Design and Performance Evaluation of an Improved
Mobile IP Protocol

Jiannong Cao, Liang Zhang, Henrv Chan
Department of Computing
The Hong Kong Polytechnic University
Hung Hom, Kowloon, Hong Kong
tesjoao, eszhangl, cshehan) @eomp. polyu.edwhk

Abstract—Mobile IP is one of the dominating protocols that
provide the mobility support in the Internet. However, even with
some proposed optimization techniques, there is still space for
improving the performance. In this paper, we present a novel
mailbox-based scheme to further improve the performance. In
this scheme, each mobile node migrating to a foreign network is
associated with a mailbox. A sender sends packets to the
receiver's mailbox, which will in turn forward them to the
destination. During handoff, a mobile node can decide whether to
move its mailbox and report the handeff to the home agent, or
simply to report the handoff to the mailbox. In this way, the
scheme is adaptive and can be made to reduce the workload on
the home agent and minimize the total cost of message delivery
and mobility management. To evaluate the performance of the
proposed scheme, we develop a performance model considering
two walk models for mobile nodes, based on which the cost
function is derived. We also propese an iterative algorithm for
deriving an optimal point where the cost function reaches its
minimum. The results show thar our new scheme can outperform
Mobile TP route optimization with smooth handoff ¢xtension, no
matter how many packets are to be received during each
migration.

Keywords- system design. simulations. statistics

L. INTRODUCTION

The tremendous growth of wireless communications
technology and the advancement of laptop and notebook
computers induce a growing demand for mobile and nomadic
computing. Unlike stationary nodes in a wired network, mobile
nodes can move from one location to another while
maintaining contintous network connections. A challenge is to
manage location information in such a way that provides
seamless network access for mobile nodes while retaining
commectivity with the wired network.

Researchers have investigated the Internet Protocol {IP) for
mobile internetworking, leading to the development of a
proposed standard for IP mobility support called Maobile IP [1].
In Mobile IP, each mobile node is assigned a long-term IP
address called home address in its home network, While being
away from the home netwark, the location of the mebile node
is captured by a care-of address provided by a foreign agent in
the foreign network. A fhome agent in the home network
maintains a mohilitv binding between the home address and the
care-ol address in a binding cache. All packets destined to the
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mobile node are first routed with regular IP routing to its home
network where theyv are captured by the home agent. The home
agent then tunnels these packets to the foreign agent which, in
turn, forwards them to the final destination.

However, Mobile [P suffers from the well known triangle
routing problem. Therefore, Mobile IP route optimization [2]
has been proposed to alleviate this problem. Any node that is
willing to communicate with a mobile node maintains a
binding cache. When the home agent intercepts a packet for the
mobile node outside the home network, it may send a binding
update message to the sender, informing it of the mobile
node’s current care-of address. The sender then updates its
binding cache and tunnels anv ensuing packets for the mobile
node directlv to its care-of address. An extension to the
registration process, called smooth handoff, enables foreign
agents to also make use of binding updates to reduce packet
loss during a handoff. The mobile node mav ask the new
foreign agent to send a Previous Foreign Agent Notification
message, which includes a binding updaté, to the previous
foreign agent. The previous foreign agent then updates its
binding cache and re-tunnels any packets tor the mobile node
to its new care-of address.

Although Mobile IP and route optimization provide general
mechanisms for mobility support in the Internet, there are still
several performance problems that need to be addressed.

First, both Mobile IP and route optimization require that a
mobile node’s home agent be notified of every location change.
The route optimization further requires that everv new lecation
be registered with hosts that are activelv communicating with
the mobile node. Should the smooth handoft extension be
implemented, an extra update message would be sent to the
previcus foreign agent. All these signaling messages for
location management waste a lot of bandwidth.

Second, Mobile IP suffers from slow handoifs since the
home agent has to handle all handoffs, even though it may be
far away from the current location of the mobile node. The
network delay adds to slow handotfs. This causes more packet
loss since these packets are routed based on outdated location
mformation, which is especially harmful to real-time
applications such as voice over [P and video streaming.
Although Route Optimization with smooth handoff extension
[2] can, to some extent, reduce packet loss, tunneled packets
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that arrive at the previous foreign agent before the Previous
Foreign Agent Notification are still lost since the previeus
foreign agent is not vet aware of the migration of the mobile
node. It will then rely on upper laver protocols such as TCP to
retransmit such lost packets from the possibly distant source.
This will incur the latency of communication. TCP-based
connections will also suffer from throughput reduction since
the lost packets mav be mistakenlv treated as congestion and
result in TCP's slow start mechanism.

