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Summary

Wireless ad hoc networks are characterized by several performance metrics, such asbandwidth, transport, delay,
power, etc. These networks are examined by constructing a tree network. A core node is usually chosen to be
the medianor centerof the multicast tree network with a tendency to minimize a performance metric, such as
delay or transport. In this paper, we present a new efficient strategy for constructing and maintaining a core node
in a multicast tree for wireless ad hoc networks undergoing dynamic changes, based on local information. The
new core (centdian) function is defined by a convex combination signifying total transport and delay metrics. We
provide two bounds ofO(d) andO(d + l) time for maintaining the centdian using local updates, wherel is the hop
count between the new center and the new centdian, andd is the diameter of the tree network. We also show an
O(n log n) time solution for finding the centdian in the Euclidian complete network by using the algorithm from
[10]. Finally, an extensive simulation for the construction algorithm and the maintenance algorithm is presented
along with an interesting observation. Copyrightc© 2008 John Wiley & Sons, Ltd.
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1. Introduction

Wireless ad hoc network is based on a network
architecture containing a number of nodes, distributed
across an area, using the wireless communication
links to deliver information between nodes. In
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addition, the links typically have less bandwidth
than in a wired network. Each node in a wireless
ad hoc network functions as both a host and
a router. The network topology changes rapidly
due to the motion of the nodes, frequent failures,
frequent recoveries, additional problems related to the
propagation channels (e.g., obstructions, noise) and
power limitations [61]. There are two major types of
wireless ad hoc networks: mobile ad hoc networks and
ad hoc sensor networks.

Mobile ad hoc network (MANET) is based on rapid
deployment of independent mobile users. A MANET
is an autonomous collection of mobile users that
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2 A. DVIR AND M. SEGAL

communicate over relatively bandwidth constrained
wireless links. Since the nodes are mobile, the network
topology can change rapidly and unpredictably over
time. MANET needs efficient distributed algorithms
to determine network organization, link scheduling
and routing. Significant examples include establishing
survivable, efficient, dynamic communication for
emergency/rescue operations, disaster relief efforts,
and military networks. Some applications range from
small, static networks constrained by power sources
up to large-scale, mobile, highly dynamic networks
[18, 19, 46, 62, 63, 64].

A wireless ad hoc sensor network contains a
number of sensor nodes limited in power and
memory, distributed across an area using wireless
communication links to deliver information between
nodes. Unlike the mobile ad hoc network, the topology
of the sensor network barely changes. Currently, the
analysis of the wireless ad hoc sensor network has
been attracting much attention [15, 31, 32, 47, 48,
49, 56], since this type of network can be used in a
variety of application areas such as health, military and
emergency. One of the generic types of applications
for these networks is monitoring in sensor network,
where all sensors produce relevant information by
sensing the area and transmitting the information to
a central node called sink node. The main challenge
of these applications is how to gather data from the
sensors to the sink node [28, 50, 51, 52] as opposed
to broadcasting the query from the sink to the sensors
[53]. In some applications, data aggregation, namely,
performing in-network fusion of data packets, is a
useful paradigm. However it is not applicable in all
sensing environments. For military applications such
as receiving an image of a battle field, the data being
transmitted by the nodes provides an important point
of view. In such situations, it might not be feasible to
aggregate the data from different sensors into a single
data packet. In those applications all the information is
sent to the sink node. In other applications the network
is required to work in a multicast mode where the
information is needed only from a group of sensors,
and many of the multicast routing protocols build
trees to deliver the messages from the source to the
multicast group, and vice-versa, based on different
metrics. [34, 65, 55, 66, 67, 68].

Group communication is the basis for numerous
applications in which a single source concurrently
delivers identical information to multiple destinations
or from multiple destinations to a single source. This
is usually obtained by the efficient management of the
network topology in the form of a tree having specific

properties. For example, a rooted tree spanning all the
destinations can refer to a multicast routing tree [3,
13, 26, 38]. Delivering the information only through
edges belonging to the tree generates an efficient
form of group communication using the least possible
amount of network resources. In contrast, with unicast
routing from the source to each destination, or vice
versa, one needs to find a path from the source to
each destination, thus generating an inefficient form
of group communication where the same information
is carried multiple times on the same network edges.

Generally, there are two well-known basic
approaches for constructing multicast trees: the
Steiner minimal tree (SMT) and the shortest path
tree (SPT). The first tends to minimize the total cost
of a tree spanning all group nodes with, possibly,
additional non group member nodes. Construction of
the optimal SMT is known to be an NP-hard problem
[16, 23, 39, 45] where the best up to date solution has
been derived in [40] and has a proved factor of 1.55.
On the other hand, SPT tends to minimize the cost
of each path from the root source to each destination.
This can be achieved in polynomial time by using one
of the two well-known algorithms by [5] or [14].

