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Abstract. Hierarchical Mobile IPv6 (HMIPv6) is an enhanced version of Mobile IPv6 designed to reduce signaling
overhead and to support seamless handoff in IP-based wireless/mobile networks. To support more scalable services,
HMIPv6 networks can be organized as the form of a multi-level hierarchy architecture (i.e., tree structure). However,
since multi-level HMIPv6 networks incur additional packet processing overhead at multiple mobility agents, it is
important to find the optimal hierarchy level to minimize the total cost, which consists of the location update
cost and the packet delivery cost. In this paper, we investigate this problem, namely the design of an optimal
multi-level HMIPv6 (OM-HMIPv6) network. To accomplish this, we design a function to represent the location
update cost and the packet delivery cost in multi-level HMIPv6 networks. Based on these formulated cost functions,
we calculate the optimal hierarchy level in multi-level HMIPv6 networks, in order to minimize the total cost. In
addition, we investigate the effects of the session-to-mobility ratio (SMR) on the total cost and the optimal hierarchy.
The numerical results, which show various relationships among the network size, optimal hierarchy, and SMR, can
be utilized to design an optimal HMIPv6 network. In addition, the analytical results are validated by comprehensive
simulations.

8
9

10
11
12
13
14
15
16
17
18
19
20

Keywords: Hierarchical Mobile IPv6, optimal multi-level HMIPv6, location update cost, packet delivery cost,
performance analysis, simulation

21
22

1. Introduction23

In wireless/mobile networks, mobile users freely change their service points while they are24

connected. In this environment, mobility management is an essential technology for keeping25

track of the user’s current location and for delivering data correctly. In terms of cellular net-26

works for voice call services, many schemes have been proposed to support efficient mobility27

management [1]. However, the next-generation wireless/mobile network will be a kind of28

unified networks based on IP technology, which has different characteristics from the existing29

cellular networks. Consequently, the design of IP-based mobility management schemes has30

become necessary.31

Hierarchical Mobile IPv6 (HMIPv6) [2] is an enhanced version of Mobile IPv6 designed32

to minimize the signaling cost using a local agent called the mobility anchor point (MAP).33

The MAP is intended to limit the amount of Mobile IPv6 signaling outside the local domain.34

A mobile node (MN) entering a MAP domain will receive Router Advertisement (RA) mes-35

sages containing information on one or more local MAPs. The MN can bind its current CoA36

(i.e., its on-link care-of address (LCoA)) with an address on the MAP’s subnet (i.e., regional37
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care-of address (RCoA)). Acting as a local home agent (HA), the MAP receives all packets 38

on behalf of the MNs serviced by the MAP and encapsulates and forwards them directly to 39

the MNs’ current addresses. If an MN changes its current address within a local MAP do- 40

main, it only needs to register a new CoA with the MAP. Hence, only the RCoA needs to 41

be registered with the correspondent nodes (CNs) and the HA. The RCoA does not change 42

as long as the MN moves within the same MAP domain. This makes the MN’s mobility 43

transparent to the CNs that the MN is communicating with. A MAP domain’s boundary is 44

defined by means of the access routers (ARs) advertising the MAP information to the attached 45

MNs. 46

If HMIPv6 is deployed in a large-scale wireless/mobile network, multiple MAPs may be 47

utilized in order to support a large number of MNs and to provide scalable services. In this 48

environment, these multiple MAPs are organized in the form of a multi-level HMIPv6 network. 49

Although the use of a multi-level HMIPv6 network can reduce the location update cost in a 50

large-scale network, it results in a higher packet processing cost at multiple MAPs. In other 51

words, there is a trade-off between the location update cost and the packet delivery cost [4]. 52

Therefore, it is important to determine the optimal hierarchy level, in order to minimize the total 53

cost, which consists of the location update cost and the packet delivery cost. To determine the 54

optimal hierarchy level, it is necessary to define an analytical model for a multi-level HMIPv6 55

network, reflecting user mobility, session activity, etc. 56

Recently, several analytical models for hierarchical Mobile IP networks have been pro- 57

posed in [5–8]. Xie et al. proposed an analytical model for Mobile IP regional registration 58