Third, since all handotfs are handled by the home agent,
thev cause lots of signaling tratfic between the mobile nede
and the home agent. In high speed LANSs this 13 not an issue,
but when low speed WANs are involved and lots of mobile
nodes are performing simultaneous handotfs, network
congestion may occur.

In this paper, we present a novel mailbox-based scheme to
alleviate the performance problems stated above. Each mobile
node migrating to a foreign network is associated with a
mailbox. A sender sends packets to the receiver’s mailbox
which will in turn forward them to the destination. During each
handoft, a choice can be made whether to report this handoft te
the home agent or simply to the mailbox. In this way, the
workload on the home agent as well as the registration delay
can be reduced. Separating the mailbox from its owner also
allows us to achieve adaptive location management that
enables dvnamic tradeoff between the packet deliverv cost and
the registration cost so as to minimize the total cost. Since the

“mailbox is located somewhere in the network close to the
receiver, the packet retransmission cost could also be reduced.

To evaluate the performance of the proposed scheme, we
develop a performance model including two walk models
(namelv, random walk and directional walk) of mobile nodes,
based on which the cost function is dertved. We also propose
an iterative algorithm for deriving an optimal point where the
cost function reaches s mimimum. Mobile 1P route
optimization with smooth handoff extension is used as a
benchmark in our performance comparison. The performance
results show that our new scheme can outperform the
benchmark, no matter how many packets are to be received
during each migration. '

The remaining of this paper is organized as follows. Section
2 describes our mailbox-based scheme. Section 3 presents the
performance evaluation model. In Section 4, based on the
performance medel, we compare the performance of the
proposed scheme with that of the benchmark scheme. Section 3
presents a review of related works. The final section provides
the concluding remarks.

IL.

Throughout this paper, both home agent and toreign agent
will be called mobilitv agenr {1, 2]. In our scheme, all the
modifications are done at mobility agent without anv changes
to the existing operating system of a mobile node.

MAILBOX-BASED SCHEME

In our mailbox-based scheme, every mobile node is
. assoclated with a mailbox, which s a data structure residing at
a mobility agent. As shown in Fig. 1, il a sender wanls (o send
a packet to a mobile node, it simply sends the packet to the
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receiver’s mailbox (step 1). Later, the receiver receives the
packet from its mailbox (step 2. (There 1s onlv one exception
that a packet will not be sent to the mailbox but delivered
directlv to the receiver. This happens when the mobile nede
resides in its home network and the sender does not maintain
the mobilitv binding for the receiver. Unless othenwise stated,
the following discussions will preclude this condition.)

CN; Carrgsponding Node
MA: Mobility Agent

MNM: Mobile Node

MB: Maiihox

Mailbox-based scheme

Figure 1.

Initially, the mailbox is residing on the same network as its
owner. The mobile node realizes that it has entered a new
foreign network when it receives an dgent Advertisement [4]
message from a new foreign agent. It then sends registration
message to the old foreign agent where its mailbox resides. The
old foreign agent then decides whether to move the mailbox to
the new foreign agent with the consideration of two factors: the
distance to the new foreign agent and the communication
traftic of the mobile node. Here the communication traffic is
defined as the number of packets expected to receive during the
residence time at the new foreign agent. If the mobile node is
expected to receive many packets while the distance is long, it
will be costly to forward all these packets to the new address
and better to move the mailbox closer to the mobile node so as
to achieve a more optimal route. On the other hand, if the
mobile node seldom receives packets or the distance is quite
short, it is economical to leave the mailbox at where it was in
order to reduce the registration overhead, should a mailbox
migrates. The distance may be obtained from the routing table
of the old foreign agent if it uses link state routing protocols
such as OSPF [5]. The communication traffic is easy to obtain
since the mailbox acts as a relay and buffer station of the
mobile node.

In this work, we use a pair of thresholds (d: ») to determine
the mailbox’s migration. If either the distance exceeds d or the
communication traffic exceeds n, the maitbox will migrate to
the new foreign agent. Otherwise, the mailbox stavs at the old
foreign agent. We differentiate two kinds of handoff, iLe.,
handoff without mailbox and handotf with mailbox, and we
refer them as local handoff and home handoff, respectively.
Upon each home handoff, a new threshold pair is calculated
based on the current circumstances, which will be discussed in
Section 3.

Besides mailbox, another new data structure called address
tablfe is defined in each mobility agent. Each entry in the
address table has six attributes: the home address of the mobile
node, the mailbox’s address, a valid rag, the threshold pair, a
poinier to the mailbox, and the care-of address of the mobile
node. The valid tag is used to indicate whether the mailbox’s
address is outdated ornot. Table I gives an example of address
table where the first entrv shows a remote mailbox in another
mobility agent and the second entry shows a local mailbox.
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The scheme also defines operations for two processes,
Migrating and Packer-Forwarding, which are presented in the
following two subsections.

