equal
equal
equal

to
to
to
to

0.8 (high mobile environment).
0.6.
0.4.
0.2 (low mobile environment).

5.1 Binding Update Cost

First, we measured the number of BU messages to the MAP and to the HA in
each scheme. The MAP BU message and the HA BU message have different
effects on network performance in terms of signaling traffic. Therefore, we
define a weighted binding update cost as follows:
BU = α · NHA + β · NHM AP + γ · NLM AP
where α, β, and γ are weight values for the HA binding update, the HMAP
binding update, the LMAP binding update, respectively. These weight values
are set in proportion to the hop distances between the MN and the corresponding entities. α, β, and γ are set to 10, 2, and 1, respectively, unless
stated otherwise.
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Fig. 5. Effect of threshold value: Velocity-based scheme (velocity thresholds: 3m/s
and 6m/s).

5.1.1 Effect of Threshold Value
As mentioned before, V , T , and A use threshold values for MAP selection. 1
Therefore, the threshold value affects the performance of each scheme. In this
section, we investigate the sensitivity of V , T , and A by changing threshold
values.
Figures 5, 6, and 7 show the weighted binding update cost when two different
threshold values are used in each scheme. Intuitively, the binding update cost
is the highest in the case of scenario 1, while scenario 4 shows the lowest
binding update cost. As shown in Figures 5, 6, and 7, the effect of threshold
value is not significant. This is because only two types of MNs are used in
simulations and their variance of subnet residence time is not high (i.e. the
variance is 10 times of the average). However, the difference is expected to be
notable in real environments where there are various types of MNs.
Specifically, the difference of the weight binding update costs in V is about
0.7%-1.4% whereas the difference in T is about 0.9%-1.5%. In the case of V ,
the MN’s velocity is normalized by the EWMA scheme. Therefore, the effect
of threshold on the binding update cost in V is minimal. On the other hand, A
shows a litter higher difference of 1.8%-3.2%. In A, the SMR threshold should
be dynamically changed depending on the mobility patterns in order to obtain
a better performance. However, this simulation uses a static SMR threshold
value under different mobility scenarios, in order to exhibit effects of threshold
value.

1

In the case of T, the search interval can be considered a kind of threshold value.
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Fig. 6. Effect of threshold value: Topology-based scheme (search intervals: 100s and
300s).
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Fig. 7. Effect of threshold value: Adaptive scheme (SMR thresholds: 0.15 and 0.45).
Table 1
Different weight sets
Set

α

β

γ

1

8

1

1

2

8

2

1

3

8

3

1

4

20

2

1

5.1.2 Effect of Different Weight Values
The weighted binding update cost is dependent on α, β, and γ values. Therefore, we evaluate the weight binding update costs in different weight sets shown
in Table 1.
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Fig. 8. Weighted binding update cost: Weight sets 1 and 2.

Overall, A shows the best performance in terms of binding update cost whereas
the binding update cost of T is highest among four schemes. This is because
T always selects the HMAP as a default MAP and searches a more suitable
MAP during the search interval. In simulations, the search interval is set to
300sec, so that the fast MN, which average residence time is 60sec, uses the
HMAP in most cases. Consequently, T results in a higher local binding update
cost, because the HMAP binding update cost is larger than LMAP binding
update cost. On the other hand, since V selects its serving MAP based on
the estimation velocity, V enables for an MN to select a more suitable MAP
depending on its mobility. Although V shows a less binding update cost than
T , it requires a consistent monitoring of the MN’s velocity. Therefore, V results
in an implementation overhead.

In the case of F , the HMAP is always selected as the serving MAP. Although
F can reduce the number of the HA binding updates, the number of HMAP
binding updates increases. In the weight set 1, the binding updates to the
HMAP and the LMAP are identical. Therefore, the increase of the number of
HMAP binding updates does not increase the total binding update cost. In
addition, the HA binding update cost is much higher than the MAP binding
update cost in weight set 4. Hence, reducing the number of HA binding updates
is the most critical issue. Consequently, F exhibits a relatively lower binding
update cost than V and T , especially for weight sets 1 and 4. However, F
shows a similar binding update cost to V in weight sets 2 and 3. This is
because weight sets 2 and 3 have relatively high HMAP binding update costs.
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Fig. 9. Weighted binding update cost: Weight sets 3 and 4.

