Wu J, Yang SH. Small world model-based polylogarithmic routing using mobile nodes. JOURNAL OF COMPUTER
SCIENCE AND TECHNOLOGY 23(3): 327-342 May 2008

Small World Model-Based Polylogarithmic Routing Using Mobile Nodes

Jie Wu! (& 7%) and Shu-Hui Yang? (#155)

! Department of Computer Science and Engineering, Florida Atlantic University, Boca Raton, FL 33431, U.S.A.
2 Department of Computer Science, Rensselear Polytechnic Institute, Troy, NY 12180, U.S.A.

E-mail: jieQcse.fau.edu; yangs6@Qcs.rpi.edu

Revised February 20, 2008.

Abstract The use of mobile nodes to improve network system performance has drawn considerable attention recently.
The movement-assisted model considers mobility as a desirable feature, where routing is based on the store-carry-forward
paradigm with random or controlled movement of resource rich mobile nodes. The application of such a model has been used
in several emerging networks, including mobile ad hoc networks (MANETS), wireless sensor networks (WSNs), and delay
tolerant networks (DTNs). It is well known that mobility increases the capacity of MANETSs by reducing the number of
relays for routing, prolonging the lifespan of WSNs by using mobile nodes in place of bottleneck static sensors, and ensuring
network connectivity in DTNs using mobile nodes to connect different parts of a disconnected network. Trajectory planning
and the coordination of mobile nodes are two important design issues aiming to optimize or balance several measures,
including delay, average number of relays, and moving distance. In this paper, we propose a new controlled mobility model
with an expected polylogarithmic number of relays to achieve a good balance among several contradictory goals, including
delay, the number of relays, and moving distance. The model is based on the small-world model where each static node has
“short” link connections to its nearest neighbors and “long” link connections to other nodes following a certain probability
distribution. Short links are regular wireless connections whereas long links are implemented using mobile nodes. Various
issues are considered, including trade-offs between delay and average number of relays, selection of the number of mobile
nodes, and selection of the number of long links. The effectiveness of the proposed model is evaluated analytically as well
as through simulation.

Keywords delay tolerant network (DTN), mobile ad hoc network (MANET), routing, simulation, small-world model,
wireless sensor network (WSN)

1 Introduction moves relatively slowly with respect to its transmission
range. More recently, mobility has been identified as a
serious threat to the traditional model®l. The threat is
mainly caused by the asynchronous sampling of Hello
messages and various protocol delays that result in an
inconsistent global state.

The more recent movement-assisted model tries to
exploit node mobility for the routing process. The
movement-assisted model typically follows a store-
carry-forward paradigm, where a mobile node first
stores the routing message, carries it while moving ran-
domly or on a controlled path, and then forwards it to
either an intermediate node or the destination. This
model is motivated by the following potential applica-
tion areas. 1) In MANETS, the network capacity in-
creases with resource-rich (in terms of processing, mem-
ory, and energy) mobile nodes to reduce the average
number of relays in a routing process!*). 2) In WSN,

In several emerging networks including mobile
ad hoc networks (MANETS), wireless sensor net-
works (WSNs), and the more recent delay tolerant
networks (also called disruption tolerant networks)
(DTNs)M, one main issue centers around whether mo-
bility should be treated as a villain (undesirable) or a
friend (desirable)!?.

The traditional connection-based model (such as
TCP/IP) used in MANETs and WSNs is built on the
premise that the underlying network is connected and
views node mobility as undesirable. However, mobi-
lity is treated as a side issue through a simple recov-
ery scheme. For example, a route disruption caused by
node movement is restored by either route rediscovery
or a local fix in a typical reactive approach, assuming
either that node movement is infrequent or that a node
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the network lifetime is prolonged with mobile nodes in
place of (bottleneck) static sensor nodes®9 to support
relay and/or simple processing. 3) In DTNs, the net-
work connectivity can be ensured using mobile nodes
to connect various parts of a disconnected network!”.

Movement-assisted models can be classified based on
random (uncontrolled) movement (epidemic routing!®)
and controlled movement!”. In controlled movement,
various design issues exist, including the number of mo-
bile nodes, trajectory planning, and node communica-
tion and synchronization. Although extensive work has
been conducted on both models, relatively little work
has been done on controlling the amount of relays in a
routing process. In the traditional model, the average
number of relays grows with the spatial diameter of the
network (diameter-hop-count), that is, O(y/n), where n
is the number of nodes, assuming some sort of topology
control has been applied to reduce the network den-
sity for energy saving and collision reduction. At the
other end of the spectrum, most controlled, movement-
assisted schemes use a constant number of relays. How-
ever, these schemes incur high latency issues in packet
forwarding,.

In our previous workl®!, we propose a new model
that avoids two extremes in terms of path length. The
hierarchical structure of trajectory for mobile nodes!”!
has the potential hot spot problem at rendezvous points
(called eyes at different levels of hierarchy), where sev-
eral carries meet and exchange messages.

Inspired by the small-world model of Watts and
Strogatz!'%, we consider a random, movement-assisted
scheme to achieve a moderate constraint, which is an
expected number of relays equal to (logm)? in an mxm
square area. The corresponding method is simply called
polylogarithmic store-carry-forward. The main objec-
tive of using such a moderate constraint is to obtain
better performance in other metrics, including latency,
while maintaining moderate end-to-end throughput of
each node, which is O(@), based on the analysis of
the connection-based model by Gupta and Kumar!*!,
Specifically, in a small-world model, each static node
has “short” link connections to its nearest neighbors
and “long” link connections to other nodes following
a certain probability distribution. Each short link is
a regular wireless connection whereas each long link is
implemented using a mobile node with a moving trajec-
tory that follows the long link. When long links follow a
certain distribution, nodes can construct short paths ef-
fectively using local information. Here, a path consists
of both short and long links. The trajectory of mobile
nodes, however, is not limited to long links. It can be
extended to include short links and to share multiple
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long links. More importantly, both packet route and
the trajectory of mobile nodes are adjustable based on
different network situations, including the sparse mode
where the network of static nodes is disconnected.