[3] which is one of the existing hierarchical mobility management schemes [5]. The proposed 59

analytical model focused on the determination of the optimal size of a regional network, given 60

the average total location update and packet delivery cost, rather than dealing with its optimal 61

hierarchy level. Woo proposed an analytical model designed to investigate the performance 62

of Mobile IP regional registration [6]. In [6], Woo measured the registration delay and the 63

CPU processing overhead placed on the mobility agents, in order for them to support re- 64

gional registration. The analytical model proposed in [6] is based on the fluid-flow mobility 65

model. Pack et al. proposed an analytical model for HMIPv6 in IP-based cellular networks 66

[7]. In [7], an analytical model based on the random walk model was proposed and the as- 67

sociated numerical results were presented. However, these works [5–7] did not consider the 68

case of a multi-level hierarchical structure. More recently, Ma et al. [8] proposed a dynamic 69

hierarchical mobility management strategy in the regional registration [3] for Mobile IPv4. 70

However, the detailed costs for registration and packet processing were not introduced in 71

[8]. 72

In this paper, we propose an analytical model for multi-level HMIPv6 networks, which 73

can be used to evaluate their performance in terms of the location update and packet delivery 74

costs. The proposed analytical model is based on the fluid-flow mobility model. Based on the 75

proposed model, we present a procedure which can be used to determine the optimal hierarchy 76

level in a multi-level HMIPv6 network and to set up an optimal multi-level HMIPv6 (OM- 77

HMIPv6) network. In addition, we analyze the various relationships among the network size, 78

session-to-mobility ratio (SMR), and optimal hierarchy. 79

The remainder of this article is organized as follows. In Section 2, we describe the concept of 80

optimal multi-level HMIPv6 networks. Section 3 presents the functions designed to represent 81

the location update cost and the packet delivery cost and Section 4 presents a procedure which 82

can be used to determine the optimal hierarchy level. Sections 5 and 6 show numerical results 83
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based on the analytical model and simulation results, respectively. Section 7 concludes this84

paper.85

2. Optimal Multi-Level Hierarchical Mobile IPv6 (OM-HMIPv6)86

In a multi-level HMIPv6 network, a Binding Update (BU) message is forwarded to the root87

MAP (RMAP) by way of one or more intermediate MAPs (IMAPs). When the BU message88

arrives at the leaf MAP, the MAP checks its mapping table to see whether the MN is already89

registered with it or not. If the MN is already registered in the mapping table, the local binding90

update is completed at the MAP. Namely, in this case, the leaf MAP generates a Binding91

Acknowledgement (BACK) message and sends this message to the AR to which the MN is92

connected. However, if it is not already registered in the mapping table, the MAP forwards the93

BU message to the next higher-level MAP, and this process is repeated for each MAP in the94

hierarchy, until a MAP having the MN in its mapping table is found. Namely, in the case of95

the first binding update in a foreign network, the BU message is forwarded up to the RMAP96

in the foreign network and the HA.97

2.1. OVERVIEW98

When the multi-level HMIPv6 architecture is utilized, multiple MAPs can be organized as in99

the form of a tree, so that it is possible to provide more scalable services and to support a large100

number of MNs. Furthermore, even if some MAPs (i.e., intermediate MAPs) in a multi-level101

HMIPv6 network fail, only the sub-tree formed from the failed MAPs is affected by this failure.102

The multi-level HMIPv6 can also be integrated with efficient failure recovery mechanism [9].103