The transport of a tree networkT rooted at
v is defined as the total weighted distance of
packet transmissions required to deliver packets from
all nodes to the core nodev by a convergecast
process on the tree network. The maximumdelay
of the tree networkT rooted atv is the maximum
weighted distance to be traversed by any packet when
traveling from the core nodev to other nodes. The
corresponding solution concepts have been considered
in the literature as median and center [1, 4, 27,
30, 33, 41]. Choosing the median approach often
provides a solution overlooking the nodes at the end
of the network (the farthest leaf). For this reason an
alternative approach called the center approach can be
applied, that is, choosing the core to be at the center of
the tree network where the farthest weighted distance
is the minimum among the nodes. However, locating
a core at the center may cause a large increase in the
total weighted distance. The problems of using only
center or median as a core leads to a search for a
compromised solution concept calledcentdian, where
a centdian function presents some kind of trade-off
between the center and the median functions [21]. The
centdian function for nodev in the network is defined
by

Dv = λ · dist(v) + (1− λ) · sum(v) (1)
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where dist(v) = maxud(u, v) is the maximum
weighted distance from nodev to other nodes in the
network whered(u, v) is the weighted shortest path
between nodev and u, and sum(v) is the sum of
weighted distances from all nodes in the network
to nodev and 0 ≤ λ ≤ 1. For more results on the
centdian problem, see [2, 9, 12, 20, 22, 35, 42, 43, 44].
The motivation for core use in an ad hoc sensor
network comes from gathering data application by
request where the sink node forms a broadcast tree
and seeks each time from a group of the sensing nodes
to transmit data from their sensing areas for a certain
period of time aiming at minimizing the bandwidth
and delay criterions.

Another related notion isordered medianof a
tree [6, 24, 36, 37] generalizing the most common
criteria mentioned above, e.g., median, center and
centdian, where we are givenn nodes in a treeT
and sequence of reals,Λ = (λ1, λ2...., λn), satisfying
λ1 ≥ λ2 ≥ .... ≥ λn ≥ 0. For a given subtreeS ⊆
T , let X(S) = (x1, ..., xn) be the set of weighted
distances of then nodes fromS. The value of the
ordered median objective atS is obtained as follows:
Sort then elements inX(S) in nonincreasing order,
and then compute the scalar product of the sorted
list with the sequenceΛ [37]. It is easy to see
that whenκi = 1, i = 1, . . . , n, we obtain the median
objective and whenκ1 = 1 andκi = 0, i = 2, . . . , n,
we obtain the center objective. For the caseκ1 = 1,
κi = λ, i = 2, . . . , n we obtain the centdian objective.
Unfortunately, constructing and maintaining cores by
using the ordered median technique is not suitable for
wireless ad hoc networks, since this technique requires
retaining some global information about the nodes
of the network which is inconceivable in the case of
wireless ad hoc networks.

1.1. Previous Work

Multicast routing protocols in the Internet, such as
CBT [3], PIM-SM [54], DVMRP [38] and MOSPF
[70] construct a multicast routing tree based on a
dynamic architecture that is low-cost, relatively simple
and efficient. Most of the protocols for constructing
core nodes cannot be applied directly for wireless ad
hoc sensor networks or mobile ad hoc networks since
these algorithms are not based on local updates nor
desire more than one QoS requirement.

Gupta and Srimani [18] proposed distributed core
selection and migration protocols for a multicast
tree in mobile ad hoc networks with a dynamically
changing network topology. The proposed core

location method is based on the notion of amedian
node of the current multicast tree instead of the
median node of the entire network. Gupta et al.
[19] showed an efficient core migration protocol for
mobile ad hoc networks that update the core location
until the multicast tree branches reflect the desired
QoS requirements of the multicast application. The
suggested core location method in [19] is based on
the notion of acenternode of the current multicast
tree. Bing-Hong et al. [11] provided a few heuristics
to deal with the non-leaf multicast tree problem that
tries to minimize the number of non-leave nodes in the
multicast tree.

Another type of multicast routing protocols tries
to build a dynamic routing table without a core
node. Royer and Perkins [55] presented the MAODV
routing protocol which is a multicast version of the
well-known AODV protocol in ad hoc networks. For
additional information see [7, 57, 58, 59, 60].

1.2. Our Contribution

In this paper, we present a new efficient strategy
for constructing and maintaining a core node under
centdian criteria in a multicast tree for wireless ad
hoc networks that can deal with dynamic changes in
the network topology. The centdian criteria represents
a convex combination of two QoS requirements
(transport and delay). We are assuming that the
sink node has the ability to change its position
[47, 48, 49] to improve the performance of the
network and does not have energy limitations. For
example, a group of soldiers (considered as a sink
node) collect information from other units in a
battlefield. The soldiers may move around, but have
to be able to receive data reports continuously [71].
We choose to focus on thetransport and delay
constraints to simulate an ad hoc sensor network
without aggregation where it might not be feasible to
aggregate the data in the sensors before forwarding
it to the next sensor. Thus, in our algorithms and
simulation the transport value is the sum of the
weighted distance between the core and the remainder
of the network. The new core node is defined by
a convex combination of the sum of the weighted
distance paths (sum of the weighted edges in the path)
from all nodes in the tree network to the core node,
and the maximum weighted distance from the core
node to the farthest node in the tree network. We also
provide two bounds ofO(d) and O(d + l) time for
maintaining the centdian after a change (add/remove
edge/node) in the topology of the tree network, where
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l is the hop count between the new center and the new
centdian of the multicast tree, andd is the diameter
of the tree. For all the algorithms, both construction
and maintenance, we presented bounds for the energy
consumption of the nodes. We also show how the
algorithm presented at [10] can be adjusted to find
the centdian node in the Euclidian complete network
based on the farthest neighbor Voronoi diagrams [8,
69]. Finally, we present a simulation that compares
our new core solution to well-known core strategies
in order to exhibit the advantages and efficiency of
the constructing algorithm and the second maintaining
algorithm.

