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Abstract— Protocols for managing network mobility (NEMO)
should reduce handoff latency significantly to provide uninter-
rupted Internet connectivity. Since the path of a high-speed ve-
hicle is predefined in most cases, it could be beneficial for a
NEMO protocol to pre-fetch care-of-addresses of the potential
future cells. However, the current NEMO protocols either do not
use pre-fetching or use it for at most one cell. While investigating
this behavior of the NEMO protocols analytically, we find that
pre-fetching beyond the next one cell does not necessarily im-
prove the handoff performance even though the future route of
the vehicle could be known beforehand.

Keywords-NEMO, MIPv6, Handoff, Pre-fetching, Turing machine.

I. INTRODUCTION

The network mobility (NEMO) basic support protocol
(NBSP) [1] has been standardized by the IETF to provide
seamless Internet connectivity to the passengers of high-speed
vehicles, such as bus and train. Each vehicle is equipped with a
specialized router, called mobile router (MR), which manages
the mobility of the entire in-vehicle network. Since NBSP is an
extension of MIPv6 [2], it inherits all the drawbacks of MIPv6
including high handoff latency. According to NBSP, when an
MR moves from the coverage area of one access router (AR) to
that of another, the MR obtains a care-of-address (CoA) from
the new AR (NAR) and registers the future CoA (FCoA) with
its home agent (HA). SIP-NEMO [3], SIP-NMG [4] and the
protocol by Arita et. al. [5] use this strategy. Obviously, in this
strategy the handoff latency is very high. To preempt the acqui-
sition of FCoA, MR may anticipate the next handoff from its
predefined route map and predict the NAR. Also, the MR may
use link layer (L2) trigger to anticipate handoff, or may log the
coordinates of the ARs already visited and use this historical
data to predict the next ARs [6]. So the MR can easily pre-fetch
the FCoA through the current AR (CAR), and register the
FCoA with the HA. The handoff latency in this strategy is
much lower than the previous strategy. The protocol proposed
by Mussabir et. al. [7] and HIMIP-NEMO [8] use L2 trigger to
anticipate handoff. As reported in [7] and [12], advanced regis-
tration at internet layer (L3) of TCP/IP may also reduce the
delay in L2 handoff and delay in receiving the L3 advertise-
ment from AR by a substantial amount (~157ms [12]). Simul-
taneously, the signaling overhead may be reduced by as much
as 50% [7].

From the above discussions, it is clear that the number of
FCoAs (denoted by b in this work) in the first strategy is 0 and
in the second strategy is 1. However, since the ARs to be fol-
lowed by an MR could be known in advance, we can utilize
this knowledge and design a NEMO protocol that can pre-fetch
any number of FCoAs to be used in the future cells. So the
value of b should be ideally greater than 1 and can attain a

maximum value, say n, equal to the total number ARs to be
visited during the whole journey. Thus, we can categorize the
NEMO protocols in terms of the variable b. In Figure 1, we
have mapped the existing NEMO protocols along the “b-line”.
We observe that the currently available protocols are mapped
either at 5=0 or b=1, thereby setting the current upper limit for
b to 1. Naturally the question arises why there be no protocol
with 5>1. Certainly, the answer lies in the knowledge about the
dependency of handoff latency on b. In this paper, we investi-
gate whether there is any gain by allowing b to attain a value
larger than 1. To the best of our knowledge, till now, this issue
has not been addressed by the NEMO research community.
First, we prove that the problem of determining whether pre-
fetching two or more FCoAs is right or wrong is yet undecida-
ble, and then we investigate the effect of over pre-fetching on
the protocol performance.
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NBSP, SIP-NEMO, SIP-
NMG, Arita et al, Mus-
sabir et al (reactive)
HiMIP-NEMO (reactive)

Mussabir et al (predictive)
HiMIP-NEMO (predictive)

Figure 1: Mapping of NEMO protocols on b-line

The rest of the paper is organized as follows. Section II de-
scribes the network model, Section III contains the analysis on
FCoA pre-fetching, and Section IV concludes the paper.

II. NETWORK MODEL

We consider a model of NEMO (as shown in Figure 2) hav-
ing the following characteristics. The area covered by an AR
(called a cell) is hexagonal with the AR placed at the center of
the cell. The cells are of equal size with circumradius 7.

A. Definitions (refer to Figure 2)

1. Tier-0 cell: A cell at which the MR resides at the start of
observation.

2. Tier-1 cell: All the neighbors' of tier-0 cell.

3. Tier-k cell (k>1): Those neighbors of tier-(k-1) cells,
which do not belong to tier-h (0<h<k-1).

4. Tier-i cell is a higher tier cell than a tier-j cell if i >j.

! Cell i is neighbor of cell j if the distance between their centers is

\/g r, i.e., cell i is adjacent to cell j.



