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Abstract

In this paper, we focus on the challenge of demand-scalable multicast routing in wireless sensor networks. Due to the ad-hoc nature of
the placement of the sensor nodes as well as the variations in the available power of the nodes, centralized or stateful routing schemes are
not applicable. Thus, in this paper, we first introduce a Geographic Multicast routing Protocol (GMP) for wireless sensor networks.1 The
protocol is fully distributed and stateless. Given a set of the destinations, the transmitting node first constructs a virtual Euclidean Steiner
tree rooted at itself and including the destinations, using a novel and highly efficient reduction ratio heuristic (called rrSTR). The simu-
lation results on NS2 show that GMP requires 25% less hops and energy than the existing Position Based Multicasting, PBM, Location-

Guided Steiner trees, LGS, approaches. The GMP algorithm as well as LGS and PBM all assume that each recipient receives the same
copy of the multicast message. In reality, however, especially when the transmission includes streamed media, different recipients have
different demands (in terms of the frequency of packets or the quality of media). Thus, in this paper, we investigate the suitability of the
geographic multicasting schemes for situations where scalable transmission paths can save power. In particular, we propose intuitive
mechanisms to extend the three schemes to cases where the data transmission can scale based on the demand. This leads to three
new weighted multicast routing algorithms: wGMP, wLGS, and wPBM. The results show that the wGMP algorithm provides the best
opportunities for scalability due to its flexible self-correcting decision making process, while other schemes, such as wLGS and wPBM are
not directly suitable for scalable multicasting, due to their naively greedy structures.
� 2007 Published by Elsevier B.V.
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1. Motivation and related work

In this paper, we address the challenge of demand-scal-
able multicast routing in wireless sensor networks. Applica-
tions of wireless sensor networks vary from personal area
networks to wide-area networks, where sensors are placed
on very large terrains for in situ observations. Since archi-

tected configurations are not feasible in most cases, the net-
work has to function in a fully distributed and scalable
manner. Furthermore, to save power of the sensors and
routing nodes, network protocols have to be energy effi-
cient. Due to the ad-hoc nature of the placement of sensor
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nodes as well as the variations in the available power of the
nodes, centralized or stateful routing schemes are not
applicable in wireless sensor networks.

Geographic routing in sensor networks. Unlike most
wired networks, such as the Internet, where network neigh-
borhood does not necessarily correspond to the physical
neighborhood of the nodes, wireless sensor networks can
benefit from the available geographic information to elim-
inate expensive network operations, like flooding. For
example, [6] and [23] present two similar greedy unicast
routing algorithms called GFG and GPSR, respectively,
which use the knowledge of the geographic positions of
the nodes to minimize the number of hops. Essentially,
each transmitting node chooses the neighbor closest to
the destination as the next hop. In [62,64], we proposed sin-
gle- and multi-path geographic routing algorithms (GPER
and MGPER, respetively) which use local neighborhood
information to identify power-efficient unicast routes.
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2 In PBM, from the current node’s point of view, the bandwidth usage is
proportional to the number of next hops forwarding the packet.
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Geographic unicast protocols reported in the literature
include [31,65,57,30,6,55,1,26].

Geocasting and geographic multicast routing. In contrast
to single-source single-destination unicast schemes, group
communication schemes like geocasting and multicasting
aim at identifying one-to-many transmission paths. During
the past decade, there has been a flurry of activities for
multicasting in wired networks. However, there are funda-
mental differences between multicasting in wired and wire-
less networks. The simplest group communication scheme
in a sensor network is geocasting, where a message is deliv-
ered to all nodes within a specified geographic region. In
most geocasting schemes, the packet is first forwarded to
any node in the destination region and then flooded to oth-
ers within this region. Various geocasting protocols are
presented in the literature [25,28,56,3,13,27].

Multicasting is another technology for supporting group
communication among a group of nodes in wireless sensor
networks. However, unlike geocasting, in multicasting, the
set of destinations cannot be simply represented by any
particular region: (a) individual destinations may be dis-
tributed in a wide area and (b) in a given area, not all nodes
may be included in the list of destinations. Examples of
multicast applications in wireless sensor networks include
when a prime node is interested in the attributes of a collec-
tion of nodes and thus needs to communicate commands to
this distributed set of wireless sensors in an observation
network [53,22,19,36]. Another use example is data centric
sensor networks [45], where data are named based on attri-
butes and are hashed to different geographic locations.
Since each data object may have multiple attributes, it
may be hashed to different geographic locations. In such
cases, updates to the copies of a data object requires dis-
semination to multiple sensor nodes in the network. For
military use, multicast is also important for group commu-
nication, for example in a battlefield. Multicasting can also
be used in multi-source single-destination data collection
applications for identifying a suitable reverse data delivery
tree. Multicasting (as opposed to multiple unicasting) pre-
serves network resources by reducing redundant messag-
ing. Therefore, the quality of multicast trees created by
the system has a big impact on the survivability of a sensor
network with large numbers of group communications.