Although the small-world model has been used in
other fields, such as searching in the unstructured peer-
to-peer networks, no systematic study has been done on
its applications in MANETs, WSNs, or DTNs!2 us-
ing mobile nodes to emulate long links. In this paper,
we will address some unique challenges in implement-
ing the small-world model in emerging networks with
mobile nodes, discuss some design issues related to pa-
rameter selections, and weigh several interesting trade-
offs among delay, average number of relays, and moving
distance. When modified appropriately, the proposed
model can find applications in the following three re-
lated areas.

1) In a static MANET using connection-based rout-
ing, the throughput per source-to-destination pair de-

creases as ﬁ as the number of nodes per unit area n

increases!'!). Tt is shown that mobility of the nodes in-
creases the capacity of MANETS by reducing the num-
ber of relays, and hence, mutual interference of con-
current transmissions. The proposed random mobility-
assisted model reduces the number of relays and finds
short paths without resorting to global information.

2) In a WSN with mobile sinks, a packet to be re-
ported to a sink can be viewed as a routing process
to the sink (as the destination). Resource rich mobile
nodes “re-enforce” the energy of static nodes by taking
their role: forwarding or carrying the packet. Unlike
a WSN with a static sink, where re-enforcement only
needs to be done within the neighborhood of the sink
(since static nodes in the neighborhood become heavily
loaded)l®!, our model is more general in the sense that
the random trajectory of mobile nodes can re-enforce
static nodes across the whole system.

3) In a DTN, networks are assumed to experience
frequent, long-duration partitioning and may never
have an end-to-end path during a given time frame. In
our model, such a DTN can be represented as a network
with missing short links to its nearest neighbors, i.e.,
some neighbors may not exist, which results in a par-
titioned network. Under this model, each mobile node
can alternate the circulation process along the long link
and act as a static sensor node by staying in its origin
for a certain period to forward/receive a packet to/from
one of its neighbors, when available, through a short
link. As we will discuss later in trajectory sharing and
planning of mobile nodes, in a more general case, one
mobile node can emulate all long and short links in a
given region.



Jie Wu et al.: Small World Model-Based Routing Using Mobile Nodes 329

In this paper, we focus mainly on some technical is-
sues related to the proposed model as follows. 1) We
propose a polylogarithmic store-carry-forward model
based on the small-world model. 2) We present an in-
depth analysis on the use of mobile nodes to emulate
long links (remote contacts) in the small-world model.
3) We devise both static and dynamic trajectory plan-
ning of mobile nodes for improving routing performance
and reliability. 4) We extend the model to the sparse
mode where the network of static nodes is disconnected.
5) We conduct extensive simulation on a custom simula-
tor to validate the effectiveness of the proposed model.

The following assumptions are used in this paper.
1) Wireless nodes are either static or controlled mo-
bile nodes. Mobile nodes are resource rich, such as a
vehicle in a vehicle ad hoc network (VANET), com-
pared with static nodes, and have no memory capacity
limit. 2) Two static/dymanic nodes are neighbors if
they are within the transmission range, which is set to
one unit in this paper. 3) Each node (including the
source) knows its location and the location of the desti-
nation. This can be achieved through GPS or non-GPS
localization methods. In particular, when destination
refers to a particular node (rather than a geographical
location), some form of location management will be
used, such as home region!'3l. 4) Mobile nodes move
with constant velocity. This model can also be easily
extended to incorporate mobile nodes with variable ve-
locities. 5) Data exchange between two nodes, static or
dynamic within each other’s transmission range, can be
done instantly.

The reminder of the paper is organized as follows.
Section 2 discusses the treatment of mobility in three
related fields: MANETSs, WSNs, and DTNs. A brief
summary of the small-world model and its applications
are also given in the section. Section 3 presents the
proposed polylogarithmic store-carry-forward model to-
gether with some properties. Four main design issues
are discussed in Section 4, together with solutions and
applications. Simulation on the proposed model is given
in Section 5. The paper concludes in Section 6.

2 Related Work

This section reviews existing work on mobility in
three emerging networks and the small-world model.
Focuses are on the differences between our model and
the existing ones.

2.1 Mobility in MANENTSs

With the dominating use of connection-based rout-

ing protocols (DSR, AODV, TORA, etc.), most mobil-
ity managements in MANETSs adopt mobility-tolerant
schemes. In a simple recovery scheme, a route disrup-
tion caused by node movement is made up by either
route discovery or a local fix. Wu and Dail®! pointed out
the inconsistent global state problem, caused in part by
node mobility. Several tolerant schemes have been put
forward(®14 as the first attempt to mask the effect of
node movement and to construct a consistent global
state.

In their seminal work, Grossglauser and Tsel!
show that mobility increases the capacity of MANETSs
based on the Gupta and Kumar model on network
capability'!). A series of efforts have been made based
on the store-carry-forward paradigm, where a mobile
node first stores the routing message, carries it for a
while moving either randomly or controlled, and then
forwards it to an intermediate node or the destination.
Epidemic routing uses a random mobility model to-
gether with packet replication to speedup the delivery
process. Garetto et al.'®! relaxed the “homogencous
mixing” assumption on the node mobility process, and
analyzed the network capacity in the more realistic case
in which nodes are heterogeneous and the motion of a
node does not necessarily cover uniformly the entire
space. In epidemic routing!®, nodes are all mobile and
have infinite buffers. When a node has a packet to send,
it propagates the packet to all nodes it meets. Even-
tually the packet is delivered to the destination in a
bounded amount of time. In [16], a graph-based model
was developed to capture the evolution of the connec-
tivity properties of the disconnected system, bound of
message delivery ratio in epidemic routing was analyzed
using the model.

Our work here differs in that a combined random
and controlled model is used. We provide a new delay
and average number of relays (i.e., network capacity)
trade-off based on the small-world model and achieve
an expected polylogarithmic number of relays.

2.2 Mobility in WSNs

In WSNs, most models assume sensor nodes are
static. More recent work considers a type of resource

rich mobile sensor® for sensor coverage and lifetime
extensions. The idea of using mobile sensors for sensor
coverage is to re-deploy some mobile sensors to under-
covered areasl®). The idea of lifetime extension is to use
resource rich mobile sensors to emulate the function of
bottleneck or energy-depleting nodes, which can be a

®Mobile sensors here can be either a sensor with moving capability by itself or a sensor attached to another moving entity (such

as a person or a vehicle).
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relay node or a sink node.