B. Assumptions on the behavior of MR
1. Initially, the MR is in cell 0 (Figure 2).

2. From a tier-k cell, the MR does not move to either tier-
(k-1) cells or tier-k cells but moves only to one of the
neighboring tier-(k+1) cells.

3. Probability that the MR, residing in a tier-k cell, moves
to any of the tier-(k+1) cells is same for all tier-(k+1)
neighbors.

4. For prediction, an algorithm W is associated with the
NEMO protocol installed in the MR. The MR uses W to
predict next higher tier cell” and then pre-fetches the
FCoA using a suitable mechanism.

From Figure 2, we see that from cell-0 the MR can move to
any cell between cell-1" to cell-6’. From cell-1°, it can move
either to cell-1°” or cell-12*" or cell-2”’. So, a path traversing
cell-0, cell-6°, cell-12°°, and cell 17"’ is a valid path whereas a
path traversing cell-0, cell-6’, cell-1’, cell-12”°, and cell-17""" is
an invalid path.

Figure 2: Network model for NEMO. Cell-0 is tier-0 cell, cell-1’ to
cell-6” are tier-1 cells; cell-1"’ to cell-12°” are tier-2 cells; cell-1""’ to
cell-18”"" are tier-3 cells.

III. ANALYSIS OF THE EFFECT OF PRE-FETCHING MORE
THAN ONE FCOA

Let us assume that MR logs the sequence of its positions
(i.e., two-dimensional coordinates (x, y) of ARs visited) in a
list, where (x, y) are integers. Since a set of integers is counta-
ble, each coordinates can be replaced by coordinates (x, y)
where X, y & N (set of natural numbers). A path of length n,
followed by the MR, is then a sequence of coordinates, Z =
{(x{,y{): 1<i<n}. Now, we represent coordinates using unary
coding [10]. Each X (or }/ ) being natural numbers, the decimal
representation of x (or }/) consists of digits from 0 to 9. In
unary encoding, 0 is encoded as 1, 1 as 11,2 as 111 and so on.
We use 0 to separate digits, i.e., we encode 23 as 11101111.
We separate coordinate components by 00, and coordinates by
000. Thus, we encode a path Z = {(1, 2), (14, 10)} as
110011100011011111001101.

The prediction algorithm, W, (assumption 4 of section
I1.B) takes as input the description of a path (encoded as de-
scribed above) and tries to predict the next coordinate in the

2 In broad-gauge railroads, the radius of curvature is not less than
175 meters [9], i.e., there is no sharp turn along the tracks.

sequence. We say that the output from W is right or wrong, iff
we know the actual output for an event corresponding to
which W is predicting. Though a couple of algorithms are
available in the literature [13][14] to predict the mobility of
mobile devices, they rely heavily on certain assumptions, and
none of them guarantees 100% success. This motivates us to
ask the imminent question: whether the success rate of mobili-
ty prediction can be 100%; if not, then why, and more impor-
tantly, whether it can be decided at all by a Turing machine.
Since, in general, the output for a particular event cannot be
decided by a Turing machine [10], we cannot say whether the
prediction is correct. We consider Turing machine for the sake
of generalization because the other similar models of compu-
tation can be reduced to Turing machine.

MR uses NBSP which is nothing but a sequence of well
defined algorithms. Since an algorithm can be represented by
a Turing machine, MR can be represented by a Turing ma-
chine. Also, the MR employs W, the prediction algorithm,
which itself is a Turing machine. So MR is a Turing machine
which uses another Turing machine W. We further assume
that an event can be represented by a Turing machine, E, and
vice versa [11]. Let us first assume that there exists an algo-
rithm A that takes as input the description of an E and input to
the event, string w, and decides whether an event will produce
an output at all. This is same as finding a Turing machine, T
(which implements A), that will terminate in a final state if an
event produces an output, else terminate in a non-final state if
the event does not produce an output [10]. The algorithm A
says ‘yes’ if E produces an output and it says ‘no’ otherwise.
If A says ‘yes’, then we compare the outputs from E and W. If
the outputs match, then the MR concludes that the prediction
is correct and it pre-fetches FCoAs for higher tier cell. How-
ever, if the outputs do not match or A says ‘no’, then the MR
concludes that the prediction is wrong and does not pre-fetch
any FCoA for the higher tier cell.