On the other hand, if the root MAP is broken down in the single-level network, services for104

all MNs may be disrupted. Consequently, the multi-level HMIPv6 network constitutes a more105

reliable solution than the single-level HMIPv6 network. In addition, the multi-level HMIPv6106

network can reduce the location update cost by further localization of the binding update pro-107

cedures. This is because the MN updates its location to the leaf-level MAP, which is nearer108

the root-level MAP in the single-level HMIPv6 networks. However, the multi-level HMIPv6109

network results in a higher processing cost than the single-level HMIPv6 network, in the case110

where a packet is delivered to an MN. This is because the packet has to go through a large111

number of intermediate MAPs and the encapsulation/decapsulation procedures are repeated112

at each MAP.113

In short, there is a trade-off relationship between the location update cost and the packet114

delivery cost to be considered in the design of a multi-level HMIPv6 network, and there are115

a number of factors affecting these costs, e.g., the number of MNs, the speed of the MNs,116

the session activities of the MNs, etc. Therefore, it is necessary to find the optimal hierarchy117

level and construct an HMIPv6 network with this optimal level, by taking these factors into118

considerations. We named multi-level HMIPv6 network with optimal hierarchy Optimal Multi-119

level Hierarchical Mobile IPv6 (OM-HMIPv6) network. Figure 1 shows the design procedure120

for OM-HMIPv6 with respect to the network operators.121

First of all, the number of ARs that can cover the given overall foreign network should122

be determined. Then, the parameter values affecting the optimal hierarchy in the multi-level123

HMIPv6 networks should be calculated. Let T be the measurement interval. In the design of124
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Figure 1. OM-HMIPv6 design and maintenance procedure.

an OM-HMIPv6 networks, we need to consider three parameters, namely, the number of MNs, 125

the MN mobility, and the MN activity. 126

– the number of MNs: Calculate the average number of MNs which resides in the foreign 127

network. By dividing the average number of MNs by the area of the foreign network, the 128

MN density (ρ) can be obtained. 129

– the MN mobility: To show the effect of MN mobility, the average MN velocity (v) should 130

be measured during time interval T . 131

– the MN activity: In terms of the MN activity, the session arrival rate (λ) and the average 132

session size (s) are estimated during time interval T . 133

After measuringρ,v,λ, and s, the total cost can be obtained as a function of these parameters 134

and the network hierarchy (D). Then, it is possible to determine the optimal network hierarchy 135

(D∗) required to minimize the total cost by varying the D value. 136

2.2. CONFIGURATION OF OM-HMIPV6 137

After obtaining the optimal network hierarchy, the multi-level HMIPv6 network with the 138

optimal level should be configured. The configuration procedure is performed based on RA 139

message propagations. Firstly, the RMAP broadcasts a RA message with a DIST field of 0. 140

The DIST field is defined in the HMIPv6 specification [2] in order to identify the distance 141

between the MAP and the receiver of the RA message. The intermediate MAP receives the RA 142

message and re-broadcasts the RA message after increasing the DIST field of the received RA 143

message by 1. When the MAP processes the RA message, it also compares the DIST filed with 144

the calculated optimal level (D∗). If the DIST filed value is less than D∗, the MAP appends 145

its IP address to the MAP hierarchy list. Otherwise, the MAP sends the received RA message 146

just after increasing the DIST field (i.e., the MAP hierarchy list is not modified). In here, the 147
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MAP hierarchy list represents the MAP hierarchy perceived by the MN, as similar method in148

[10]. As a result of the configuration procedure, a optimal multi-level HMIPv6 network can149

be constructed without any physical changes of MAP topology.150

During the construction of MAP hierarchy, a loop may be generated. Since the loop prohibits151

for an MN from understanding the correct MAP topology, the loop elimination method is152

required. The loop elimination method can be implemented by using the MAP hierarchy list153

in the RA message. When a MAP receives a RA message from another MAP, it first checks154

whether its address already exists in the MAP hierarchy list. If the MAP address exists in the155