When mobile nodes are used to emulate the func-
tion of relay nodes!®, bottleneck nodes (such as those
around the sink) are “re-enforced” with additional en-
ergy through the use of mobile nodes for a certain pe-
riod. Bottleneck nodes are around the sink when the
sink is static. To reduce the burden of static nodes
around the sink mobile nodes need only to circle around
the sink. A routing process can also be modified to in-
crease the probability of relaying through mobile nodes.
When a mobile node is used to emulate a sink node,
the sink can stay in multiple positions!!”). The objec-
tive of a routing process is then changed to reaching
a nearby sink quickly. The energy saving can be sub-
stantial when sink mobility and routing are considered
jointly!'8]. Shah and Shakkottail'! also studied the mo-
bile fusion center (sink) issue in WSNs. They derived
the aggregation data rate when the mobility pattern is
known or unknown to the sensor nodes.

Our work is more general in the sense that any po-
sition in the network can potentially be a destination
(the position of a dynamic sink in WSNs). In addition,
our work focuses on reducing the average number of
relays as the main means for energy saving for static
sensor nodes.

2.3 Mobility in DTNs

Delay tolerant networks!!] (also called disruption tol-
erant networks[m}) are a class of emerging networks that
experience frequent, long-duration partitions and may
never have an end-to-end path in any given time pe-
riod. Various forms of DTNs have been proposed, in-
cluding interplanetary Internet?!, generic digital com-
munication systems using the postal system?, and
PeopleNet, a wireless virtual social network[23. Sev-
eral models?¥ have been proposed to abstract DTN
in a graph model. However, DTN abstraction is more
subtle than using extended graph models, as discussed
in [25] on membership dynamics in collective commu-
nications and in [2] on connectivity in the traditional
connection-based routing.

Routing in DTNs can also be classified as random
movement and controlled movement. In [26], the epi-
demic routing method is extended. The new method
uses wearable computers as a packet transport mech-
anism. Similar to epidemic routing, it also uses ran-
dom pair-wise exchanges of data during movement of
nodes, but with finite buffers. Therefore, a drop stra-
tegy is developed by exploiting node mobility statistics.
The work in [27-29] also includes algorithms for data
delivery in disconnected networks using node mobility.
Message ferrying (MF)!7) is one of the most important
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methods for communication in DTNs using controlled
node movement. In MF, some ferries, which are nodes
that have completely predictable routes through the
geographic areas, are employed for data delivery. Nodes
route packets end-to-end using the ferries. Ferries move
around according to the known routes. Multiple ferries
could be deployed, which leads to several MF exten-
sions with no ferry interaction, ferry relaying, or node
relaying. In [30], Liu and Wu investigate scalable de-
terministic routing in DTNs. They proposed a simpli-
fied DTN model and a routing algorithm which routes
on contact information compressed by three combined
methods. Daly and Haahr[®! proposed the use of so-
cial network analysis techniques to forward data in a
disconnected DTN, where individuals are often linked
by a short chain of acquaintances.

In this paper, the predefined routes are not fixed,
but are constructed based on a predefined distribution.
Specifically, each node has four neighbors as in a regular
2-D grid. In addition, each node has one or more long
link connections to remote nodes based on the distri-
bution. The greedy geometric routing attains a poly-
logarithmic number of relays. In addition to exploit-
ing the efficient use of mobile nodes along long links,
we also systematically study the trade-off between long
and short links, i.e., the trade-off between delay and
number of relays. Although such trade-offs are cap-
tured in several graph models, with global information,
our approach focuses on greedy methods based on local
information.

2.4 Small-World Models

The small-world model®?! corresponds to a phe-
nomenon in a social network where any two people
have “six degrees of separation”. More recently, it has
been shown in [30] that this phenomenon is pervasive
in many natural and artificial complex networks, and
is captured by two measurements: small average path
length and high clustering coefficient (defined as the av-
erage fraction of pairs of neighbors of a node that are
also neighbors of each other).

Kleinbergl®?! was the first to consider the small-
world phenomenon from the algorithmic perspective,
and proposed a model of a “navigable” small-world net-
work that can find short paths between any two points
in the network using local information only. Specifi-
cally, a 2-D grid model in an m x m space is consid-
ered, where each point has four local contacts (links) to
its nearest neighbors and ¢ long-range contacts (long
links). The existence of a long link from u to v has
a probability proportional to d(u,v)~", where d(u,v)
is the distance between them and r is a constant. It
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is shown that when r = 2, the expected delivery time
is O((logm)?) (called polylogarithmic in terms of m).
The extension to a navigable hierarchical network is
discussed in [34].

The small-world model has been successfully applied
to support efficient searching in unstructured peer-to-
peer networks. However, the extensions to wireless net-
works have been limited due to the lack of efficient
means to support long links, although the potential ad-
vantage of using the small-world model was pointed out
back in 200131, The existing applications implement
long links using wireline links[% or at the application
layer37). The former approach relies on wireline con-
nections. In addition, the long link does not follow
the small-world distribution. The latter case shifts the
burden to the application layer. In our approach, we
adopt a slightly different model for long link distribu-
tions. Long links are implemented by resource rich mo-
bile nodes. We explore efficient uses of mobile nodes in
implementing long links, including circular implemen-
tations of a sequence of long links, free-riders at inter-
mediate nodes on the trajectory of a long link, the se-
lection of the number of long links, trajectory planning
of mobile nodes, and various performance trade-offs.

3 Polylogarithmic Store-Carry-Forward

This section presents the proposed polylogarith-
mic store-carry-forward model based on the small-world
model together with its properties. Several design is-
sues in the model are listed.

3.1 Basic Model

We assume a grid-based model®® in an m x m
space with the horizontal and vertical dimensions. Each
1 x 1 grid is associated with an address (4,j) where
1,7 €0,1,2,...,m. All the deployed sensor nodes in a
grid form a cluster and a clusterhead is selected to deal
with the inter-grid communication. We simply view the
cluster as a single node that has the address of its grid.
We define the Manhattan distance between two nodes
u = (i,7) and v = (¢, j') to be the number of horizontal
and vertical steps separating them:

d(u,v) =i —i'| +]j = j'I.

Although the basic model can be easily converted to
other models, the grid-based model is chosen for its
simplicity.