We follow the definition as given in [10] which states that
the Turing machine, T, when given an input x, produces an
output v if ggx |-*T qp, where g¢ is a final state and qq is the
initial state. ‘v’ is produced on the tape of T. Using the algo-
rithm A we create another algorithm B that takes as input the
description of a Turing machine, M, a string w and decides
whether M accepts w or not by invoking A on M and w. The
Turing machine M accepts w if the algorithm B outputs ‘yes’.
Similarly, the Turing machine M does not accepts w if the
algorithm B outputs ‘no’. Thus, B is a membership algorithm
for recursively enumerable languages [10].

It is clear that if the algorithm A terminates then the algo-
rithm B will terminate. On the other side, if the algorithm A
does not terminate then the algorithm B will not terminate.
Hence, the membership problem for recursively enumerable
languages is reduced to the problem of whether there will be
an output from an event, E. But existence of B is a contradic-
tion [10] because no membership algorithm exists for recur-
sively enumerable languages. Hence, the algorithm B does not
exist; consequently, the algorithm A also does not exists i.e.,
in general, the problem of deciding output from an event is
undecidable.

Since, in general, we cannot decide programmatically what
would be an output from an event, we cannot decide determi-
nistically whether the prediction from W is right or wrong. We



have not assumed anything regarding the internal working of
W. Moreover, the MR logs its sequence of its position (or ARs
till covered) without regard to cell geometry. Hence, the unde-
cidability problem holds irrespective of prediction algorithm
or cell-geometry. So, in the following, we analyze the success
rate of prediction and correctness of pre-fetching more than
one future cell, using probabilistic technique.

We consider that initially the MR is in tier-0 cell. So the
probability that the MR moves into any one of the tier-1 cells is
(1/6). We assume that algorithm W predicts cell-1’ as possible
tier-1 cell. So the probability that the prediction is correct is:

P(cell 1) = ! (1)
6

Now, the algorithm W is invoked again, and let us assume
that it predicts cell-12”’, a tier-2 cell, as the next cell (thus, val-
ue of b becomes 2). The probability that the path of the MR
will traverse cell-1° and cell-12”" is:

P(cell -1'ncell —12'")
2
= P(cell =1')x P(cell =12""/ cell - 1") @
According to assumption 3 of section IIB we have:

1 1
P(cell —1') = — and P(cell —12"/ cell —=1') = —
6 3

So, from Equation (2), the probability that the predicted
traversal is correct is:

1
P(cell =1I'cell —12'") = — 3)
18

In Equation (3), the probability of correct prediction is de-
creased. Now, we generalize the above case. When the MR is
in cell-0, we assume that W predicts A; (a tier-1 cell), A, (a
tier-2 cell),...,A, (a tier-n cell). Then, the probability that this
prediction is correct is given as:

P4y ndy o dy)

n—1 “)
= P(A4))P(Ay | A))P(A3/ 4N A4,)...P(4, rl] 4;)
Also, we assume that W predicts A, as next tier-(n+1)
cell. The probability that this prediction is correct is
P(A1 mAz N...N 4, mAnH)
6]

n
= P(4; N 4, m...mAn)xP(AnH/(l]Ai)

By carefully observing Figure 2, we find that every tier-k
cell (k>2) has either two tier-(k+1) neighbors or three tier-
(k+1) neighbors. Hence, we have:

n 1
P(An-i-l /(I]Al-) = 5, if A has 2 tier - (n +1) neighbors
(6)

,if A has 3 tier - (n + 1) neighbors

u)|>—a

So, from Equation (5) and (6) we can write:

P4 Ay n...n 4y mAn+1)<P(A1 NAy N...04y)

Applying Equations (6) and (5) to (4) successively, we get by
induction:

n n+l
P(A}) > P4y N dy) > ... > P(rlwAl.) > P( r11 4) (O

So the more we predict about the future traversal (b>1), the
less is the probability of correct prediction. From Equations (5),
(3), and (6), we can conclude that the probability of getting
correct prediction decreases by (1/2)x100% = 50% or (1-
(1/3))x100% = 66.7% (approx.) for every tier equal to or high-
er than 1. So, the best we can do is to restrict W to predict only
about tier-1 cells (i.e., setting b=1), for which the success rate
is about 100x(1/6)%=16.7% and allow W to predict about tier-
2 cells when the MR has actually moved to a tier-1 cell. This
observation is in agreement with the current NEMO protocols
which do not pre-fetch FCoA beyond immediate NAR.

IV. CONCLUSIONS

The handoff performance of NEMO protocols cannot be
improved much by pre-fetching CoAs for the future cells. We
have investigated this issue and found that pre-fetching beyond
the immediate NAR does not necessarily improve the handoff
performance. So we justify anticipating only the immediate
NAR (as is done in most protocols) even if the path to be fol-
lowed by the high-speed vehicle is predefined.
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