Most existing multicast routing protocols maintain a
distributed structure for the delivery of multicast packets.
In tree-based structures [11,5,61,42,48,54,21], there is only
one path for each destination; multiple destinations may
share parts of their paths. In mesh-based structures
[32,16,33,12], there may be multiple paths from a given
source to each destination. Scoped flooding based multi-
cast protocol can be found in [9]. As in our GPER single-
and multipath geographic routing algorithms [62,64] aims
to leverage variable radio ranges of the available nodes
to take advantage of the reduced energy consumption
(but paying a price in terms of increased hop counts).
Unfortunately, topology changes, node failures, and group
membership changes can render the communication and
reconfiguration overheads of maintaining a distributed tree
or mesh structure unacceptably high. In stateless multicast
routing protocols, there is no need to maintain multicast
session information. Consequently, in most of these
schemes a fixed distributed structure is not maintained.
Instead, the membership information is controlled by the
data sources and the destinations and subdestinations are
inserted into the packet at the time of forwarding. Several
works [22,10,8,36] addressed stateless geographic multicast
routing problem.

Although it is stateless, Differential Destination Multi-

cast (DDM) [22] algorithm relies on an underlying unicast
routing protocol for forwarding packets towards their des-
tinations. Therefore, the multicast tree is implicit and cannot
be controlled by DDM itself. In contrast, in source-routing
based schemes (such as Dynamic Source Multicast, DSM
[10]), the entire multicast tree is created by the source
node in advance. In DSM, each node knows its own geo-
graphic location and periodically floods this information
to the network so that every node in the network knows
location of the others. Every time a source node needs to
send a packet to a multicast group, it computes a multicast
graph of nodes from the cache of locations it knows. In
DSM, a minimum spanning tree based heuristic is used to
create this routing graph. The resulting multicast tree is
encoded using a Prüfer sequence [43] and included in the
outgoing packet. Each receiving node on this path decodes
the multicast tree information and routes the packet to the
next nodes as decided by the source. In Location-Guided

Steiner Trees (LGS) [8], each node only needs to know its
own location and the locations of its neighbors. The source
node locally constructs a multicast tree (using a minimum
spanning tree based heuristic) consisting of itself and the
destination nodes. A copy of the packet is then forwarded
greedily towards the root of each subtree. The correspond-
ing destinations in the subtree are also encapsulated in each
copy of the packet. Position Based Multicasting (PBM) [36]
is another protocol which makes forwarding decision based
on local knowledge. Unlike LGS, however, it jointly opti-
mizes (a) the progress of the packets towards the destina-
tions and (b) the bandwidth usage.2 GMR[49] proposes a
cost over progress criteria to select next hops among neigh-
bors, where the cost function is proportional to the number
of next hops selected and progress is the expected distance
advance by forwarding through the next hops. uCast [7]
uses a scoreboard algorithm to calculate the next hops.
In each iteration, the neighbor which covers most destina-
tions gets the highest score and is chosen as a next hop.
Once a neighbor is selected as next hop, the next iteration
continues after this neighbor and those destinations cov-
ered by this neighbor are removed. There are other works
which takes both spatial and temporal information into
consideration to achieve just-in-time multicast, [20].
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Layered multicasting in wired and wireless networks. An
underlying assumption in these geographic multicasting
schemes is that all recipients receive the same copy of the
multicast message. In reality, however, especially when
the transmission includes streamed media, different recipi-
ents have different demands (in terms of the frequency of
packets or the quality of media). A solution to varying
bandwidth constraints is transcoding [4], where intermedi-
ate network nodes re-encode the video down to a lower
rate before forwarding when a lower bandwidth is avail-
able. This approach however is computationally expensive
and is not suitable for wireless scenarios where high degrees
of computation should be avoided to save power. A more
scalable solution to multicasting of streaming media is
the use of hierarchical or layered encoding schemes [52].
In multi-layered media (image or video) encoding, the data
is encoded into one or more easily separable layers, each
with a different priority. Usually, a base layer contains
the most important information, while enhancement layers
contain data with lower priorities that can be dropped
based on bandwidth availability. In spatial layering, a mul-
tiresolution representation is used to split each frame into
layers. In SNR layering, the various layers are obtained
through varying quantization degrees. DCT and DWT
are also used to obtain subbands of a video or image such
that more subbands provide higher quality. Layered video
encoding schemes commonly used include MPEG-2 scal-
able profile, MPEG-4, and H.263+. In receiver-driven mul-
ticast schemes, such as [37], the source generates a number
of layers and the destinations subscribe to as many layers
as they need. In sender-driven (or source-adaptive)
schemes, such as [41], the source uses congestion feedback
to adjust the number and the bit rates of the layers. For
example, in [60,59] uses multilayered video encoding
schemes along with explicit range based congestion feed-
back to adjust trasnmission rates.