This paper is organized as follows: Section2
presents a new algorithm that finds and maintains a
centdian core in a multicast tree. In Section3 we show
a solution for a static Euclidian network. We show our
extensive simulation results as Section4 and, finally,
we conclude with several ideas for future work.

and

2. Algorithm to find the centdian of a
multicast tree in wireless ad hoc networks

We model the topology of wireless ad hoc networks
by a weighted undirected graphG(V,E, We), where
V is the set of nodes,E the set of edges between
neighboring nodes andWe an edge weight function,
e.g. representing the amount of energy to transmit
one packet from nodev to nodeu by using directed
antenna or omni antenna with an MAC address. Note
that the edges represent a logical connectivity between
nodes, i.e., there is an edge between the two nodes
u and v if they can hear each other’s. Since the
nodes can move, the network topology graph changes
stochastically. Let us define byT (V, E′′) a weighted
tree ofG andT’(V’, E’) a weighted multicast tree of
G. For a nodev ∈ T we define byKvx the number
of nodes in the connected component containingv
(created by removinge(v, x)where nodex is one of
thev′s neighbors); byWvx the total sum of weighted
distances from the nodes in the connected component
containingv (created by removinge(v, x)) to node
v and bydist(v, T ) the maximum weighted distance
from nodev to any node inT . Centerof a treeT is a
nodec1 ∈ T such that the maximal weighted distance
from c1 to any other node inT is minimized, i.e.

dist(c1, T ) = min
v∈T

dist(v, T ) (2)

In order to find the center of treeT we can use the
distributed algorithm described in [27] that requires

Table I. Definitions Summary

G Undirected weighted graph
We An edge weight function
T (V, E′′) A weighted tree ofG
T ′(V ′, E′) A weighted multicast tree ofG
Kvx The number of nodes in the

connected component
containingv

Wvx
The total sum of weighted distances
from the nodes in the
connected component
containingv

dist(v) The maximum weighted
distance from nodev to
other nodes in the network

dist(v, T ) The maximum weighted distance
from nodev to any node inT

d(T ) The weighted diameter of the tree
d(u, v) The shortest path between node

v andu
sum(v) The sum of weighted distances

from all nodes in the network to nodev
sum(v, T ) The sum of weighted

distances from nodev to any node inT
c1 The center of a treeT
c2 The median of a treeT
Dv The centdian function of nodev
λ The balanced parameter
MaxDeg Maximum node degree inT
MaxEdge Maximum edge weight inT
λ The balancing parameter,0 ≤ λ ≤ 1

r(I) + (d(T )/2) time with O(|E|) messages, where
r(I) is the maximal weighted distance from the
initiator nodeI to any other node inT , andd(T ) is the
weighted diameter of the tree. This algorithm finds the
center node by starting from an arbitrary nodeI and
continuing from the internal nodes towards the leaves
and back to the new center using the information from
the leaves regarding the weighted distance path and the
fact that the center of the tree lies on the diameter path.
Medianof a treeT is a nodec2 ∈ T such that the sum
of the weighted distances fromc2 to any other node in
T is minimized, i.e.

sum(c2, T ) = min
v∈T

sum(v, T ) (3)

In order to find a median of a treeT we
can use the distributed algorithm in [27] that
requiresmaxx∈T (r(I) + d(x, c2)) time with O(|E|)
messages, whered(x, c2) is the weighted distance
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PLACING AND MAINTAINING A CORE NODE 5

between nodex and the new median. This algorithm
finds the median node by starting from an arbitrary
nodeI and continuing from the internal nodes towards
the leaves. Each leaf propagates the weight of its edge
and each internal node propagates the sum of values
obtained from its descendants plus the weight of the
edge connecting it to its predecessor in the tree.

Next, we show a simple algorithm to find the
number of nodes in each nodev branch. We define by
Kvi

, i = 1 . . . bv, to be the number of nodes in theith
branch of nodev, with bv standing for the number of
branches of nodev. By the convergecast process from
the leaves towards the center of the tree we can find
the total number of nodes in the tree. Knowing this
number, we begin a new process from the leaves to
find for each nodev its valuesKvi

. A num of nodes(j)
message from nodeu to its parentz in the tree,
represent the number of nodes in the sub tree rooted
atu, meaning number of nodes in one of the branches
of nodez. Each leaf sends to its fatherw in the rooted
treeT a num of nodes(1)message. Each internal node
w gets from its sons theirnum of nodes(i)messages
and sums all the values (

∑
i=1...bw−1 num of nodes(i))

in the messages, wherebw is the number of branches
of nodew. The process converges towards centerc1.