Each node u = (i,j) has four local links connect-
ing four neighbors: (i —1,7), (4,5 — 1), (i +1,5), and
(i, + 1), using a unit uniform wireless transmission

range. In addition, v has ¢ (> 1) long links. The prob-
ability of a long link to v such that d(u,v) < 2m is
c[d(u,v)]7% and the probability of a long link to v such
that d(u,v) > 2m is 0. Constant ¢ should be selected

so that
S cld(u, v)] 2 = g.

v

To avoid boundary conditions, the m x m space is
situated at the center of a 5m x 5m space and nodes
outside m xm can be used to relay, but not as sources or
destinations. Although nodes not in the original m x m
have contacts (through long links) outside the 5m x 5m
region, they will not be used to assist the routing pro-
cess. Fig.1(a) shows a sample 6 x 6 network together
with its 30 x 30 expanded network. Note that all con-
tacts in the 6 x 6 network are within the 30 x 30 net-
work. All contacts outside the extended network are
not shown. Note that the proposed model is slightly
different than the one in [33] in that we allow nodes in
the mxm space to have long link contacts to the outside
of the area. We can see that not all of the nodes in the
central m x m and the extended 5m x 5m regions have
valid long links (and these links are not shown). This
is because their long links are directed to the nodes in
the expanded area which are far away from the central
network. If we still use them as relays, the detour will
be too large. However, if the relays do not generate too
much additional moving distance, as will be discussed
later in the long link jump condition, we can still use
them. Fig.1(b) is a sample in a larger scaled network,
where the center 30 x 30 area of a 150 x 150 network,
is shown.

In the basic model, it is assumed that there are suf-
ficient numbers of static and controlled mobile nodes so
that there is at least one static node and one dynamic
node in each grid point. At each grid point, one static
node is used to act as a place holder. This node gen-
erates a new packet intended for a destination and it
forwards or stores a by-pass packet. The mobile node
circulates around the long link (u,v). This node picks
up one or more packets at u and delivers them to wv.
We will discuss various solutions when the density con-
dition fails. These solutions include extending the size
of each grid point and the use of one mobile node to em-
ulate functions of multiple static and dynamic nodes at
several grid points.

The routing algorithm, inspired by the one in [33],
follows a greedy approach where at each step, the cur-
rent place holder u chooses a contact, through a short
or long link, that is as close to the destination ¢ as
possible. The short link is through regular wireless
communication while the long link is through a mobile
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node moving between v = (4,5) and v = (¢, 5'). Typi-
cally, an X-Y routing in a 2-D mesh can be used, where
the mobile node circulates along the circular trajectory

(i,5) = (@",4) = (", 5") = (i,5") — (i,4)-

30 vorna
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Fig.1. Sample small-world networks. (a) Center area 6 x 6 of a
30 x 30 network. (b) Center area 30 x 30 of a 150 x 150 network.

More specifically, the algorithm operates in phases.
It is in phase 4 if the current node u satisfies 2! <
d(u,t) < 2¢*1. At node u in phase i, a long link (u,v) is
used if d(v,t) < 2°. This condition is simply called the
long link jump condition (Fig.2). Kleinberg®¥ showed
that in phase i, the expected time before the current
place holder has a long link contact within Manhat-
tan distance 2¢ of ¢ is bounded proportionally to logm.
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Since there are [log2m] phases, from phase 0 to phase
[log2m] —1, a bound on the number of links is propor-
tional to (logm)? (called polylogarithmic store-carry-
forward) follows.

Fig.2. Greedy routing approach in phases and long link jump

condition.

3.2 Basic Properties

We first show a slightly sharper bound on the prob-
ability of a long link that satisfies the long link jump
condition for ¢ = 1, assuming destination ¢ is randomly
distributed.

Theorem 1. The probability of a long link (u,v)
that satisfies the long link jump condition is at least
o H(2m)™', where H(2m) is the Harmonic series,
which is defined as H(n) = ;1. In addition,
In(n+1) < H(n) <In(n)+1. So H(n) is very close to
In(n) for a large n.

Proof. Suppose node u has a packet intended for
destination t. The probability that u chooses v is

d(u, v)_Q/ Z d(u,v) 2,

vFEU

where

Yo dw) = T =
4 Zf;”l (i)~ = 4H(2m). Hence, the probability that v
is chosen is

[4H (2m)d(u,v)?] " .

Assume S; is the set of nodes within distance 2¢ of ¢
reachable from u. When phase i = [log2m] — 1,

21
Sil =1+ j>2%1
j=1

Each element in S; is within distance 2¢+1 of u since
the length of a long link is bounded by 2m. Thus, the
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message enters S; with a probability of at least

22i—1 1 1
. _Hem).
THEm)z ~ pm)

When i < [log2m] — 1, |Si| = 1+ A0 =
2(24)% 4+ 2(2%) + 1 > 2%*+1. Here, each element in S;
is within distance 27t! 4 28 < 2/*2, Thus the message
enters S; with a probability of at least

22i+1 1

_ —1
THEmET e em)

Hence, the probability of a long link (u, v) that satis-
fies the long link jump condition is at least 55 H (2m)~*.
O

Note that when compared with the result in [33],
since this result has the same asymptotic result, all
other results in [33] stay. For example, the average
number of short links at each phase is the reverse of the
long link probability, i.e., O(H(2m)) which is O(lnm),
and hence, O(logm). Since there are [log2m] phases,
the expected total moving distance through short links
is O((logm)?). The following result shows the worst
case moving distance for both short and long links.

Theorem 2. The total moving distance between
source s and destination t through short links is bounded
by d(s,t) and the total moving distance through long
links is bounded by 5d(s,t).

Proof. Suppose s is in the k-th phase (with respect
to t). There are k + 1 phases, 0,1,2,..., k. In phase
k, the maximum number of short links is bounded by
d(s,t) — 2¥. In phase i, with 0 < i < k, the maximum
number of short link moves is 27+ — 2. If there is a long
link jump at w in phase ¢, the new contact v is in phase
i — 1 or less. Once phase 0 completes, the current node
is either the destination (through a long link jump) or
a node that is a neighbor of the destination, and hence,
one more short link is needed. Therefore, the total mov-
ing distance through short links is bounded by

k—1
(d(s,t) — 2%) + (22”1 - 2%‘) F1<d(s,b).
=0

In phase k, the distance of the long link is bounded
by d(s,t)42* based on the triangle inequity. In all other
phases ¢, with 0 < 7 < k, the distance of the long link
jump is bounded by 2+! + 2% based on the triangle in-
equity, since d(u,t) < 2°*! and d(v,t) < 2. Therefore,
the total moving distance through long links is bounded
by (d(s,t) +2%) + (1) 2041 +27) < d(s, 1) +4(2%) <
5d(s,t). O

3.3 Design Issues

In this paper, we will focus on several unique issues
when mobile nodes are used to emulate long links in an
emerging network with mobile nodes.