TABLE 1 AN EXAMPLE OF ADDRESS TABLE
[ Home | Mailbow's | Valid | Threshort | PORT | core e |
Addr . Addy : "I‘?‘ag.. Pair | Mattbox | Aildr,
Addr A i?!:;lr(::: trie Null Null Null
Addr B A‘é‘{’iﬁs irmie @ n) APointer | AddrC

A Migrating

Upon receiving the advertisement trom a new mobility
agent Afd, the mobile node (AN} determmes that it has
crossed the boundary of the old network and roamed to a new
one. It then imtiates the registration process. 1t first uses
gratuitous ARP [3] to update the ARP caches of the nodes in
the foreign network so that thev associate AM/N’s link layer
address with its home address. Then it sends a
“REGISTRATION" message to Afd, The key information
contained in the “REGISTRATION” message is the address of
the mobility agent Af4, where the mailbox, A/B, curently
resides. Fig. 2 illustrates the message exchanging in the
registration process.

Upon recetving the “REGISTRATION" message, Afd,
extracts the address of Af4,, from the message, and sends a
“MB_REGISTRATION” message to A4,

Upon receiving the “MB_REGISTRATION” message,
M4, decides whether to move MB to A£4, according to the
threshold pair in the address table. In the case when AfB does
not migraie, Af4,, simplv updates the care-of address of AN to
A4, Otherwise, it will act as follows:;

o  setting the valid tag of the corresponding entry to faise
meaning that this mailbox will no longer be used; and

¢ sending a “CREATE" message to Afd, to request it to
create a new mailbox A/B’ tor MN.
N Ma, MAy Ha

w
~ RATION

*

Dacision Making of
Mailbox’s Mizration

oGY VB

Packets HA

It L

TRATION

Figure 2. Message exchanging in registration
Upon receiving the “CREATE” message, 4/4, creates 1/B’

and adds an entry to its address table recording this newly
created AZB . Based on the current circumstances, it calculates a
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new threshold patr for the mobile node. It also sends three
messages;
e an "ACKNOLOGY™ message to AN informing it of
the new address of its mailbox A/B’,

e an “MB_ACKNOLOGY"” message to A{4,, telling it
the creation of 448, and

e an “HA_REGISTRATION” message to home agent
(H4) registering the new address of the mailbox.

After receiving the “MB_ACKNOLOGY™ message, Afd,,
perform the folowing actions:

e updating the address of the mailbox in the address
table to that of AB ",

e setting the valid tag to frue;
e streaming every packet butfered in A/B to A/B ",

e nforming the new address of the mailbox to the
senders of the buffered packets in A/B by sending
“UPDATE” messages; and

e after all the packets have been streamed out,
deconstructing the mailbox and setiing null 1o the last
three attributes in the address table, i.¢., the threshold
pair, the pointer to the mailbox and the care-of address.

After recetving the "HA REGISTRATION™ message, the
HA updates the address of the mailbox in its address table
accordingly.

B. Packet-forwarding

If a correspondent node (CN) wants to send a packet to an
AN, 1t first checks its binding cache to see whether or not the
address of AN has been cached locally. If ves, it tunnels the
packet 1o the cached address. Otherwise, it sends the packet
with regular IP routing to the A/NV’s home address. Once the
packet arrives at the home network, the /74 will intercept the
packet since it acts as a proxy ARP server for MV,

When a mobilitv agent receives a packet destined to MV, it
will perform actions according to the decision tree below.

Check the ARP
cqche for AN

| | | |
- if exists, relay the H dous not exist,
packet in the check the address

network table for AfNs
|

If thé mailbox resides at aremote site, tunnel
the packet to that site and send an
“UPDATE™ message to the sender informing
it-of the vurrent address of the mailbox

If the mailbox is local,
insert the packet into
the mailbox’

Figure 3. Decision tree when receiving a packet

For a packel in A/B to be forwarded to AN, the agent AL4,,
first checks the valid tag. It it is faise, Le., the mailbox is
migrating to the new foreign agent (#4), the packet forwarding
will be suspended and will rely on the migrating process to
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streamt the packet to the new mailbox. If the valid tag is true, it
tunnels the packet to the carc-ol address of AN

Il PERFORMANCE MODELING

In this section, we develop a performance model te be used
for evaluating the proposed scheme (1o be described 1 Section
4). We first present a svstem model for a mobile network and
two walk models (such as random walk and directional walk)
for a mobile node, which are adopted in manyv existing studies
such as [9] and {10]. Based on these models, we develop the
cost functions for our scheme as well as the benchmark
scheme. The cost function includes both the signaling
transmission cost and the packet delivery cost.