1.1. Contributions of this paper: Demand-scalable

geographic multicasting through an efficient and effective
euclidean steiner tree heuristic

In this paper, we first introduce Geographic Multicast

routing Protocol (GMP) for wireless sensor networks. We
then show that GMP can be expanded to multicasting sce-
narios with differing client-demands better than alternative
geographic multicasting schemes.

1.1.1. Geographing multicasting with virtual euclidean

steiner trees

As discussed above, while creating the minimum span-
ning tree for partitioning the destinations, LGS [8] does
not consider any geographic points other than the actual
destinations themselves. Thus, it significantly constrains
the trees that it can generate. Consequently, this may result
in both greater number of hops in the resulting multicast
trees and larger per-destination hop counts. PBM [36] tries
to balance the per-destination hop count with the total
number of hops needed to reach all destinations, with the
help of a trade-off parameter. The optimal value of this
parameter, however, changes from task to task and
depends on the number of neighbors and the distribution
of destinations. Thus, choosing a single suitable parameter
value is not easy.

In this paper, we first introduce a virtual Euclidean Stei-
ner tree based multicast routing protocol where (a) trans-
mitting nodes do not require any global knowledge to
create a tree which will be used for partitioning the destina-
tion nodes into groups and (b) they use only local informa-
tion during actual route selection. Note that the general
Euclidean Steiner tree problem is NP-hard [24]. However,
a special case where there are only three nodes, the Steiner
point can be calculated efficiently as in [40]. Our algorithm,
Geographic Multicast routing Protocol (GMP, initially
sketched at [63]), exploits this to create heuristic Euclidean
Steiner trees efficiently (in polynomial time) and effectively,
without any global knowledge about where the sensor
nodes are. The progressive nature of the routing scheme
enables continuous refinement of the resulting trees, pro-
viding better multicast trees than similar schemes discussed
above.

The GMP protocol is a Euclidean Steiner tree based
multicast protocol. The underlying idea of GMP is that

each transmitting node constructs a heuristic Euclidean
Steiner tree, including the source and all destinations.
The tree is virtual in the sense that it may include interior
vertices that do not correspond to any actual wireless
sensor nodes.

The destinations are divided into groups based on this
tree. As in LGS, a copy of the packet is then forwarded
to a suitable next hop and the process is repeated by the
receiving nodes until all destinations are reached. Essen-
tially, there are two main differences between GMP and
LGS: (1) GMP uses an efficient and effective heuristic to
construct Euclidean Steiner tree (which allows all possible
Euclidean points) while splitting destinations into parti-
tions and (2) the subdestination (root of the subtree)
towards which the packet is forwarded is constrained to
be an actual destination in LGS, while in GMP it can be
any Euclidean Steiner point. As shown in Section 7.1, these
flexibilities result in significantly better multicast trees.

1.1.2. wGMP – Demand-scalable geographing multicasting

In this paper, we also investigate the suitability of the
geographic multicasting schemes, including LGS, PBM,
and GMP, for situations where scalable, layered transmis-
sions can save valuable power. In particular we propose
mechanisms to adapt the existing schemes to the cases
when the data can scale through layering mechanisms
based on the demand.

Section 7.1 shows that GMP algorithm provides signifi-
cant savings over both LGS and PBM algorithms in cases
where all the destinations have identical data demands.
Naturally, this may not be true for the weighted versions
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of these algorithms adopted for the cases where consumers
have varying quality and data demands. In Section 7.2, we
provide simulation results (through NS2 network simula-
tor) which compare wLGS, wPBM, and wGMP in terms
of the number of packets transmissions as well as the total
power consumption. The results show that the wGMP
algorithm provides the best opportunities for scalability
while wLGS and wPBM are not directly suitable for
demand-scalable multicasting.