MAP hierarchy, the MAP ignores the received RA message not to form the loop.156

2.3. PERIODICAL ADAPTATION SCHEME157

As shown in Figure 1, we assume the averaged values (e.g., velocity, user density, etc.) to158

calculate the optimal hierarchy. However, these parameters change from time to time, so that159

the optimal hierarchy should be updated periodically. Therefore, we assume that reconfigu-160

ration is repeated by the periodical adaptation scheme. In the periodical adaptation scheme,161

the algorithm shown in Figure 1 is performed periodically. As a result, up-to-date network162

parameters can be used for the construction of optimal multi-level HMIPv6 networks. After163

performing periodical adaptation, a new OM-HMIPv6 network is formed by configuration164

procedure described in the previous section.165

3. Analytical Modeling166

In this paper, we develop an analytical model based on the HMIPv6 architecture with a167

hierarchy level of D as shown in Figure 2. In terms of the AR and MAP location, we assume168

that the total number of ARs in a foreign network is N and that these ARs are uniformly169

located in each leaf MAP (LMAP) domain. For example, let’s assume that there are 128 ARs170

and the hierarchy level has been found to be 3. Then, the number of leaf MAPs is 23 = 8 and171

the number of ARs in a leaf MAP domain is 128/8 = 16.172

Figure 2. Network architecture in multi-level HMIPv6.
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Figure 3. Rectangular cell configuration in multi-level HMIPv6.

3.1. LOCATION UPDATE COST 173

As mentioned above, we assume that the total number of cells in a foreign network is N . In this 174
paper, a cell refers to the service area of an AR. Also, we use the fluid-flow mobility model 175

in the rectangular cell configuration [12] for our user mobility model. Figure 3 shows the 176

rectangular cell configuration for used for the analytical modeling. Let Lc be the perimeter of 177

a cell. Then, the number of ARs located within the k-level MAP domain, N (k), is as follows: 178

N (k) = N

2k
, 0 ≤ k ≤ D (1)

Since we assume that there are N cells in a foreign network, the perimeter (Lk) of the 179

k-level MAP domain can be calculated as Equation (2). Also, the crossing rate (Rk) of the 180

k-level MAP domain in the fluid-flow model can be obtained from Equation (3). The crossing 181

rate in the fluid-flow model is the overall crossing rate (i.e., the total crossing rate caused by 182

multiple users’ movements) in the given area [13, 14]. 183

Lk = 4 ×
√

N (k) ×
(

Lc

4

)2

= 4 ×
√

N

2k
×

(
Lc

4

)2

= Lc ×
√

N

2k
(2)

Rk = ρυLk

π
(3)

where ρ is the user density and v is the average velocity. 184

Then, the location update cost (CL ) can be expressed as Equation (4), which consists of 185

three long terms. The first term represents the location update cost to the HA caused by the 186

MN’s moving out a foreign network (or RMAP domain area). The second term refers to the 187

sum of the location update costs incurred by the crossing of the k-level MAP domain area 188

(1 < k < D). The third term shows the location update cost incurred by the MNs crossing 189
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from one cell to another.190

CL = R0 · CHA
L +

D∑
k=1

(Rk × 2k − Rk−1 × 2k−1) · C (k)
L + (Rc × N − RD × 2D) · CC

L (4)

where CHA
L is the unit location update cost to the HA. Let CC

L be the unit location update cost191

incurred by the cell crossing and C (k)
L be the unit location update cost incurred by the crossing192

between two k-level MAP domains. When cell crossing occurs, an MN registers its location193

only with the leaf MAP. On the other hand, when the MN crosses the boundary between two194

k-level domain areas, it needs to register its location up to the (k − 1)-level MAP. Hence, CC
L195

and C (k)
L can be obtained from the following equations.196

CC
L = ω + η · dAR−LMAP (5)

C (k)
L = ω + η · dAR−LMAP +

D∑
i=k

η · di−1,i (6)

where ω and η are the unit costs incurred when a location update procedure is performed in197

a wireless and a wired link, respectively. dAR−LMAP denotes the distance between the AR and198

the LMAP. di−1,i denotes the distance between the (i − 1)-level MAP and the i-level MAP.199

In this paper, we assume that the distance between the AR and the RMAP is predefined as200

H . Under this assumption, di−1,i and dAR−LMAP should be determined, in order to design the201

analytical model for the multi-level HMIPv6 network. For the numerical analysis, we assume202

that di−1,i is 1 and the dAR−LMAP is H − D, without loss of generality. Namely,203