A Suvstem Model

The model assumes that the coverage area of the mobile
network 1s partitioned inte cefls. A cell is defined as the
coverage area of a mobilitv agent that has the capability of
~exchanging packets with mobile nodes directly through the air
interface. A mobility agent serves only cne cell and cells do not
overlap with each other.

A movement occurs when a mobile node moves from the
residing cell o one of its neighboring cells. The distance
between anv two cells in the network 1s measured by the
minimum number of cell boundary crossings required for a

. mobile node to travel from one cell to another. If we assume
that a mobility agent is a router in.a cell that can communicate
directly through wired line with other mobility agents in the
neighboring cells, the distance between two mobility agents
can also be defined as the distance between their cells,

We consider a grid configuration for the mobile network
composed of equal-sized, non-overlapping, rectangular cells. In
this grid configuration as shown in Fig. 4, each cell has four
neighbors. The distance between two cells with coordinates
(x1.v1) and (xz,v2) 15 NN Hyev]

{x1,51)

(2.y2)

Figure 4. Grid contiguration of the mobile network

B. Walk Models

The cost function of our scheme depends on the walk
model of a mobile node. Two walk models are considered here,
namely random walk model and directional walk model. In the
random walk medel, a mobile node moves te one of its four

neighbors with equal probability of 1/4 as shown in Fig. 3.
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The random walk model mav be appropriate for pedestrian
mobile users. For mobile vehicle users, a directional walk
model 15 more suitable. We assume that a mobile node moves
towards onlv one direction in our analvsis period. It moves to
the next cell on the moving direction with a probability of | as
shown in Fig. 6.

1/4
!
144 G—T—PIM
Y
144
Figure 5. Random walk model
1 1 1
s ke —{pe

Figure 6. Directional walk model.

In general, the cost function could be expressed as foliows
irespective of what scheme 1s used.
Cost,,, =Cost n

rgnaiong/EXPNUM +Cost

where ExpNum denotes the expected number of packets to be

received within the residence time at a cell We divide

Cost g DY ExpNum because we want the signaling cost of

a handoft’ to be undertaken bv ail the packets within the
residence time after the handoft. Table II lists all the
parameters used for the performance modeling.

C. Cost Function for Our Scheme wnder Random [Falk
Mode]
Ha Home fgent

FA Foreign Agent
CN . Cotrespondent Node

MR Mailboy
a
Previouse Current
:H‘A 4 —i— ds _L FA FA
de
ds

Figure 7. Network scenario about mobile node’s migration in our scheme

Fig. 7 depicts the network scenario about mobile node’s
migration in our scheme. The Current FA is the foreign agent
after the mobile node’s migration from the Previous FA. So the
two foreign agents must be adjacent to each other, ie.,
d, =d; + ] where the + sign depends on whether the mobile
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node migrates close to or far away from the mailbox. In case of
the home handoff, the Current FA will become the new

residing place for the mailbox. Here o- is the average distance
to all the correspondent nodes,