The following lemma presents an efficient way of
calculating the centdian in a multicast tree.

Lemma 2.1 Dx > Dv iff λ((Kxv −Kvx) + 1) > 1

Proof: A centdian node x in a multicast
tree T ′ has to minimize expressionDx =
λ · dist(x, T ′) + (1− λ) · sum(x, T ′) . Denote
by Dv = λ · dist(v, T ′) + (1− λ) · sum(v, T ′)
the cost of nodev which is the neighbor of current
centdianx with the minimum value ofD from x
neighbors. For the sake of brevity we will defineKxv

asKx andKvx asKv (see Figure1). We should only
move the centdian towardsv if Dx > Dv. Notice that
dist(x, T ′) = Dx−(1−λ)sum(x, T ′)

λ . We conclude that
sum(x, T ′) = Wx + (Kv + 1) · d(x, v) + Wv and
sum(v, T ′) = Wv + (Kx + 1) · d(x, v) + Wx.
Therefore, Dv = (1− λ)( Wv + (Kx + 1) ·
d(x, v) + Wx) + λdist(v, T ′). There are five
different cases (out of nine) that should be dealt with
whenDx > Dv,

1. sum(v, T ′) < sum(x, T ′), dist(v, T ′) <
dist(x, T ′)

2. sum(v, T ′) > sum(x, T ′), dist(v, T ′) <
dist(x, T ′)

3. sum(v, T ′) = sum(x, T ′), dist(v, T ′) <
dist(x, T ′)

4. sum(v, T ′) < sum(x, T ′), dist(v, T ′) =
dist(x, T ′)

5. sum(v, T ′) < sum(x, T ′), dist(v, T ′) >
dist(x, T ′)

We present an analysis only for cases 1-3 that are
relevant, therefore

Dv = (1− λ)( Wv + (Kx + 1) · d(x, v) + Wx)+
+λdist(v, T ′) = (1− λ)(Wv + (Kx + 1)·
·d(x, v) + Wx) + λ(dist(x, T ′)−
−d(x, v))

Using the definition of centdian function (see Eq.1)

(1− λ)( Wv + (Kx + 1) · d(x, v)+
+Wx) + λ(Dx−(1−λ)sum(x, T ′)

λ − d(x, v)) =
= (1− λ)(Wv + (Kx + 1) · d(x, v) + Wx) + Dx−
− (1− λ)sum(x, T ′)− d(x, v)λ = (1− λ)Wv+
+(1− λ) (Kx + 1) · d(x, v) + (1− λ)Wx + Dx−
− (1− λ)sum(x, T ′)− d(x, v)λ =
= (1− λ)Wv + (1− λ) (Kx + 1) · d(x, v) + (1− λ)Wx+
+Dx − (1− λ)(Wx + (Kv + 1) · d(x, v) + Wv)−
−d(x, v)λ = (1− λ)Wv + (1− λ) (Kx + 1) · d(x, v)
+(1− λ)Wx + Dx − vWx − (1− λ)(Kv + 1) · d(x, v)
−(1− λ)Wv − d(x, v)λ

Finally, we get the following equation.

Dv = Dx + (1− λ)d(x, v)(Kx −Kv)− λd(x, v)

As stated above, centdian node will move if and only
if Dx > Dv. This occurs whenDx − (Dx + (1−
λ)d(x, v)(Kx −Kv)− λd(x, v)) > 0 or, in other
words, λ(Kx −Kv + 1) > 1. It follows that the
inequalityDx > Dv holds whenλ(Kx −Kv + 1) >
1

Based on this lemma and the well-known fact that
a centdian is located on the path connecting center
and median [20], we can locate the centdian in the
multicast tree, starting either at the center or at the
median of the multicast tree and going over the
path between them and improving locally from one
neighboring node to another.

Thus, the centdian in the tree can be found
in additional O(l) time when the location of the
center and the median is known, withl standing
for the hop count between the center and the
median. The above algorithm requires additional
O(MaxDeg ·MaxEdge) energy from each node in
the tree network when the location of the center
and the median is known, and whereMaxDeg
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6 A. DVIR AND M. SEGAL

is the maximum degree of a node in the tree
network andMaxEdge the maximum edge weight
in the tree network. This bound is achieved by the
following observation. Nodeu needs to compare
centdian function values as explained above with all
its neighbors; therefore, u sendsO(Deg) messages,
where Deg is degree of nodeu. The consumption
energy of nodeu is O(Deg ·MaxEdgeNode),
whereMaxEdgeNode is the maximum edge weight
(energy) of u. Thus, the energy consumption for
constructing (or update operation) a centdian node
is bounded byO(MaxDeg ·MaxEdge), where and
MaxEdge = max∀u∈V (T ′) MaxEdgeNode(u) and
MaxDeg = max∀u∈V (T ′) Deg(u).