5.2 Packet Processing Cost
As similar to the binding update cost, the packet processing costs 2 at the
HMAP and LMAP should have different values. In general, the HMAP handles a larger number of MNs than the LMAP and the hop distance from
the MN to the HMAP is longer than the one to the LMAP. Therefore, the
HMAP processing cost is higher than the LMAP processing cost. Based on
this observation, we define the weighted packet processing cost as follows:
P D = δ · PHM AP + ǫ · PLM AP
where PHM AP and PLM AP are the probabilities that an MN is serviced by
the HMAP and LMAP when a session arrives, respectively, i.e. PHM AP +
PLM AP = 1.0. δ and ǫ are weight values for the HMAP and LMAP processings,
respectively (δ > ǫ).
5.2.1 Effect of Session Arrival Rate
In this simulation, δ and ǫ are set to 2 and 1, respectively. In addition, we
calculate the average weighted packet delivery cost per session. Namely, the
weighted packet delivery cost of F is 2.0 because it always uses the HMAP,
i.e. PHM AP = 1.0 and PLM AP = 0.0. Figure 10 shows the weighted packet
delivery cost in different session arrival rates (λS ). As described before, T uses
the HMAP as a default serving MAP, so that an MN stays at the HMAP for
a longer time. This characteristic results in a higher packet delivery cost.
2

In this work, we consider the packet deliver cost within a foreign network, i.e.
from the MAP to the MN.
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Fig. 10. Effect of session arrival rate.

In Figure 10, A with static and adaptive SMR threshold values is evaluated.
The static SMR threshold is calculated assuming that the average session arrival rate is set to 0.01. Consequently, A shows the lowest packet delivery
cost when the session arrival rate is 0.01, while A exhibits the second highest packet delivery cost when the session arrival rate is 1, in the case of the
static SMR threshold. This is because the calculated SMR is not appropriate to unexpected high session arrival rate and it results in a higher packet
processing cost, if the session arrival rate is equal to 1. This result reveals
that the performance of A is highly dependent on the session arrival rate in
the static SMR threshold case. On the other hand, Figure 10 also depicts the
weighted packet delivery cost when the adaptive SMR threshold is used. In
this case, the SMR threshold is updated according to the change of session
arrival rate. As a result, A shows the lowest packet delivery cost for all session
arrival rates. Unlike to A, V and T show similar trends as the session arrival
rate varies because they do not consider the session activity.
5.3 MAP load
Figure 11 plots the relative load at the HMAP. The relative HMAP load
represents the probability that an MN is at the HMAP service. Therefore, the
relative HMAP load of F is 1.0. Scenario 1 has more fast MNs than other
scenarios, so that more MNs are serviced by the HMAP. On the other hand,
as the number of slow MNs increases, the HMAP load decreases.
In scenario 1, 2, and 3, A shows the lowest HMAP load, whereas V shows the
lowest HMAP load in scenario 4. However, the lowest HMAP load does not
mean the best performance in terms of load balancing. This is because as the
HMAP load decreases, the LMAP load increases. The most desirable scheme
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Fig. 11. Relative load at the HMAP.

may distribute the MAP load to the HMAP and LMAP as evenly as possible,
i.e. the relative HMAP load is 0.5. Consequently, in terms of load balancing,
A and V are better solutions than F and T .

6

Conclusion

In Hierarchical Mobile IPv6 networks, a MAP localizes mobility management
by dealing with binding update messages and performs data tunneling by processing encapsulation/decapsulation. Considering this burden on the MAP, we
believe that there should be multiple MAPs depending on the size of a foreign
network. In this case, it is important to select the most appropriate MAP
with respect to MNs. In this paper, we proposed an adaptive MAP selection
scheme and conducted a comparative study for four MAP selection schemes:
the distance-based, velocity-based, topology-based, and adaptive MAP selection scheme. The simulation results indicate that the adaptive MAP selection
scheme has less binding update and packet delivery costs than other selection schemes. In addition, the adaptive MAP selection scheme achieves a well
balanced distribution of the traffic load among MAPs. Although the adaptive
MAP selection scheme does not require any complexity regarding to velocity
measurement, it results in a degree of computation overhead at the side of
MNs, since MNs should monitor the session arrival and mobility rates. However, this overhead can be mitigated in the near future via advances of mobile
device technologies.
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A

Cost Function Model

As similar to our previous works [9,12], we formulate the total cost (CT )
incurred in the HMIPv6 networks, which consists of the binding update cost
(CBU ) and packet delivery cost (CP D ) .

A.1 Binding Update Cost
Let ND and NC be the number of MAP domain crossings (i.e. inter-MAP
handoffs) and subnet crossings (i.e. intra-MAP handoffs), respectively. Then,
the binding update cost per session can be expressed as follows:
CBU = E(ND ) · UHA + E(NC ) · UM AP

(A.1)

where UHA and UM AP are unit binding update costs to the HA and to the
MAP, respectively.
Let tS , tC , and tD be the inter-session time, subnet residence time, and MAP
domain residence time, respectively. Then, the subnet crossing probability
(PC ) and the MAP domain crossing probability (PD ) per session are defined
as follows:
PC = Pr(tS > tC )
PD = Pr(tS > tD )
Then, the probability density functions of ND and NC are derived from these
subnet and domain crossing probabilities are given by Eqs. (A.2) and (A.3),
respectively [19].
Pr(NC = n) = PCn · (1 − PC )

(A.2)

Pr(ND = n) = PDn · (1 − PD )

(A.3)
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Then, the average number of subnet crossings and MAP domain crossings are
given by Eqs. (A.4) and (A.5).
E(NC ) =

∞
X

n · PCn · (1 − PC )

(A.4)

∞
X

n · PDn · (1 − PD )

(A.5)

n=0

E(ND ) =

n=0

If tS , tC , and tD are assumed to follow an exponential distribution with rate of
λS , µC , and µD , respectively, PC and PD can be calculated as follows because
of memoryless property of the exponential distribution [18].