TABLE IL PARAMETERS FOR PERFORMANCE MODELING
Parameter _ Explanation Parameter = | ‘Explanation
(exponential) probabilitv distribution . . e
S0 function of the packet’s inter-arrival . sum of ﬂfwmd(r"\) a.nd )
time RY; T omomsionl -V - Which is equal to [/
f mean packet arrival rate. i.e., On average
-4
Fu(t)=Ae Exphlig expected number of migrations that
{exponential) probability distribution N might trigger a home handoft
10 function of the mobile node’s N number of correspondent nodes
remdcnce_ time at 4 cell propertionatity constant between the
Iy mean residence time at a cell, i.e., . transmission cost (the transmission
# [t = pe ™™ time) of the wireless link and that of
SRS _ - the wired link
signaling cost of the home handoft, ionali - b h
Costyponamaoy (V) given that it occurs at the mobile S proportionality constant between the
node’s Yih migration . signaling transmission cost and the
- — - — transmission distance
) signaling cost of the ith local handoff, Tionaliw stant between {h
Costy, ponog(1-Y) given that the home handoff occurs at S pgoiot (110111;;1 _\rcon:. an d ﬂclsevseen ¢
the mobile node’s \th migration Ce packel delivery cost an
- - : transmission distance
Cost signaling cost of bind updates to the - .
update correspondent nodes proportionality constant between the
oy, signaling transmission time and the
normal packet deliverv cost during the transmisston distance
period of the mobile node’s (i-1)th — -
Cost,, . (i.X) and ith migration, given that the home v probability that the home handoff
handoft oceurs at the mobile node’s Pty occurs at the mobile node’s Vth
Yth migration migration
_ probability that the home handott
abnormal packet dehvery CQSI due .!0 pd("\') ocecurs at the mobile node’™s \th
packet loss apd Telransmssion dqrmg migraition due to the threshold o
Cost gy | e periodof the mobile node's (i-1)th the probability that the home handott
repasission and ith migration, given that the home (v oceurs at the mobile node’s \th
handoft oceurs at the mobile node’s Puf e d Le nﬁ) c b‘d
Xth migration migration due to the threshold #
fime period that the mabos has the protability that the distance to the
cerrelét care-of address about the mailbox is ¢ after the mobile node’s
mobile node during the period of the xth migration, given that the distance
Ty, V) mobile node's (i-1)th and ith , threshold s d, as a special case,
migration, given that the home Pal®) Py(x} means the probability that the
handott occurs at the mobile node’s distance to the mailbox, after the
JXth migration mobile node’s xth migration, meets
time period that the mailbox has the . Ihe threshold o which triggers the
incorrect care-of address about the home handoft.
T Y ﬁgbﬂ: ggggflﬁ'}%ﬁh{fﬂ?ﬂg d of the average distance to the mailbox after
refrarismissiont " v / M ‘a 1 3 [
migration, given that the home Soxh 02 x< X E}Ee m}:)b;]le noclie bc.iﬂi‘lfmlgrauon, E“’ cn
handoff occurs at the mobile nede’s at the home handotf occurs at the
Ath migration mobile node’s \th migration
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Derivation of Cost ., ;...
Suppose the mailbox migrates at the mobile node’s \th

migration, it is for sure that there are .\'—/ local handofts and
one home handott. Thus the Cost,,, .. 15 expressed as

x-7
O E A AYE Z COM pnpponag (1A + COSt g,

COSM oty = 3 DIY) = v <
X=/ =

where we can express Cost,, nmag V) COSt iy (0-3) and

" Cost, AR follaws (refer to Fig. 2 for details).

Oty g NF = (204 3l +dyJO, = (2m+ 3 XD +d )5, (3)
Cost o 1T = (M4 d )8 = (m+ [(1)3de, 4)
. Cost, g, = Nxd, x5, (%)

Derivation of ExpNum

Since we assume a random packet incoming rate 4 and a
random migration rate g, we have

FxpNum =Jm A, }ue™ dt, =i (6}
t, =0
- Cost ..,
Similar to the Cost,,, ..., . the Cost,, ., 15 expressed as

tollows.

Ers e i [
ZLCmmeﬁ_s’: TomalbA) | it p,.\'JTAm—W—“ﬁ]

Costyny =3 LU= Ll ‘ it M
: X=2 RY

where the Cost _(1.Y) and Cost .. (i.Y) are

COSt (1.7 =t s + IS, = (s + o = Ih+mid, (@)

COst o impman(b) = (d, +d +mtd, +m}§cp (9)

=(d, + fofi =)+ m+ fo (i) +m)de,

AN MA, AA,

REGISTRATIO

Figure 8. Retransmission time

According to the Fig. 8. 7, onesion(i-4) 18 the time period

after the #th migration of the mobile node and before the
“MB_REGISTRATION™ message arrives at A4, So we have

0-7803-8355-9/04/$20.00 ©2004 [EEE.

T,

Fethh o szt

()= mi+d, 05, = (m+ [o(i))6, €10)

Derivation of p(X)

It 15 a little bit difficult and tricky to derive pel). Firstly,
we use the following diagram to model the migration pattern of
a mobile node.

[ 144

3 RLE
§ o o P12
A 1

1 |

1 172

MR 1 5 ;

No. of Migration

Figure 9. Model of migration pattern

Initially, the mailbox and the mobile node are co-located,
Therefore, when the x-axis 15 0, the v-axis 15 also 0. After the
first migration, the distance to the mailbox becomes 1 with a
100% probability. Thus we see a value of 1 above the red stripe
between 1 and 2 migrations. Next, atter the second migration,
the distance could be either 2 or 0, each with a probability of
1/2. This probability distribution could be derived by using the
tollowing trick of extending the v-axis to negative. We define 1
to represent a movement to either up or right neighboring cell
and -1 to represent a movement to cither down or left cell as
shown in Fig. 10.

Y
~

N

™
-,

1
A
3

! ~
1S

-

Figure 10. Extending the v-axts to negative

With this new configuration, we can redraw Fig. 9 as Fig.
11 where Fig, 9 could be viewed as the absolute of Fig. 11

So a mobile node’s migration c¢ould be represented as a
string of 1 and -1. To achieve a distance of ¢ after the xth
migration, we must have (x+¢/2 times of 1 and (x—1)2
times of -1. This is a simple binomtal distribution preblem and
we could express this probability distribution as the tollowing
equation.