It is well known that ad hoc sensor networks
have strong connection to random geometric graphs
G(n, r), which are obtained by placing randomn
points uniformly on the unit square and connecting
two points if their Euclidean distance is at most
r [72, 73]. Gupta and Kumar [74] conclude that,
with high probability, the critical transmission range
of nodes placed randomly on a disk of unit area
to obtain a connectivity should ber2 = log n

n ,
where n is the number of nodes in the network.
Avin and Ercal [75] showed that in a random
geometric graph with uniform node density across
the unit square, a square bin of the sizeA >
r2

µ ,µ ≥ 1 in connected network hasθ(nA) = θ(n ·
r2

µ ) = θ(log n) nodes. Thus,deg = θ(log n). As it
has been proved in [80] for uniform node density
across unit square the length of the largest MST
edge (which serves as a lower bound construction
for a connected network in terms of energy) is

O(
√

log n
n ), which means that the energy spent using

this edge isO( log n
n ). Thus, we can conclude that in

this case the worst case scenario leads toO( log2 n
n )

energy consumption of some node following bound
O(MaxDeg ·MaxEdge). Therefore, if the nodes are
equipped with batteries with energy charge ofO(n)
magnitude (i.e. comparable with the number of nodes
in the network), the lifetime of the network will be
prolongated.

2.1. Maintaining a centdian in a multicast tree

When there is any change in the multicast tree, each
node needs to update the number of nodes in its
branches. By usingKx values of the centdian node,
the maintenance algorithm updates the centdian node
of the multicast tree. If the multicast tree becomes
disconnected, the maintenance algorithm runs on the

subtree with the highest number of the multicast group
members. This can be accomplished usingKvx values
of nodev to every neighborx. Using this information,
both end nodes of every edge (and, in particular, of the
edge being deleted) determine which sub-tree contains
the larger number of the multicast group members.

In the following we show two different approaches
to maintain the centdian in a multicast tree, using
both the fact that the centdian function is convex and
therefore has only one minimum point.

The first approach maintains the center of the tree
in O(d) time using the algorithm [25] and uses the
fact that the centdian lies on the path between the
center and the median. The second approach uses
the fact that the neighbor of the old centdianx that
most improves the centdian function value lies on
the path between the old and the new centdian. Both
approaches find the node that improves the centdian
function value locally and points the direction towards
the new centdian of the tree. Thus, the centdian
can be maintained in a worst-case scenario with
additionalO(d + l) time and additionalO(MaxDeg ·
MaxEdge) energy consumption to each node in
the path for the first approach when the location of
the center and the median is known andO(d) time
by using the second approach withO(MaxDeg ·
MaxEdge) energy consumption to each node in the
path, wherel is the hop count between the new center
and the new centdian of the multicast tree, andd is the
diameter of the tree.

Since we want multicast group members only to
be assigned the responsibility of the core node, both
approaches need to be modified. If the new centdian
node is a multicast member, it becomes the actual
new centdian of the tree. If not, we seek back to
the old centdian in order to find a node belonging to
the multicast group and declare this node to be the
actual new centdian of the multicast tree. If there is
no such node, the old centdian continues to serve as
the centdian of the multicast tree.

3. Algorithm to find a centdian in Euclidean
plane

We model the topology of planar network as explained
above by having the edge weight function defined
as the squared distance between the nodes. The
motivation to choose this function is the common
method where the power transmitting behaves
quadratically to the weighted distance between the
transmitting and receiving nodes, i.e., between two
adjacent nodes on the multicast tree. Using the
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PLACING AND MAINTAINING A CORE NODE 7

observation in [10] and farthest point Voronoi
diagrams (see [8, 69]) we are able to solve the centdian
problem in the Euclidean plane inO(n log n) time.
The farthest-point Voronoi diagram of a collection
of points S in the plane is a partition of the plane
into cells, each consisting of the points farthest from
one particular point. This diagram can be constructed
in O(n log n) time supporting a query request in
O(log n) time, see [8, 69]. For a given pointp, a
query asks about the farthest neighbor ofp in S. Thus,
in O(n log n) time we can, for each point, find its
farthest neighbor performing a total ofn queries. In
other words, for every nodev in the network, we find
dist(v) in totalO(n log n) time.

Bespamyatnikh et al. [10] observed that the
”squared” Euclidean metric is separable, i.e., the
distance between two points is the sum of their
squaredx and y-coordinates’ differences. Based on
this observation, Bespamyatnikh et al. [10] was able
to compute for each pointpi the sum of squared
distances to all other points in totalO(n log n) time.
For the sake of clarity, we present below the algorithm
from [10]. We follow the notations from [10] and sort
the points according to theirx andy-coordinates. Let
{p1, . . . , pn} be the sorted points. For every pointpi ∈
S compute the sumΣx

i of thex-distances frompi to
the rest of the points inS. This is performed efficiently
as follows. For the pointp1 computeΣx

1 by computing
and summing up each of then− 1 distances. For1 <
i ≤ n define Σx

i recursively: assume thex-distance
betweenpi−1 andpi is δi, thenΣx

i = Σx
i−1 + δi · (i−

1)− δi · (n− i + 1). The sumsΣx
i (for i = 1, . . . n)

can be computed in linear time when the points are
sorted. The value of

∑y
i is computed similarly. Next,

let sumx
i =

∑n
j=1(xj − xi)2. The recursion formula

for computing all the squaredx-distances is easily
computed to besumx

i = sumx
i−1 − 2δi

∑x
i−1−nδ2

i ,
where thex-distance betweenpi−1 andpi is δi.