H = dAR−LMAP +
D∑

i=1

di−1,i (7)

where dAR−LMAP = H − D and di−1,i = 1.204

3.2. PACKET DELIVERY COST205

In order to determine the packet delivery cost, we need to consider the transmission cost in206

the packet delivery path and the processing cost at each network entity, including each MAP207

and HA. First, the packet delivery cost from the CN to the RMAP (CCN−RMAP
P ) is calculated208

using Equation (8). dCN−HA, dHA−RMAP, and dCN−RMAP are the hop distances between the CN209

and the HA, the HA and the RMAP, and the CN and the RMAP, respectively. Since route210

optimization [11] is supported in an HMIPv6 network, it is assumed that only the first packet211

transits through the HA, while subsequent data packets are directly routed to the RMAP.212

CCN−RMAP
P = λs · α · (dCN−HA + dHA−RMAP)

+ λs · (E(S) − 1) · α · dCN−RMAP

+ λs · PHA (8)

where λs is the session arrival rate and E(S) is the average session size in numbers of packets.213

α is the unit transmission cost in a wired link. PHA denotes the processing cost at the HA.214
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On the other hand, the packet delivery cost from the RMAP to the AR (CRMAP−AR
P ) is as 215

follows: 216

CRMAP−AR
P = λs · E(S) ·

(
D∑

k=0

PMAP(k) + H · α

)
(9)

where PMAP(k) is the processing cost at the k-level MAP. 217

The processing cost at the MAP includes a lookup cost and a packet encapsulation/decapsu- 218

lation cost. It is assumed that the lookup cost is proportional to the logarithm of the number 219

of MNs located in the MAP domain [5] and that the encapsulation/decapsulation cost is a 220

constant value. 221

PMAP(k) = δ · log(NU (k)) + κ (10)

where δ is a weighting factor and κ is the encapsulation/decapsulation cost with a constant 222

value. NU (k) is the number of MNs located in the k-level MAP domain, which can be calculated 223

as follows in the fluid-flow model: 224

NU (k) = L2
k × 1

16
× ρ = L2

c × 1

16
× N

2k
× ρ

The last component is the packet delivery cost in the wireless link between the AR and the 225

MN. This packet delivery cost (CAR−MN
P ) is represented by Equation (11). 226

CAR−MN
P = λs · E(S) · β (11)

where β is the unit transmission cost in a wireless link. 227

Then, the overall packet delivery cost is the sum of all packet delivery costs obtained from 228

Equations (8), (9), and (11). 229

CP = CCN−RMAP
P + CRMAP−AR

P + CAR−MN
P (12)

4. Optimal Hierarchy Level Minimizing Total Cost 230

As mentioned above, the total cost is the sum of the location update cost and the packet delivery 231

cost. To investigate the impact of the optimal hierarchy level and the SMR, we formulate the 232

total cost as a function of the optimal hierarchy and the SMR. The SMR is analogous to the 233

call-to-mobility ratio (CMR) in cellular networks. In the fluid-flow model, the SMR can be 234

defined as λs/Rc. 235

CT = CL + CP = CT (D, SMR) (13)

The difference function (�CT (D, SMR)) is also defined in order to determine the optimal 236

hierarchy, as shown in Equation (14). 237

�CT (D, SMR) = CT (D, SMR) − CT (D − 1, SMR) (14)
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Using the above difference function, it is possible to determine the optimal hierarchy when238

the total number of ARs and the SMR is given. If �CT (1, SMR) is larger than 0, the optimal239

hierarchy (D∗) is 0. Otherwise, the optimal hierarchy is the largest D among all Ds satisfying240

�CT (D, SMR) ≤ 0.241

D∗ =
{

0, if �CT (1, SMR) > 0

max{D : �CT (D, SMR) ≤ 0}, otherwise
(15)