PC = Pr(tS > tC ) =

Z∞
0

=

Z∞
0

Z∞
0

Z∞
0

µC
µC + λS

e−λS τ · µC e−µC τ dτ =

PD = Pr(tS > tD ) =
=

Pr(tS > τ ) · µC e−λC τ dτ

Pr(tS > τ ) · µD e−µD τ dτ

e−λS τ · µD e−µD τ dτ =

µD
µD + λS

Then, the average number of subnet crossings and domain crossings are as
follows:
!n Ã

Ã

µC
n·
E(NC ) =
µC + λS
n=0
∞
X

Ã

µC
= 1−
µC + λS

!

Ã

µC
· 1−
µC + λS

·³

µD
E(ND ) =
n·
µD + λS
n=0
∞
X

Ã

µD
= 1−
µD + λS

!

µC
µC +λS

1−

µC
µC +λS

´2 =

!n Ã

·³

µC
λS

µD
· 1−
µD + λS
µD
µD +λS

1−

µD
µD +λS
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Fig. A.1. Packet delivery in HMIPv6 networks

Consequently, the binding update cost per session is as follows.
CBU =

µC
µD
· UHA +
· UM AP
λS
λS

(A.6)

In this model, the SMR is defined as λS /µC . The domain crossing rate is inversely proportional to the root of the number of subnets (n) in the MAP√
domain and proportional to the subnet crossing rate [20]. That is, µD = µC / n.
UHA and UM AP are dependent on only the hop distance from the MN (i.e.
they are regardless of mobility and session activity). Therefore, Eq. (A.7) is
derived from Eq. (A.6).
CBU =

1
1
· ( √ · UHA + UM AP ) = g(SM R, D)
n
SM R

(A.7)

A.2 Packet Delivery Cost
Since HMIPv6 supports route optimization, there are two types of paths as
shown in Figure A.1: non-optimized and optimized paths. In HMIPv6 networks, a CN check its binding cache before it sends some packets. If there is
a matching binding entry for the destination MN, the CN sends the packets
to the MN’s current location, i.e. the MN’s RCoA in HMIPv6 networks (optimized path). Otherwise, the CN sends the packets to the MN’s HA and the
HA tunnels the received packets to the MN’s current location (non-optimized
path). After receiving the tunneled packets, the MN sends a binding update
message to the CN. Then, the CN directly sends the subsequent packets to
the MN’s RCoA.
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Consequently, the packet delivery cost per session is given by Eq. (A.8).
CP D = η · LS · PN + (1 − η) · LS · PO

(A.8)

where η is the ratio of packets transiting the HA before the completion of
the BU procedure. LS is the average session size. PN and PO denote the
packet delivery cost in the case of non-optimized path and optimized path,
respectively.
In IP networks, the packet delivery cost consists of the transmission cost and
processing cost. The transmission cost is the cost incurred in the packet delivery through a network, which is proportional to the hop distance of the
packet delivery path. On the other hand, the processing cost is associated
with the packet processing, e.g. routing table lookup, mapping table lookup,
etc. Therefore, PN and PO can be calculated as follows.
PN = T · DN + ΘHA + ΘM AP
PO = T · DO + ΘM AP
where T , DN , and DO are the unit transmission cost, the hop distance of
non-optimized path, and the hop distance of optimized path, respectively.
ΘHA and ΘM AP denote the processing cost at the HA and MAP, respectively.
Since the processing cost is proportional to the number of MNs served by the
mobility agent, the processing cost of the higher level MAP is higher than
that of the lower level MAP. This is because the higher level MAP services
a larger number of MNs than the lower level MAP. Roughly, we can assume
that the hop distances between the CN and the HA, the CN and the MAP,
and the HA and the MAP are fixed. Then, DN and DO are functions of the
hop distance (D) between the MAP and the MN. Other parameters (e.g. T ,
ΘHA , ΘM AP , η, etc.) are assumed as input parameters. Consequently, CP D is
a function of D (i.e. CP D = h(D)).
As mentioned before, the total cost per session (CT ) is the sum of CBU and
CP D . As shown in Eq. (A.9), the total cost is a function of SMR and hop
distance from the MN to the MAP.
CT = CBU + CP D = g(SM R, D) + h(D) = f (SM R, D)

(A.9)
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