T4t

Probi=C /¥, 1eR (110
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Figure 11. Model of migration pattern with the new configuration

Now we could eastly represent the probability distribution
as shown in Fig. 9 as follows:

X+

= Prob'e)+ Prob™f) = 202 /2, (>0 12y

Prob’x) = C2/27, 1=0

The following two probabilitv distribution functions are
also useful in the derivation of p\) . Thev are same as
expressions (11) and (12) expect for the initial v-axis which
starts at » Fig. 12 graphically shows the two distributions with
r=1.

Prob*(x)= Prob*™"(x). treR (13)
P = Prob"'(x)‘+ Prob"’_'_(x) = Prob”"(xl+ Prob™ (x). t>0 (14)
Prob™xi = Prob® " (x), t=0
# Distance 13 L?xsta.nce 18
12
2 |- g LZE ; R
3/8 - 43 -
1 ; 1 !
r=1 r=1 ‘
wl | wl
MB —» & —»
12 38 MB 142 38
q |... Mo, df Migation: No. of Migration
14 !

118

Figure 12. Graphical represemation of (13) and (14)

Next let us find out p(x) . Obviously, when x < d, we have

pl) =0 and when x = d, we obtain pey) = pirY) = 1247

0-7803-8355-9/04/$20.00 ©2004 IEEE.

When x = d+2k+1 (fork =0, 1, ..), pisx) is also equal to 0 as
shown in Fig. 13, However, when x = d+2k (where k = 0, 1,
L), pj(r_) will not be ¢asy to derive since once the thresheld J
is met, the probabilitv overflow will take place.

Distance
4 1/4
SR BT
12
a1l -
172
m
— » No. of Migrati
MB d dtl a2 o. of Migration

Figure 13. The probability distribution of pg(x)

If there is no overtlow at the dth migration, we will have
pid+ 2= p(d+2). But now there is overflow, therefore,

p,'}'(d+ 2) is equal to p“(d+2) minus the pard that the
overflow pi¢d) should contribute as shown in the red dash
pod+2)=pd+2)—plid/2 . In

general. we could express p{," (x} as

line in Fig. 13, ie.

0. x<dory=d+2k+!

(15)
d g
Prix) =14 pi(xi. x=d

x=d

i

phe— Y pid + 20pM - d -2, x=d+2k
=t

Similarly, p(x) could be derived as p’(xj minus the part
contributed by the overflows. So,

Pex. x<2d—t

(16)
pLxi=140. x=2d—1+2k+!
=ld +t
pei— 3 pid+2ilpx—d -2,

=t

x=2d—t+2%

where 0<t<d.
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Now we could finally derive p(\). If the threshold 4= 1. it

is for sure that the home handoff takes place each time the
mobile node migrates. So we have

. L. A=} (17
‘D(‘U_{o. X! )

When > . the home handoff may not take place at each
mobile node’s handoff. Suppose the home handoff occurs at
the mobile node’s Yih handoff, there will be no home handoff
at any of the previous .Y~/ handoffs. So

A=i
P =11 =3 putt~(1= p N1 = p W) (18)
where p, (V) and p,(Y) are expressed as follows.

A0, 19
putt) = ) (19)

N2V
=0

p,(Xi = Probiexpected no. of packets = n)
=1 - Probfexpected no. of packets < n)

=i
=/- ZPrab('expecled no. of packets = i) (20)

=0

=i :
_ - .fh,.) -1, -,
_1~§‘[L_0[—” e )ue di,ji
(A

A+ u

With the help of pY). we obtain the expected number of
migrations that might trigger a mailbox’s migration.

ExpMig = i X% pri) (21)

=/
Derivation of f'\{x)

Suppose the mailbox will migrate at the mobile node’s .Yth
migration. So when x <X_ pire) must be 0. So

4-7 ! 22
f\'(“")=Za'-—fa'££)—’“- X< (22)

=Y i)

=0

When x = X, a home handoff takes place. As mentioned
earlier, this could happen either because of & or ». If it is
because of 4, it is for sure that f, (v)=d . If it is because of ».

then f,.{x) is the same as when x <X So

- i)
X} =
St =
(23)
P puipx) N P -
: . L =Y
1—{I~p,,(.\'))f'1—p,,(x))x; LS o
' ' patx)

=0
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D.  Cost Function for Our scheme under Directional Walk
Model
In the directional walk model. since the mobile node
handoffs 1o its next cell along its moving direction. the number
of migrations before a home handoff takes place is bounded by
the distance threshold. <. Thercfore, we should rewrite (2). (7)
and (21) as follows.