1) Support for free-riders at intermediate nodes of

long links.

2) Efficient implementation of mobile nodes through

trajectory sharing.

3) The effect of multiple long links per grid point.

4) Delay, average number of relays, and moving dis-

tance trade-offs.

5) Trajectory planning of mobile nodes in the sparse

mode.

In a network with mobile nodes, any intermediate
nodes on the trajectory of a long link (u,v) can at-
tach their packets to the mobile node if v is closer to
their intended destination. These intermediate nodes
are free-riders. Trajectory sharing refers to sharing of
multiple long links that form a cycle to reduce waiting
delay. The effect of multiple long links includes the av-
erage path length in terms of delay, average number of
relays, and moving distance. Delay, average number of
relays, and moving distance trade-offs deal with trading
between long links, which have a relatively long delay
(and moving distance) but fewer number of relays, and
short links, which have a greater number of relays but
a short delay (moving distance).

4 Design Details

This section gives an in-depth discussion on the first
four design issues listed in the previous section, together
with solutions and possible applications in three emerg-
ing networks. In the subsequent discussion, grid point
and node will be used interchangeably.

4.1 Free-Riders

In the small-world model, each long link (u,v) is di-
rectional, where u is called home and v the destination.
The mobile node circles along (u, v) first to v and (v, u)
back to u. Two methods of circulation can be used: 1)
home-based, where the mobile node stays at node u un-
less there is a packet intended for v; 2) movement-based,
where the mobile node keeps on circulating.

There are two types of free-riders (also called data
hitchhikers) for a long link (u,v).

1) Node u has a packet for destination ¢ and (u,w)
for an intermediate node w meets the long link jump
condition. Node w is called a type I free-rider for link
(u,v) (see Fig.3(a)).
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2) Intermediate node w on the trajectory has a
packet for destination ¢ and (w,v) meets the long link
jump condition. Node w is called a type II free-rider
for link (u,v) (see Fig.3(b)).

w1 (I) ;
(1)4 ---------------- Qu
@) @.J)
@ () ©

Fig.3. Free-riders. (a) Type L. (b) Type II. (¢) General type with

one turn between wq and wo.

In the movement-based approach, we assume the
mobile node will stay at each intermediate node for a
short period of time A to pick any free-riders. The fol-
lowing results show the probability of free-riders given
the probability p of a long link (u,v).

Theorem 3. For a given packet at u, the probability
for the existence of a type I free-rider (an intermediate
node w) is O(1)p.

Theorem 4. The probability of a type II free-rider
for each intermediate node on the trajectory to destina-
tion v is also O(1)p.

The proofs of these two theorems are shown in the
appendix. These results show that the probability of
both type I and type II free-riders have the same order
of magnitude compared with p.

A more general type of free-rider is from w; and
wo when both of them are on the trajectory of a mo-
bile node on the long link (u,v) (including the return
path (v,u)) that satisfies the long link jump condition
with respect to a destination t. In this case, we pose
an additional constraint on the trajectory from w; to
wso to meet the triangle inequity property as shown in
Theorem 2. Another stricter constraint is to ensure a
shortest path from w; to wa, i.e., the trajectory on the
cycle corresponds to the shortest path from w; to ws.
The shortest path condition can be ensured by allow-
ing at most one turn (X dimension to Y dimension or
X to Y) in the routing process as shown in Fig.3(c).
Both Theorems 3 and 4 hold for the general type of
free-rider. When the source node w; tries to find its
long link (wq,ws) in the trajectory of (u,v) (includ-
ing (v,u)), it should check every node from w; to a
reachable node in the trajectory with at most one turn.
There may be more than one node that satisfies the
long link jump condition. In this case, the one that is
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closest to t is selected as ws.

4.2 Long and Short Link Trade-Offs

Long and short link trade-offs deal with delay, av-
erage number of relays, and moving distance. These
trade-offs are important in networks like MANETS and
WSNs, since the average number of relays directly re-
lates to network capacity in MANETSs and energy con-
sumption of static sensors. Although the expected
number of short links is H(2m) before using a long
link at each phase, a long link is skipped for short links
in the following situations. 1) To avoid regular moving
delay. The speed of a moving node is significantly lower
than that of a normal wireless transmission through a
short link. 2) To avoid waiting delay. The moving node
may not be available when a packet is ready to be for-
warded at an intermediate node. 3) To avoid excessive
moving delay. Excessive moving delay occurs when sev-
eral long links in a cycle have to be used before reaching
the next contact.

The local place holder needs to keep some informa-
tion to facilitate the above trade-offs. The regular mov-
ing delay can be calculated by dividing the length of
each long link by the moving speed of mobile nodes. A
counter is needed for each link to keep track of the re-
maining time of the round trip of a mobile node along
the long link. The trading point is the threshold above
which short links are used to trade long links.

Excessive moving delay can be avoided or reduced
without resorting to local links. For example, if the ob-
jective is to limit the number of long link relays, then a
node u in phase 7 is allowed to use the long link contact
v separated by k long links in a cycle if v is within 2/=*
of destination t. To avoid excessive moving distance,
a shortcut can be used to reach v directly. However,
k — 1 intermediate nodes are skipped and packets ini-
tiated from these nodes cannot be forwarded. This sit-
uation can be mended by using multiple mobile nodes
with some following the regular trajectory and others
following the shortcut if needed.

4.3 Multiple Long Links

When ¢ > 1, multiple long links per grid point
are available. We assume that long links are indepen-
dent and follow the same distribution model. Multi-
ple long links provide more choices. However, they do
not give a linear speedup in terms of path length re-
duction. Suppose two long links’ jump areas are S;
and Sj. Let Pr(S; US;) denote the probability that
destination ¢ is in either S; or Sj, then Pr(S; U S;) =
PT(Si)+PT(Sj)—PT(SiﬁSj) < P’I’(Sl)—FP’F(S]) When
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k is small, the probability of area overlap is small, which
corresponds to a close-to-linear speedup in path reduc-
tion. As k increases, the probability of area overlap
increases, and linear speedup cannot be maintained al-
though path reduction continues.