Assume the pointp ∈ S is ith in thex order andjth

in they order. The sum of squared Euclidean distances
from p to the points inS is sum(p) = sumx

i + sumy
j .

It now remains to compute for every nodev the
value of the centdian function based onsum(v) and
dist(v) values already computed. This is done in
linear time. Thus, we can conclude,

Theorem 3.1 Given a setS of n nodes in Euclidean
complete graph with a cost of every edge equaling the
squared Euclidean distance between nodes, we can
find the centdian node in this graph inO(n log n) time.

One way to implement this algorithm to real
network deployment is to have a few designated

nodes (anchors) equipped with GPS devise and let
other sensors to determine their position through
connectivity information of the network. This method
has been already shown at [76, 77]. In addition, as it
has been shown in [78], in the absence of anchors, the
nodes can use their virtual coordinates (instead of real
coordinates) in order to determine the order and the
pairwise distances between them. Moreover, this can
be done in the distributed fashion, see [79].

4. Simulation

This section describes a large-scale experiment in
detail. The objectives of the experiment were to test
whether the suggested construction algorithm and
the maintenance algorithm (second approach) actually
work and to compare the results with the performance
of other core algorithms. To test our construction and
maintenance algorithms we simulated a number of
cores. In each simulation we built a multicast network
tree and found the center and the median cores. We
then used our algorithm to find the centdian core of
the multicast tree. As we performed the simulation
we made an interesting observation about the runtime
bound of the first approach of maintaining the centdian
node.

To test our maintaining algorithm we classified the
median and centdian cores into two types:

• Thenon continuous core- after every change in
the multicast tree, we calculated the new center,
median and centdian core of the multicast tree.

• The continuous core- after each change in
the multicast tree, we move the corresponding
core one hop towards the optimal placement if
needed.

We had five cores to simulate:

• The center core as presented in [19].
• The median and continuous median core as

presented in [18].
• Our centdian core as presented in Section 2.
• Our continuous centdian core (second approach

to maintaining a centdian core) as presented in
Section 2.1.

4.1. Environment

We have used LEDA environment [29] with Pentium
4, 1G RAM, 1.8Ghz processor and Windows as OS.
The results were obtained following the guidelines
below:
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• For each node, the radius value refers to the
transmission range; however different nodes can
have different ranges.

• All the nodes are equal in their functionalities
and abilities.

• For the sake of simplicity we choose the
movement of each node to be based on random
movement [17]. In this model each node moves
from its current location to a new location by
randomly chosen speed and direction.

• There is no dependence between the nodes;
changing speed, acceleration or location of a
node is independent.

• The boundary of the network is predefined.
• The boundary of the initial deployed area to

place the nodes is predefined.
• In each simulation we predefined the number of

the multicast groups and randomly distributed
the nodes in the boundary of the initial area.

• The obtained results are the average results of
each simulation.

We define the network behavior in a specific scenario
based on predefined parameters:

• Number of nodes in the network.
• Number of nodes in the multicast group.
• The boundary of the area, in terms of units.
• The boundary of the initial deployed area, in

terms of units.
• Maximum speed of the nodes, in terms of unit

per simulation step.
• Maximum acceleration of the nodes, in terms of

unit per simulation step.
• Transmitting radius, in terms of units.
• λ value.

In simulation, we have used a SPT (shortest path
tree) algorithm for initial tree (from a fixed root).
Every simulation has been tested in 25 runs with the
same parameters to avoid statistic inaccuracies, while
every run contains 1000 steps (the nodes can move in
each step). We chose to simulate stable networks that
would not be cut into small components with nodes
moving, and spread sufficiently to give significant
transport/delay values. To simulate both ad hoc sensor
networks and mobile ad hoc networks we had to
change the velocity and acceleration parameters where
in sensor network both parameters were very small
in comparison to the network area and in mobile ad
hoc networks the parameters could be high. Nodes of
very small velocity and acceleration can simulate a
sensor network with bare changes when the nodes are
uniformly distributed in the given area.

4.2. Results

The main goal of our simulation is to examine the
influence of the multicast group on the behavior of the
cores. One parameter we wished to examine was the
period of time that cores are co-located at the same
node (defined by collision). Utilizing the collision
parameter we could see whether the continuous core
was close to the non-continuous core or, in other
words, whether our maintaining algorithm made the
continuous centdian core follow the real centdian
of the multicast tree. For certain values ofλ, the
collision value between the median and centdian core
and between the center and centdian core should be
one, but in our simulation the collision value in those
cases is less than one. The reason for this is the well-
known fact that in a tree network two centers/medians
may possibly exist but in the simulation they were
arbitrarily chosen. Another parameter was the life
span, being the period of time/rounds when the core
does not change its location.