Parameter values (e.g., session arrival rate, session size, velocity, etc.) required for calcula-242

tion of D∗ can be obtained from measurement studies such as [15, 16]. Although the periodical243

adaptation scheme is supported in OM-HMIPv6 networks, the reconfiguration procedure is244

not performed so frequently (e.g., at most once per a day). Then, it is possible to obtain the245

averaged parameter values from the logs stored during a day.246

In terms of session characteristics, different applications have different session arrival rates247

and session sizes. In this case, optimization based on application classification is also possible.248

Namely, total costs are independently calculated for each application class (e.g., HTTP, FTP,249

P2P, and so on). After then, the weighted total cost (CW
T (D, SMR)) is calculated by multiplying250

the total cost (Ci
T (D, SMR)) and the weight value (wi ), as shown in Equation (16). The weight251

value is assigned to depending on the application class. At last, the optimal hierarchy is obtained252

using Equations (14)–(16).253

CW
T (D, SMR) =

A∑
i=1

wi · Ci
T (D, SMR) (16)

where A is the number of application classes.254

5. Numerical Result255

Using the proposed analytical model for the multi-level HMIPv6, we conducted various nu-256
merical analyses. The parameter values used in the numerical analysis are shown in Table 1.257
These values were referenced from [5, 12]. The average velocity of the MN is changed in order258
to adjust the crossing rate and the SMR.259

5.1. NETWORK SIZE VS. OPTIMAL HIERARCHY LEVEL260

Figure 4 shows the optimal hierarchy with increasing of network size. The network size is261
represented by the number of ARs located in the foreign network. Using the analytical result262

Table 1. System parameters for numerical analysis

α β ρ ω η δ κ Lc CHA
L H

1.0 2.0 0.002 2.0 1.0 0.5 2.0 400 40 8

E(S) PHA dCN−HA dHA−RMAP dCN−RMAP

10 40 4 4 6

AUTHOR'S PROOFS



UNCORRECTED
PROOF

10 S. Pack et al.

Figure 4. Optimal hierarchy level as a function of the number of ARs.

shown in Figure 4, it is possible to determine the necessary network hierarchy for a given 263
network size. For example, when the number of ARs is between 8 and 104, the optimal 264

hierarchy is 0. However, as the number of ARs increases, the optimal hierarchy also increases. 265

As shown in Figure 4, the range of network sizes with the same optimal hierarchy increases 266

as the network size increases. 267

5.2. SMR VS. TOTAL COST PER SESSION 268

Next, we analyze the variation in the total cost per session as the SMR is changed. Figure 5 269

shows the result of the analysis. The network hierarchy for each network size is chosen as the 270

optimal value, which is obtained from Equation (15). As shown in Figure 5, the total cost per 271

session decreases as the SMR increases. The total cost per session is the sum of the packet 272

delivery cost for a session and the location update costs incurred during the inter-session 273

arrival time. In the case of the total cost per session, the session arrival rate is normalized as 1. 274

Therefore, as the SMR increases, the mobility rate decreases and the location update cost also 275

decreases. Consequently, the total cost per session is inversely proportional to the SMR. In 276

addition, Figure 5 shows that the total cost per session increases as the number of ARs in the 277

foreign network increases. This is because a larger foreign network requires a higher location 278

update cost. However, this difference diminishes as the SMR increases because the mobility 279

rate is inversely proportional to the SMR. 280

5.3. SMR VS. OPTIMAL HIERAR CHY LEVEL 281

Figure 6 shows the change in the optimal hierarchy level as the SMR is varied. As shown 282

in Figure 6, the optimal hierarchy level decreases as the SMR increases. A higher SMR 283

means that the session arrival rate is higher than the mobility rate (i.e., crossing rate). In 284

AUTHOR'S PROOFS



UNCORRECTED
PROOF

Design and Analysis of Optimal Multi-Level Hierarchical Mobile IPv6 Networks 11

Figure 5. Total cost as a function of SMR.