Multiple long links can increase the probability of
cycle formation among them to reduce delay. However,
the cycle formation process is more complex since each
node has multiple outgoing links and probably multiple
incoming links. A node may be involved in multiple cy-
cles. These multiple cycles can themselves be combined
to form large cycles. Based on the delay reduction theo-
rem using cycles, the reduction rate is a constant (two)
which is independent of the size of the cycle. Therefore,
it is preferable that a short cycle is maintained for the
purpose of reliability (multiple cycles to guard against
broken cycles) and memory efficiency (shortened route
information stored at each node of a cycle).

To find a short cycle, the Dijkstra’s shortest path
algorithm can be applied. The following approach can
be used with local information only: to avoid generat-
ing large cycles, each node performs an expanded ring
search for a cycle using TTL by sending out an “ini-
tiation message”. The TTL is incremented linearly or
exponentially at each round. A node u stops sending
out “initiation message” if a cycle is found and u is
the initiator. However, node w still participates in the
forwarding process of “initiation message” packets. In
addition, nodes other than the initiator in the cycle still
send out “initiation message”. The initiation process at
a particular node stops when either a cycle is found or
TTL exceeds a predefined threshold.

4.4 Reactive Long Link Initialization

In order to improve the ratio of the usage of long
links, we developed the reactive long link initialization
approach. We call the basic PSCF a proactive PSCF
where the trajectory of each mobile node is determined
before the execution of the system. Then, in the reac-
tive PSCF, the long link of each place holder is calcu-
lated during the initialization phase, but its direction
changes to the direction of the destination of the first
generated packet in its corresponding place holder.

In the small-world model, for a fixed node u, the ex-
istence of a long link from u to any other fixed node v in
the network has a probability proportional to d(u,v)™".
Therefore, generally speaking, the probabilities of the
long link for node u pointing to each direction are iden-
tical, i.e., the direction is randomized. In the reactive
PSCF, although the direction of the long link changes,
it is still randomized. This is because the destination of
the first packet is generated randomly. Therefore, the

network is still a small-world model.

In the reactive PSCF, since the direction of the long
link is determined based on the direction of the desti-
nation of the first generated packet, the probability of
the packet being delivered via the long link is increased.
The performance of PSCF will increase, too. However,
none of the subsequent generated packets take any ad-
vantage of the reactive long link initialization. In the
long run, we can reset the direction of the long link
according to the first packet in the waiting list when
the mobile node returns each time. Thus, the overall
performance can be improved, especially when the data
rate is relatively low.

4.5 Trajectory Sharing

Using mobile nodes for long links causes delay, the
expected delay for a long link (u,v) is Ci(("j)), where

v(m) is the moving velocity of the mobile node. We
assume A time period at each intermediate node is in-
cluded in the calculation of fjgﬂig Trajectory sharing
deals with multiple long links forming a cycle with mul-
tiple mobile nodes circulating around it. Specifically,
suppose (u1,ug), (us, uz), - .., (ug, ur) forms a cycle and
d(ui,uir1) = l; and d(ug,u1) = lp. We have k mobile

nodes circulating around the cycle of length Zle l;.

Theorem 5. The expected average delay using tra-
jectory sharing reduces the expected delay by half.

Proof. Again, consider a k-node cycle. When each
long link is used individually, the average delay for
(ui, uiq1) is ;. Therefore, the expected average delay
for these k nodes is Zle % In the k-node cycle, the
average delay using one mobile node is Zle % Using
k nodes, the expected average delay is Zle 21*119 O

Note that the expected average delay is for all nodes
in the cycle. Each individual node may have an in-
creased expected delay. For example, suppose three
nodes in a cycle have link lengths 1 = 1, I, = 5, and
I3 = 6. The expected average delay is 2, which is larger
than the individual delay of [;.

Cycle structures also offer “look ahead” capabil-
ity. Let us consider node wu; in cycle (ug,us),
(u2,ug), ..., (uj,uj41), ..., (ug,u1). Instead of using
us as the only possible long link jump, u; can use any
other node us,...,u;,...,u; for its long link contact.
The link selection criterion still stands; that is, if u is in
phase ¢ with respect to destination ¢, the selected long
link contact u; should be within 2% of t. An additional
constraint can be placed on the trajectory from wu; to
u;, to meet the triangle inequity property as shown in
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Theorem 2, that is,

7j—1
Zli < d(uv t) + d(uj7t)a
=1

or an even stricter condition can be imposed, say, all
intermediate nodes u2, us, . .., u;—1 should be along the
shortest path from u; to u;.

To detect cycles when ¢ = 1, each node initiates an
“initiation” message and sends it to its long link neigh-
bor unless an “initiation” is received. The initiation
time is randomly selected at each node for a given pe-
riod to reduce simultaneous initiations. When node u
receives an “initiation” message, it performs one of the
following actions. 1) If it has not sent out its initiation,
u will forward the initiation to its neighbor (along the
long link) after attaching its ID in the route field. 2) If
it has sent out its initiation, the current message will
be dropped. 3) If the current initiation contains the
node ID of v, the complete route is copied at u, the
message is changed to “found” with v as the initiator
and is then forwarded to its neighbor. When node u re-
ceives a “found” message, a copy of the complete route
is made unless u is the initiator of the “found” message.
In the latter case, the message is dropped.

A variation of the protocol is possible to speedup
the process where each node can selectively forward an
“initiation” message even when the node itself has sent
out one or more “initiation” messages. This approach
is useful when the current node has just sent out its
“initiation” or has forwarded an “initiation” message
with a short route, but the current “initiation” has a
long route. However, this variation incurs message over-

head.

4.6 Sparse Mode

The proposed model and the corresponding PSCF
can be extended to the sparse mode, where some place
holders may not have mobile nodes to associate with
them. We can set the density of mobile nodes, r, to
control the sparse degree. This also means that each
place holder has the probability r to have a mobile node
that belongs to it. The distribution of mobile nodes is
random.