1.2. Organization of the paper

The remainder of this paper is organized as follows. Sec-
tion 2 describes the wireless network model we assumed in
this paper. Section 3 describes two existing geographic mul-
ticast routing protocols, LGS and PBM. Section 4
describes the rrSTR heuristic, based on a novel reduction

ratio concept, for the construction of the Euclidean Steiner
trees. Section 5 describes the GMP multicast routing proto-
cols based on the Euclidean Steiner tree. Section 6 describes
the weighted version of the three multicast protocols. Sec-
tion 7 presents experiment results which evaluate the per-
formance of GMP and compares it against alternative
protocols. In addition, the performance of the weighted
version of the multicast protocols are also presented in Sec-
tion 7. Finally we present our conclusions in Section 8.

2. Wireless network model

In this paper, we adopt a commonly used sensor net-
work model [62,23,66,47]: A set, S, of nodes is located in
a two dimensional geographic area, G. Each node vi 2 S

has coordinates, coord(vi) = Æ xi, yiæ. Each node knows its
own coordinates. This can be achieved either through an
internal GPS device or through a separate calibration pro-
cess [23]. The location of a node acts as its ID and its net-
work address. Therefore, there is no need for a separate ID
establishment protocol. Each packet is marked with the
location of the next hop and the corresponding node picks
up the packet. The source node (generally a prime node)
knows the destinations and their requested data consump-
tion rates prior to the dissemination of the data packet. In
this paper, we do not focus on the problem of how to estab-
lish and maintain multicast groups. In the literature, there
are works ranging from static group membership [22,10] to
highly dynamic scenarios supported by the source node
[45,8] or a separate group management service [35]. In this
paper, we focus on the problem of achieving efficient mul-
ticast routes between a source and destinations.

We assume that each node in the network has the same
radio range, r. The wireless channels are assumed to be
lossless. Note that the wireless channels in real sensor net-
works can be unreliable. Routing strategies for such lossy
sensor networks have been proposed in [51]. In [51], the
current node is assumed to know the packet reception rate
of its neighbors and only those neighbors with reception
rate larger than a threshold are considered for forwarding.
In this paper, we do not consider channel loss explicitly.
However, we note that the GMP protocol proposed in this
paper can be extended for lossy wireless networks, for
example by setting appropriate threshold value as in [51].

In this paper, we assume the commonly accepted chan-
nel power model, q = a*dc + b, where q denotes the trans-
mission power, d denotes the distance between the sender
and the receiver, and c is the power loss constant, typically
between 2 and 4 [44]. In the power model, a and b are the
distance-relative and constant terms of the power con-
sumption. The energy consumption for transmitting a
packet is therefore E = q*t, where t is the transmission time
of the packet and t equals to the length of the packet
divided by the channel data rate. The receiving power of
each listening node in the neighborhood of the transmitting
node is l, which is constant (or distance-insensitive).

To reduce the idle listening power consumption, various
wireless network platforms use sleep and wake-up based
solutions, where nodes may turn off to save power. Some
algorithms, like STEM [50], use two radios, one for data
and the other, low-duty-cycle mode radio, for waking-up
sleeping nodes. Others, like GeRaF [69], on the other hand,
do not assume that a sleeping node may be forced to wake
up. Instead, in GeRaF, when a node wants to transmit a
packet towards a destination, zero or more active nodes
close to the target will receive the message. The actual node
that will receive and forward the message is not known a
priori by the sender, but rather is decided (probabilistically)
after the transmission has taken place, according to nodes’
own locations towards the destination. In this paper, we do
not assume a specific mechanism that deals with sleeping or
failed nodes. However, the incremental nature of the pro-
posed GMP enables various GeRaF like extensions.

3. Background

In this section, we describe two existing geographic mul-
ticast protocols: LGS [8], PBM [36]. Both multicast proto-
cols are stateless and use only local information; i.e., each
node needs to know only its own location and the locations
of its neighbors.

3.1. LGS: Location-Guided Steiner tree

LGS [8] aims at minimizing the overall bandwidth cost
of the multicast paths. In LGS, the source node computes
an approximate Steiner tree that consists of only the source
node itself and the destination nodes. Although Steiner
trees are commonly referred as multicast distributions tree
for efficient delivery of packets in a fixed network, the Stei-
ner tree problem in a graph is NP-hard, even if the global
topology knowledge is given, i.e., even when the current
node knows the locations of all sensor nodes in the network
[24]. Thus, LGS approximates the Steiner tree using a min-
imum spanning tree based heuristic, which incrementally
builds the multicast tree as follows: (1) Initially, there is
only one node in the tree, which is the source node; (2)
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At each iteration the node that is closest to the partially
constructed tree is added to the tree. Note that LGS
scheme overly constrains the multicast trees it can generate,
because only the source node and the actual destination
nodes can be included in the constructed tree.