Figure 6. Optimal hierarchy level as a function of SMR.

other words, the packet delivery cost represents a higher proportion of the total cost than the285

location update cost, in the case of a higher SMR. Therefore, if the SMR is high, it is more286

advantageous to reduce the network hierarchy in order to minimize the packet delivery cost.287

On the other hand, when the SMR is low, the location update cost is a more dominant factor288

than the packet delivery cost, so that the optimal network hierarchy level, minimizing the total289

cost, increases in order to enhance the localization of the registration process. In addition, the290

optimal network hierarchy increases as the network size increases. However, the difference291
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Table 2. Different cost sets

Set η ω α β

1 1.0 2.0 1.0 2.0

2 1.0 2.0 5.0 10.0

3 5.0 10.0 1.0 2.0

in the optimal network hierarchy between different network sizes is reduced as the SMR 292

increases. 293

The results shown in Figure 6 reveal that an adaptive MAP hierarchy configuration scheme 294

is required. Namely, as the SMR varies, the optimal hierarchy minimizing the total cost is also 295

changed. Therefore, if the monitored SMR exceeds a threshold value, a new OM-HMIPv6 296

adaptation procedure is performed to change the MAP hierarchy (refer to Sections 2.2 and 297

2.3). A similar approach can be utilized in the MAP selection procedure by the MN [17]. 298

In other words, the MN estimates its SMR and changes its serving MAP depending on the 299

estimated SMR. 300

5.4. EFFECT OF UNIT TRANSM ISSION/UPDATE COSTS 301

In the previous numerical results, we assumed that the unit location update cost is the same 302

as the unit transmission cost. Namely, both η and α are set to 1.0 and ω and β are set to 2.0. 303

However, the unit location update and transmission costs are affected by several factors. The 304

unit location update cost depends on which procedures are performed for location registration. 305

On the other hand, in the case of the unit transmission cost, the packet size is one of the most 306

important factors to be considered. Therefore, we analyze various results for different cost 307

sets. Table 2 shows the different cost sets. 308

Figure 7 shows the optimal network hierarchy levels for the different unit cost sets used in 309

this study. In this result, N is assumed to be 128. As shown in Figure 7, the optimal network 310

hierarchies for cost sets 1 and 2 are the same, even though the SMR is changed. However, 311

cost set 3 shows a different optimal hierarchy from cost sets 1 and 2. Namely, the optimal 312

hierarchy for cost set 3 is 4 when the SMR is 10, whereas the optimal hierarchy for cost sets 313

1 and 2 is 0. This is because cost set 3 has a higher unit location update cost than cost sets 314

1 and 2, as shown in Table 2. Therefore, when cost set 3 is used for the numerical analysis, 315

it is beneficial to reduce the location update cost. Hence, the optimal hierarchy for cost set 3 316

required to reduce the location update cost is equal to or larger than those of cost sets 1 and 2. 317

6. Simulation Validation 318

To validate the analytical results, we developed a event-driven simulator and performed com- 319

puter simulations. Figure 8 shows the simulation topology consisting of 64 ARs. Five types of 320

MAP hierarchy are evaluated, i.e., 0-level, 1-level, 2-level, 3-level, and 4-level. The configu- 321

ration of each MAP domain is based on a rectangular cell configuration as shown in Figure 3. 322

We use the random-walk mobility model [18]. In the random walk model, the routing 323

probability for each direction is identical. Since we assume a rectangular cell configuration, 324

the routing probability is 1/4. In addition, the wrap around model [19] is used to eliminate 325
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Figure 7. Optimal hierarchy level for different cost sets.