In the sparse mode, the trajectory of mobile nodes is
important in networks such as DTNs and VENETS to
connect parts in a disconnected network (consisting of
static nodes). Mobile node shortages can be remedied
through sharing, such as using fewer mobile nodes in
a cycle and one mobile node to route around multiple
long links from the same node.
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In the sparse mode, each place holder still generates
packets according to the data rate. If no mobile node
is available, the packets stay at the place holder until
there are some bypassing mobile nodes. The bypass-
ing mobile nodes can serve as long links for the current
place holder if the long link jump condition is met. Or,
they can serve as short links to carry the packets to the
four neighbors of the current place holder. Therefore,
the degree of connectivity of the original partitioned
network can be increased using node mobility.

5 Simulation

In this section, we present the results of our sim-
ulation of the proposed polylogarithmic store-carry-
forward routing algorithm with various tunable para-
meters.

5.1 Simulation Environment and Settings

All approaches are tested on a custom simulator.
We set up the simulation in a 5m x 5m square area.
Each 1 x 1 grid (viewed as a single point/node) is asso-
ciated with the address (i,j), where 4,5 € 0,1,...,m.
As mentioned in Section 3, only nodes in the center
m X m area work as the source/destination. Nodes out-
side that area may be used as relays. In this simulation,
each grid, which is viewed as a single node, represents
a group of nodes in a grid. Since we assume that the
group of nodes in each grid can communicate directly
to transfer message, we can omit the detailed intra-grid
message transferring. Thus we only need to concentrate
on the inter-grid message ferrying. This approximation
can also help perform a larger scaled simulation. We
compare our algorithm, PSCF, with two extremes: 1)
X-Y routing (XY) without using mobile nodes, and 2)
one-hop approach where the mobile node goes directly
to the destination (Direct). Since free-riders are per-
mitted in PSCF, for fair comparison, we also simulate
the direct routing with free riders version (Direct-S),
where mobile node picks up messages whose destina-
tions are within its trajectory. Thus, even with the
free-rider policy, mobile nodes do not change their tra-
jectory, and the numbers of relays of all messages do
not change, and the delay of their original messages are
not affected.

The following parameters are considered in the sim-
ulation. 1) The network size m. We use two values, 50
and 100, to check the scalability of the algorithm. 2)
The number of long links q. We set g to 1 in the basic
simulation, then we increase it to examine the perfor-
mance of PSCF with multiple long links. 3) Different
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data rate, which is represented by data generating prob-
ability p of each static node in each round. 4) With and
without free-riders. We check the effect of the support
of free-riders at intermediate nodes of long links on the
overall performance. 5) Different trade points, which is
represented by a fixed timer whose value is tunable. 6)
With and without reactive long link direction initializa-
tion. In the reactive manner, in PSCF, the direction of
the long link is initialized based on the destination of
the first generated message. 7) With and without tra-
jectory sharing. 8) The density of mobile nodes d. We
assume that the velocity of mobile nodes is 1, one time
unit, which is also the time unit of the timers. The
transmission by short links, including setup time and
wireless transmission delay, is assumed to be one time
unit or one in thousand time units when the package is
quite small. In the sparse mode, the probability that a
grid has a mobile node is d.

The performance metrics are:

1) Relative Moving Distance, which is represented by
the ratio between actual moving distance of data and
the physical distance of source and destination.

2) The Number of Relays. This measures the number
of hops to transmit message from source to destination.

3) Delay. This is the total time consumption from
message source to destination, including waiting and
moving time.

4) The Delivery Ratio. In sparse mode, some gener-
ated messages may fail to be delivery due to the lack of
mobile nodes.

5.2 Simulation Results

Fig.4 is the comparison of the four algorithms, XY,
Direct, Direct-S, and the proposed PSCF with the ba-
sic settings (no free-rider, single long link, no reactive
mode). In Fig.4(a), PSCF has a greater moving dis-
tance than the other three, which all deliver data along
the shortest path. However, the detour PSCF makes
is moderate. The relative moving distance is around
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1.015 with m = 100. In Fig.4(b) Direct and Direct-
S have the smallest fixed number of relays, which is
2. PSCF has a smaller value than XY. Fig.4(c) shows
that Direct has the greatest delay and Direct-S reduces
the delay via free-riders, while those of PSCF and XY
are quite small. PSCF has a longer delay than XY be-
cause of the waiting done when a long link is chosen.
Among all these figures, only the delay of PSCF and
Direct/Direct-S vary with the data rate.

Fig.5 is the comparison of PSCF with and without
free-riders at the intermediate nodes of long links. Since
the support for free-riders provides more available long
links, it makes the performance (advantage or disad-
vantage) of PSCF over XY and Direct more significant.
In Fig.5(a), we can see that with free-riders, PSCF has
a larger moving distance. Fig.5(b) shows that the free-
rider policy provides less relays. Fig.5(c) shows that
with free-riders, PSCF has a larger delay.

Fig.6 is the result of the test on trade point in PSCF'.
We set a fixed timer for each long link. Even if the
long link jump condition holds, data is passed on by
a short link if the timer expires and the mobile node
still does not show up. The longer the allowed wait-
ing time, the larger the moving distance as shown in
Fig.6(a). Fig.6(b) shows that a longer waiting time
makes a fewer number of relays, which makes the long
link effectiveness more significant. And Fig.6(c) shows
that longer waiting time also makes PSCF have a larger
delay.

Fig.7 shows the performance of PSCF and Direct
with multiple long links for each node. PSCF has larger
moving distance with more long links as in Fig.7(a).
Fig.7(b) shows that Direct has fixed number of relays,
while PSCF has smaller one when the number of long
links is small. Fig.7(c) shows that the delay of Direct
decreases with more available mobile nodes, while that
of PSCF increases.