The number of networks that can be simulated
is large, therefore, before examining the above
parameters, we wanted to explore whether there is a
relation between networks with similar parameters.
We took 26 different sets of network parameters
with the same size of nodes and multicast group
(λ= 0.75). Each set had different parameters but
the ratio between the parameters in the simulation
were similar as can be seen in Figure2. Examining
carefully the simulation results, we noted that the
transport/delay/life span/collision values of the cores
were different but the tendency of the values was
similar as can be seen from Figure3. Moreover, we
also wanted to check whether the initial deployed
area to place the nodes had any influence on the
results. Thus, we partitioned the sets of simulations
into two groups representing different ratios between
the initial area/boundary area; the first group being
1− 13 indexed sets (with a ratio of 0.04) and the
second group being14− 26 indexed sets (with a ratio
of 1). Comparing Figures4 A and 4 B shows that as
long as the simulation is sufficiently long (number of
steps) there is no influence of the initial deployed area
on the MANET.

One of our goals was to understand the connection
between networks with different sizes of nodes having
the same parameters. It is obvious that as we increase
the network and multicast group sizes the values of
the transport/delay/lifespam will also increase, but
the behavior remains unclear regarding the collision
between cores. To understand the behavior we chose to
simulate three types of networks (λ = 0.75) with the

Copyright c© 2008 John Wiley & Sons, Ltd.
Prepared usingwcmauth.cls

Wirel. Commun. Mob. Comput.00: 1–14 (2008)
DOI: 10.1002/wcm



PLACING AND MAINTAINING A CORE NODE 9

same parameters except for the network and multicast
group sizes where the initial deployed area is equal
to the boundary area. We simulated each group with
various sizes but always with the same ratio between
them. We simulated three ratios where for each one we
chose three pairs of network and multicast group sizes:

• ratio 2:1 (network size/multicast size) - 100:50,
60:30, 24:12.

• ratio 3:1 (network size/multicast size) - 100:33,
60:20, 24:8.

• ratio 4:1 (network size/multicast size) - 100:25,
60:15, 24:6.

Figures 5 A-C, show examples of transport values
for the three ratios (purple = 100, pink = 60, yellow
= 24 nodes), reflecting the behavior of the results
where the values differ but the tendency is similar.
Even in the delay (and of course life span and core
collision) the tendency is the same as can be seen from
Figure 5D. Therefore, we can simulate medium-size
networks (100 nodes) to understand the results of large
networks. To ensure our assumption we simulated a
large network:

• Number of nodes in the network= 400.
• Number of nodes in the multicast group= 200.
• The boundary of the area square= 1000X1000.
• The boundary of the initial deployed area is the

same as the boundary of the area.
• Maximum speed of the nodes= 30.
• Maximum acceleration of the nodes= 20.
• Transmitting radius= 75− 250.
• λ value= 0.75.

It can be noted from Figure6 that the behavior of
collisions is similar.

Finally, we aimed of checking the influence of
the ratio between the transmitting radius and the
boundary area and the influence of the velocity and
the acceleration in the performance of the algorithms,
and thus we examined the following network:

• Number of nodes in the network= 100.
• Number of nodes in the multicast group= 25.
• The boundary of the area square= (100−

500)X(100− 500).
• The boundary of the initial deployed area is the

same as the boundary of the area.
• Maximum speed of the nodes= 20.
• Maximum acceleration of the nodes= 4− 20.
• Transmitting radius= 100− 20.
• λ value= 0.75.

From the results obtained we noted that as long
as the ratio between the radius and the boundary
remains the same the performance of the algorithms
becomes similar. This can be seen in the core life span
example, see Figure7. In the above simulation the
maximum speed is fixed; therefore the influence of
the acceleration is only on how fast a node will reach
the maximum speed. This leads us to the conclusion
that changing the acceleration some influence on the
absolute values of the collisions number, but almost
no impact on the change tendency in collision values.

To check the influence of the velocity in the
performance of the algorithms and the cores, we tested
the following network:

• Number of nodes in the network= 40.
• Number of nodes in the multicast group= 10.
• The boundary of the area square=

(600)X(600).
• The boundary of the initial deployed area is the

same as the boundary of the area.
• Maximum speed of the nodes= 10− 100.
• Maximum acceleration of the nodes is same as

the maximum speed value.
• Transmitting radius= 100.
• λ value= 0.75.

From these results we can learn that as the velocity
increases the network becomes disconnected (in
high velocities) and the cores life span decreases.
Moreover, the number of collisions between the cores
also decreases. This is mostly expressed when we
comparing continuous and non continuous cores.
Therefore, the above algorithms for finding and
maintenance of the cores are not suitable for high
speed networks except when the continuous centdian
and centdian core produce large overlap between
them, as seen in Figure8. To conclude, the velocity
has a high influence on the network behavior.

We also learned that the behavior of the cores in the
multicast tree is sometimes similar to the behavior of
the cores in a regular network tree, for example:

• Whenλ = 1 the collision between the centdian
core and the center core is 100%.