A=)

s COSt gl 4+ ZCosf,m,mnM (LX) + Cot,
COSt ypns = 2, PIN) = T 24)
A=t “
E U (U L0 ¢ B Y Y A ¢
< ‘_l nermal 5 Y s
3 " ] :Zz{ Ot it (1 J——T{'i..\'j RSl —— —Tfr;\'_.l — ' (2 5)
Cost ygie: = Z FIAY . -
: = X
S 26
ExpMig =3 XX p(X) (26)

A=t
where all the terms but p(Y) and f,(xJ remain the same.

For p¢XJ . only p,(X) requires modification as:

- . X«<d (27)
P {1. X=d

For f,(x). since the distance to the mailbox increases by |
each time a migration takes place. we thus have

Fotd =x ' (28)

E.  An Irerative digorithm for Caleulating the Optimal
Threshold Pair

The cost function of our scheme highly depends on the
chosen threshold pair (; 7). Therefore, it is important to have a
method to derive the optimal threshold pair to minimize the
cost function. Since & and » can only be discrete values. the
cost function is not a continuous function of  and ». Thus it is
not appropriate to take derivatives with respect to  and » of
the cost function to get at the minimum, We use an iterative
algorithim similar to the one proposed in [11] although it may
result in a local minimum. If we assume that the cost function
follows a convex characleristic, this algorithm must produce
the global minimum. Starting with 4 = 1 and n = 1. we
iteratively increase by 1 until the cost difference between the
systetns with the current and previous threshold pairs starts to
be positive, i.e., d has reached its optimal value. We apply the
same technique to find out the optimal value of #. The only
difference is that we use & x ExpNum as the increment of »

since # could be very large depending on ExpNum . A scale &

is used to control the accuracy of ». A smaller value of &
implies greater accuracy but requires more iteration. In our
experiment, we choose k = 0.2. The mathematical presentation
of the algorithm is presented below.

e  Define the cost difference function:

A¢d.nd ' =Cost,, (dn)—Cost fd'n’)
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where (d: n) and (4, »’) rcpresents the current and
previous threshold pairs, respectively.

s  Inifialization:
d=5Ln=1I;

e Step l:
while A(d + Lndn} <0
d=d+1;
d_ o =d:

P
s Step2:

while Afd . 1+ X ExpNum.d

optrnal * !1) < 0

n = n+k X ExpNum:

"

optmal =n

F.  Cost Function for Mobile IP Route Optimization with
Smooth Handoff Extension

Let us first define some new parameters.

®  CoSly oo - Lhe signaling cost of registering the
home agent:

o Cost,, . ... the abnormal packet deliverv cost due
to packet loss and retransmission: it i$ important 1o
notice that the packet is retransmitted from the sender
instead of the mailbox as in our scheme.

The following diagram depicts the network scenario about
smooth handoff.

HA :Home Agent CNs
FA  Foreign Agent
CN : Correspondent Node
da  dg
Previouse” Current
HA dy ——— | FA FA
— ds

Figure 14. Network scenario about smooth handoft
During each handoff, the Current FA will send registration

messages to both the home agent and the Previous FA. It also
updates each correspondent node’s binding cache. So

(29)
{30)

COTt 2 rnmg = CO tpppoguarson +COS gy,

Cmtmgegmmm ={(m+i+d, )ac,

The packet forwarding cost is somewhat similar to that in
our scheme when the home handoff occurs at its first handoff.
The only difference is the retransmission cost.

ey Lmmes 1) (31)

Cost =Cost, ENIES + Cost ’
pacter norm/( T_”- 7 rRtTARSIEROn T(I.])
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Cost =(d2+ m+d6 +m)d. (32)

retran o Imon

IV. PERFORMANCE EVALUATION

In this section, we compare the performance of our scheme
under the two walk models with that of the benchmark scheme
which is Mobile IP route optimization with smooth handoff
extension. Note that the values of expressions (3) and (30) vary
as ds varies. Also (32) changes as dg changes its value. To be
more convincing, we compare our scheme under the worst case
with the smooth handoff under the best case. Therefore, we
take the upper bound value of (3) when ds is in its maximum
d;+ [ (X). and the lower bound value of (30) and {32) when
ds and ds; are in their minimum 4,—7 and .-/ .
respectively. Table III lists some of the parameters used in our
performance evaluation. We  sel o the signaling

transmission cost per hop, as a normalized value 1. The packet
deliverv cost per hop J¢ is twice as high as the signaling cost.

d; could be viewed as the signaling processing time on a

router and we set it 0.03 sec. We also assume the transmission
cost (the transmission delay) in a wireless environment is twice
as high (long) as that in the wired environment. Finally. there
are five active correspondent nodes.