Fig.8 is the comparison of PSCF with or without
the reactive long link direction initialization. There are
three curves in these figures. One is the basic PSCF,
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Fig.4. Comparison of PSCF, XY, Direct/Direct-S. (a) Distance. (b) Relay. (c) Delay.
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Fig.8. PSCF with/without reactive long link. (a) Distance. (b) Relay. (c) Delay.
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Fig.9. (a) Percentage of circle involved long links. (b) Delay of PSCF with and without trajectory sharing. (c) Delivery ratio in sparse

mode. (d) Delay comparison when wireless transmission is of one in a thousand time unit.

the second is the PSCF with reactive long link initial-
ization (R-PSCF), and the third is the performance of
the first generated message in each grid in R-PSCF (R-
PSCF-1). In Fig.8(a), the moving distance of R-PSCF
is larger than that of PSCF; in Fig.8(b), the relay of R-
PSCF is smaller than that of PSCF; and in Fig.8(c), the
delay of R-PSCF is larger than that of PSCF. However,
since R-PSCF changes only the first message’s delivery
route, the average performance is seldom affected espe-
cially when the simulation lasts a relatively long time.
Therefore, the difference between R-PSCF and PSCF
is slight. R-PSCF-1 is the average performance of the
first generated message of each grid. We can see that
the performance of R-PSCF-1 is more significant than
that of R-PSCF.

Fig.9(a) is the analysis of long links involving circles
in the network, that is, the ratio of long links that form
circles. We can see that when the number of long links
increases, the ratio increases with it. When the network
is smaller, more links are involved in circles. Fig.9(b)
is the delay comparison of PSCF with and without tra-
jectory sharing. With trajectory sharing, the delay de-
creases slightly. Note that trajectory sharing does not
affect moving distance or the number of relays.

Fig.9(c) shows the comparison of the delivery ratios
in the sparse mode. In XY, the sparse mode means that
some fixed place holders may missing and their neigh-
bors cannot transmit packets to them. Therefore, the
network may get disconnected. In Direct/Direct-S, the
sparse mode refers to when mobile nodes are missing in
the place holders as in the PSCF method. The delivery
ratio of Direct is approximately the density of mobile
nodes. This is due to the fact that the generated mes-
sage can only be delivered if there is a mobile node in
the grid. The delivery ratio of Direct-S is slightly higher
than that of Direct, since with the help of sharing, some
grids without mobile node can also send out the gener-
ated message via by-passing mobile nodes. When the
density of the mobile nodes is small, XY has a smaller
delivery ratio than that of Direct due to the high degree
of disconnectivity. When the density d exceeds 0.5, the
delivery ratio of XY increases quickly and outperforms
that of Direct. PSCF has the largest delivery ratio.

Fig.9(d) shows the delay comparison of PSCF, XY,
Direct, and Direct-S when the time consumption of one
hop wireless transmission is of one in a thousand time
units. We can see that in this case, the delay of XY
is very small compared with the other methods. The
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delay of PSCF is smaller than that in Fig.4(c) since it
also contains some short link transmission in the entire
trajectory. Although the delay of PSCF is significantly
higher than that of XY, it reduces the number of re-
lays, and more important, increases the delivery ratio
in sparse network, as in Fig.9(c).

The simulation results can be summarized as follows.

1) The proposed algorithm generates a smaller num-
ber of relays than XY while still maintaining a moder-
ate moving distance and delay which makes PSCF more
suitable for wireless ad hoc or sensor networks.

2) When we analyze the properties of PSCF, we can
see that a larger network makes the performance of
PSCF more significant, and also the support for free-
riders, multiple long links, longer waiting time for the
long links, and reactive long link initialization.

3) Trajectory sharing can slightly improve the per-
formance of PSCF in terms of delay, while not affecting
moving distance or relay.

4) In the sparse mode, PSCF has the largest message
delivery ratio compared to XY and Direct, especially
when the network is relatively sparse.

6 Conclusions

In this paper, we propose a new controlled mobil-
ity model with an expected polylogarithmic average
number of relays to achieve a good balance among sev-
eral contradictory goals. The model is based on the
small-world model where each node has “short” link
connections to its nearest neighbors and “long” link
connections to other nodes following a certain proba-
bility distribution. Several dynamic trajectory plan-
ning and sharing methods for mobile nodes are pro-
posed to enhance the efficiency. In our future work,
we will include more analytical study, including net-
work throughput analysis. More in-depth simulation
and parameter trade-offs will also be studied.
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Appendix

To simplify the discussion, S;, the jump area for
nodes in phase ¢ is simply represented as a diamond
(shape) with radix 2°. Based on the proof of Theorem
1, the size of S; is bounded by 3r? < [S;| < 2r?+2r+1,
where r = 2°.

Proof of Theorem 3. We first consider the long link
(u,v) as a straight line. The diamond for u to an in-
termediate node w is centered at w with two opposite
corners also on the line (see Fig.10). Therefore, the
proof can be focused on calculating the overall non-
overlapped area size of a sequence of diamonds for all
intermediate nodes. That is, we need to show that the
area size is O(1)r?.

The line can be partitioned into sections with the
j-th section covering (27,29+1] (starting from u). Each
intermediate node in the j-th section has a diamond
S;. The overall area covered in the j-th section is
27(2(29) — 1) + (29 — 1)?, where 27(2(27) — 1) corre-
sponds to the rectangle area (portion) of S; in the j-th
section and (27 — 1)? corresponds to two triangle ar-
eas of the same size covered by the portion of S;1; in
the j-th section (see Fig.10). Likewise, there are two
triangle areas covered by S; residing in the (j — 1)-th
section. Therefore, the overall area size from section 0
tod—1is S =31"02/(2(2) — 1) + (2/ — 1)2. Clearly
S < YITH220)2 4+ ()7 = 32( 4+ 1T < 2
and S > Z;;B(?)Q > L2,

For the additional area covered in the ¢-th region,
it is bounded by (r — 1)? < 72 (when v is at the posi-
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tion 2¢+1). In addition, the actual routing that follows
the X-Y routing will generate an “L.” shaped line in-
stead of a straight line. However, the over- and under-
calculation at the turn point is bounded by %7’2. There-
fore, the overall area is O(1)p. O

s

Y
u YRDY 2741
—
Jj-th Section

Fig.10. Overall area covered in the j-th section.

Proof of Theorem 4. The probability p depends on
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the link probability (i.e., d(u,v)~2) and size of S;. In
addition, assume wu is in the i-th section (starting from
v), we have

c |Si| >p>c |Si|
(2i)2 (2i+1)2

for an appropriate constant c. Also, %(2i)2 < |5 €
3(2%)%, we have,

1,
3c = Wc>p> WC> gC.

For an intermediate node w at the j-th section, its prob-
ability p’ satisfies

for the same constant c. Similarly, we have 3¢ > p’ >
1

g¢. In terms of p, we have

1 1
24 3 !> = —D.
p>3c>p > ce> oo