• When λ ≤ 0.5 the collision between the the
centdian core and median core is 100% as was
proved in [20].

Figures9–16 are taken from simulations of ad hoc
network with the following parameters:

• Number of nodes in the network = 100.
• Number of nodes in the multicast group = 50.
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10 A. DVIR AND M. SEGAL

• The boundary of the area = 600X600.
• The initial deployed area is = 600X600.
• Maximum speed of the nodes = 30.
• Maximum acceleration of the nodes = 20.
• Transmitting radius = 100, 125, 150, 175, 200,

225, 250.
• λ value = 0, 0.25, 0.5, 0.75, 1.

In those simulations we aimed at exploring the
influence of the radius on the constraints values of
the network. We did not change the area parameters
since for a network with fixed parameters changing
the transmitting radius is equivalent to change in the
area parameter. The number of nodes in the network
and in the multicast group remained the same. The
maximum speed and acceleration values were chosen
to guarantee a connected network.

In particular, Figures9 and 10 show the transport
and delay values of the multicast tree network with
the simulated cores as a unimodal linear function, with
a break point being the maximal value. The reason
for this lies in the fact that as the radius grows the
network becomes more connected and more nodes
participate in the network. Starting at some point of
time the network becomes fully connected and the
paths from nodes to the core contain small amounts
of hops. Figures9 and10 show the same values for
the median and centdian cores and for the continuous
median and continuous centdian cores. The reason for
this ensues from the definition of centdian.

Figure11 shows the connection between the radius
and the life span of the core. As the radius increases so
do the connectivity, the average degree of the network,
the overall transport and delay values decrease, thus
resulting in an increase in the life span. In this
simulation λ = 0.75, the values of the cores being
different. The best life span core is achieved by the
center core which is only affected if the diameter
changes. The values of the continuous centdian core
are better than the continuous median core, similar to
the values of the median core and become better as we
increase the radius. This is because of the influence of
the delay value in the centdian function.

The collision between the different cores with
various values ofλ and radii is depicted in Figures12
- 15. In Figure12 we focus on the collision between
the centdian and median cores, while in Figures13–
14 we examined the collision between the continuous
centdian and the other cores. Figure15 shows the
collision between the new centdian and the new center.
As long as λ ≤ 0.5 there is a strong connection
between the values of the continuous/noncontinuous

centdian (our new algorithms) and those of the cores.
On the other hand, whenλ = 1 there is a strong
connection between the continuous/noncontinuous
centdian and center cores.

In this paper we presented two core maintenance
algorithms. The first approach hasO(d + l) time
whered is the diameter of the tree andl is the hop
count between the median and the center of the tree.
We simulated the second approach of the maintenance
algorithm. By-product of the simulations is the ability
to calculate thel parameter from each simulation. In
Figure 16 we attempted to estimate thel parameter.
From the results we can learn that for most radii
values, the valuel (number of hops between center and
centdian) is small. Even in the large scale simulation
(n=400) the values ofl are small compared to the
diameter of the tree in hop count. This infers that in
a small number of hops we will update the centdian
of the tree as presented in the first approach of the
maintaining algorithm.

In general we can conclude that the continuous
centdian core achieves a better convergence to delay
performance than the median core, and better transport
performance than the center core. The continuous
centdian core achieves these properties in well
connected networks as well as in sparse networks.
Finally, we claim that the continuous centdian and non
continuous centdian cores achieve the best collision
values between them, even in high speed networks.

5. Conclusion and Future Work

We have developed a new distributed algorithm for
finding and maintaining the centdian core in an ad
hoc network based on processing local information
of the network. Our core node attempts to balance
between the transport and the delay in mobile ad
hoc networks and in a non aggregation model of an
ad hoc sensor network. In such networks the main
problem is gathering the data from the sensors to the
core without aggregation; the delay constraint focuses
on the query time. Using the simulation we tested
our new algorithms and showed that in a multicast
network these algorithms can be used to maintain
the centdian of the multicast tree. We simulated the
second algorithm approach and also showed that the
l parameter of the first approach is low. The above
algorithms, both construction and maintenance, are
not suitable for high speed networks other than the
continuous centdian and centdian cores. Therefore, a
non continuous centdian core can be used in high
speed networks where the life span of this core is high
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compared to the others, i.e. its energy usage will be
low.

For future research, the analytic analysis to bound
valuel appears interesting. The analysis of the model
where one assumes some distribution for the velocities
of the nodes also seems attractive. Another interesting
direction is to find a way to use ordered median
concepts in a distributed manner with local updates
to maintain the core. Moreover, comparing both
maintaining algorithm seems to be an interesting point
for future work.
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Fig. 12. The collision between the Centdian and Median with variety values of radius andλ
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Fig. 13. The collision between the Centdian and Continuous Centdian with variety values of radius andλ
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Fig. 14. The collision between the Continuous Centdian and Continuous Median with variety values of radius andλ
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Fig. 15. The collision between the Centdian and Center with variety values of radius andλ
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