TABLE IIL PARAMETERS USED FOR EVALUATION
o | 4 o, m N_
1 2 .03 (sec) 2 5

Other parameters that might affect the cost function are
ExpNum | d; and d-. We choose ExpNum as the x-axis and
select two (d,. d-) pairs: (100: 0) and (0; 100). The first pair
visualizes the scenario when the mobile node is far away from
the home agent while close 1o its correspondent nodes and the
second pair shows the scenario in a reverse condition.

Fig. 15 shows the changes of the optimal threshold & with
different FxpNum . In general, d decreases as ExpNum

increases no matter which distance pair and walk model are
used. This is because when ExpNmn gets bigger, that is to say.

the mobile node is expected to receive more packets during its
residence time in the new foreign network, it is thus not
economical to leave the mailbox at its old place which will
result in suboptimal route. By decreasing the value of d, it is
more likety that this threshold is met and the home handoff
occurs at an early time before the suboptimal route becomes
severe. Under the same (d). «-) pair. directional model has a
little bit higher value of 4. This is because, should the same
be used. the random walk model usually takes more local
handoffs before a home handoff takes place than the directional
walk model. Thus the directional walk model must not be in its
optimum since the home handoff occurs so early that the cost
saving due to local handoffs cannot make up the cost wasting
due to the home handoff. With a larger d. the directional walk
model can achieve a balance between cost saving and wasting
so as to achieve the optimum,
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Packets per Migration

Figure 20. Total cost
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Fig. 16 demonstrates the changes in the optimal threshold »
with different ExpNum and we can make similar observations

as in Fig. 15. However., we use “Optimal Threshold
nf ExpNum ™ as v-axis instead of just ». This is because with
the increase of FxpNum . » should also increase. But the

increasing rate of » is not as fast as the increasing rate of
FExpNum 50 as to make the home handoff more likely with

larger ExpNum .

In Fig. 17, we can see that with increasing ExpNum . the

expected number of local handoffs before a home handoff
occurs drops due to the shrink of both  and ».

The last three figures show the signaling transmission cost,
packet forwarding cost as well as the total cost, respectively.
We observe that our scheme outperforms the smooth handoff
scheme in all of the three costs, especially when FxpNum is

small. This is because with small ExpNum . our scheme takes

more advantages of the local handoffs and thus saves more
cost. As ExpNum increases, the signaling cost of our scheme

increases to approach that of the smooth handoff, which means
that it is getting more and more likely that the home handoff
occurs after the first handoff the mobile node just as the smooth
handoff. The packet delivery cost is basicallv a decreasing
curve due to the more optimal route. However, dug to the large
difference in retransmission cost, the packet delivery cost of
our scheme will always outperform that of the smooth handoff
provided that the correspondent nodes are mot in the same
network as the mobile node. The same reason applies to the
total cost.

V. RELATED WORKS

In [6]. a luerarchical mobility management scheme is
proposed in which foreign agents are organized into hicrarchy
according to regional topology. Locality in uscr mobility is
exploited to restrict handoff processing to the vicinity of a
mobile node. which is quite similar to our idea of
diffcrentiating local handoff from home handoffs. It thus
reduces handoff latency and the load on the inter-network.
However, locality in this scheme depends on how the foreign
agents are structured and once the hierarchy is built, it will not
change. In our scheme, locality is a dynamic concept and can
be changed adaptively by choosing a threshold set properly.

The reliability of [6] is enhanced in [7] by adding buffer to
all the foreign agents so that the packet loss during the
migration of a mebile node is eliminated. The buffer concept is
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quite like our matlbox. Actually. we can consider it as a special
case of our mailbox with d = 1 or n = (. ie., the mailbox
always stavs with its owner. The efficiency of [6] is extended
in [8] by introducing a new concept called “patron service”.
The patrons are the nodes from which the majority of traffic for
the mobile node originated. So location updates can be limited
to only those patrons.

VI. CONCLUSIONS

In this paper, we proposed a novel, mailbox-based scheme
for improving Mobile IP’s performance. The scheme has the
following features: reduced work load on the home agent.
reduced packet loss, fast handoff, per-user-based adaptive
location management and dynamic tradeoff between the packet
delivery cost and the registration cost. The performance
evaluation conducted shows a very sound result that
demonstrates the benefits of using mailbox, especially when
the home agent is far away. Further study might deal with
dynamic choice of the threshold pair (d; ») in order to achieve
the best overall performance.
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