Figure 8. Simulation topology.

the boundary effects. Namely, the possible directions from cell 1 are 2, 8, 9, and 57. After326

deciding its direction of movement, the MN stays in a given cell area during time interval tR .327

tR , which refers to the cell residence time, is assumed to follow a Gamma distribution [20]328

described by Equation (17).329

fR(t) = bktk−1

�(k)
e−bt (17)

where b is equal to kλm and �(k) is the Gamma function, which defined as
∫ ∞

0 t k−1e−tdt . The330

mean and variance of the Gamma distribution are 1/λm and 1/kλ2
m , respectively.331

On the other hand, the session arrival process (tA) follows a Poisson distribution with a mean332

of 1/λ and the session length process (tL ) (in numbers of packets) follows a Pareto distribution333
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Table 3. The unit cost for simulation

Cost HA Level 0 Level 1 Level 2 Level 3 Level 4

Unit binding update cost 20 5 4 3 2 1

Unit packet processing cost 20 5 4 3 2 1

with shape parameter a and scaling parameter k. The mean session length is ak/(a − 1). 334

Equations (18) and (19) show the probability density functions (PDF) of the session arrival 335

and session length processes, respectively. 336

f A(k) = e−λ · λk

k!
(18)

fL (t) = a

k

(
k

t

)a+1

(19)

6.1. SIM ULATION RESULT 337

In the simulations, we measured the number of binding update (BU) messages sent by the MNs 338

and the number of processings at the mobility agents. In the simulations, the mean session 339

length is set to 10. In the multi-level HMIPv6 network, the binding update and processing 340

costs for the HA and each MAP are different. To consider this effect, the unit binding update 341

and processing costs used in the simulations are set to Table 3. The total simulation time is 342

10000 sec. 343

First, Figure 9 shows the binding update cost as a function of the SMR. The session 344
arrival rate is normalized to 1, whereas the mean residence time is set to either 10, 100, or 345

Figure 9. SMR vs. BU cost.
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Figure 10. SMR vs. packet delivery cost.

1000. The binding update cost decreases as the SMR increases. In this simulation, since the346

session arrival rate is normalized to 1, the SMR is inversely proportional to the mobility rate.347

Therefore, as the SMR increases, the mobility rate (i.e., the frequency of binding updates)348

decreases. Consequently, the binding update cost decreases as the SMR increases. In addition,349

when a higher hierarchy is used, the location update can be reduced.350

Figure 10 shows the packet delivery cost in the multi-level HMIPv6 network. To determine351
the packet delivery cost, we count how many MAP and HA processings occur when packets352

Figure 11. SMR vs. total cost per session.
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are delivered to an MN. The processing cost is dependent on the session arrival rate, so that 353

the mobility rate is fixed at 0.001. Then, the SMR is proportional to the session arrival rate. 354

Therefore, the packet delivery cost increases as the SMR increases, as illustrated in Figure 10. 355

In short, the simulation results shown in Figures 9 and 10 are consistent with the analytical 356

results. 357

Lastly, Figure 11 shows the total cost per session, which is the sum of the binding update 358

and packet delivery costs. Figure 11 is analogous to the analytical result shown in Figure 5.1 359

In terms of the optimal hierarchy level, if the SMR is high, the optimal hierarchy level is 0 360

when the SMR is high, whereas the optimal hierarchy level is 4 when the SMR is low. This 361

simulation result validates the analytical result shown in Figure 6. 362

7. Conclusion 363

When a mobility management scheme is deployed in a wireless/mobile network, one of the 364

most essential tasks is to evaluate and optimize its performance. Hierarchical Mobile IPv6 365

(HMIPv6) is an efficient mobility management scheme designed to minimize signaling over- 366

head and handoff latency. In this paper, we analyzed the multi-level HMIPv6 network, which 367

can support more scalable services, but which has a tradeoff relationship between the location 368

update cost and the packet delivery cost. We developed an analytical model consisting of the 369

location update cost and the packet delivery cost in the multi-level HMIPv6 network. Based 370

on this model, we studied the optimal hierarchy level in the multi-level HMIPv6 network 371

required to minimize the total cost. Specifically, we investigated the effects of the SMR on 372

the total cost and the optimal hierarchy level. In addition, we studied the optimal hierarchy 373

level as a function of the network size and the effects of different unit cost sets. The analytical 374

results were validated by comprehensive computer simulations. We believe that it is possible 375

to deploy optimal multi-level HMIPv6 (OM-HMIPv6) networks by utilizing the OM-HMIPv6 376

construction procedure and various analytical results. 377
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