After creating the multicast tree, the source node then
creates a copy of the data packet for each subtree and
encapsulates the corresponding destinations in the subtree
in the copy of the packet. The copy is then forwarded
greedily towards the root of the subtree, i.e., the packet is
forwarded to a neighbor that is closest to the root of the
subtree. After receiving a packet, the next hop node
extracts the corresponding set of destinations and then
repeats the same process to partition this set into subsets
of destinations. After this, copies of the packets are for-
warded to roots of each partition and the process is
repeated by those roots.

LGS assumes the network density is large enough that
an appropriate next hop can always be found for the group
of destinations in each subtree. However, there are cases
that no neighbor of current node is closer to the root of
the subtree. LGS will fail in such cases.

3.2. PBM: Position Based Multicast

PBM on the other hand does not construct a complete
multicast tree structure for routing. PBM only tries to find
an appropriate set of neighbors as next hops and assigns
each destination to a neighbor in the set that is closest to
this destination. To find such a set, PBM jointly optimizes
(a) the progress of the packets towards the destinations and
(b) the bandwidth usage, using the following optimization
criterion [36]:

CostPBM ¼ k � j M jj N j þ ð1� kÞ

�
P

d2Dminm2M distanceðm; dÞP
d2Ddistanceðs; dÞ ð1Þ

where s is the source node, N is the set of neighbors, M ˝ N

is the set of next hops, D is the set of destinations. There-
fore, the optimization criterion includes two components:
the overall remaining distance to all destinations and the
number of neighbors being used as next hops (the more
the next hops are, the more the bandwidth usage is from
the current node’s view). By considering all possible subsets
of its neighbors, PBM identifies one that minimizes the
optimization criterion. Each destination is assigned to a
neighbor in the set that is closest to itself. The destinations
are then partitioned based on the identified subset; each
neighbor in this subset becomes the forwarding node for
this packet towards the corresponding partition.

There are cases when a destination cannot be assigned to
any neighbor because no neighbor is closer to this destina-
tion than the current node. PBM groups all such void des-
tinations into one group and performs perimeter routing
for this group (which avoids the void by using a fixed rout-
ing strategy).
Note that since each possible subset of the neighborhood
has to be considered, the PBM algorithm may be very
costly, especially when there are large numbers of neighbors
and destinations. Furthermore, the behavior of PBM is gov-
erned by a not-so-easy-to-set parameter, k, which describes
the preference between the two decision criteria: (a) tradeoff
between remaining overall distance towards the destina-
tions and (b) bandwidth usage (proportional to the number
of next hops). The value of this parameter is fixed during
actual routing; however, for a particular multicast scenario,
the routing performance (e.g., number of transmissions,
energy consumption) depends on the value k. The optimal
value of this k parameter depends on the number of neigh-
bors and the distribution of the destinations relative to the
current node. Therefore, choosing the right parameter value
is not trivial. As opposed to PBM, GMR [49] tries to elim-
inates the need for such a parameter by defining the optimi-
zation criterion as bandwidth usage divided by the progress
towards the destinations.

4. rrSTR: A novel Reduction ratio measure for generating

Euclidean Steiner trees

As described in Section 1, the GMP multicast routing
algorithm, we initially sketched at [63] and we are detailing
in this paper, is based on Euclidean Steiner trees [24]. The
Euclidean Steiner tree problem is to connect a given set of
points in the Euclidean space together, possibly by intro-
ducing extra points that are not in the given set, and min-
imize the total length of the line segments connecting all the
points. Note that generating optimal Euclidean trees is a
costly operation [24] which needs to be avoided. There
are many heuristics [39,2,67] and approximation algo-
rithms [68,18,46] to address this problem. Although they
are much cheaper than optimal solutions, most approxima-
tion algorithms are still too costly to be deployed at sensor
nodes. Some existing heuristics [38] apply to rectilinear
Steiner problems and some are minimum spanning tree
based algorithms [39,46,67].

4.1. Reduction ratio

These general purpose heuristics do not necessarily fit
well for geographic multicasting. In fact, we note that (a)
due to the lack of up-to-date global knowledge of the state
of the wireless network, the Steiner tree points computed by
any algorithm are not likely to be actual hops that will be
used in the resulting route and (b) each receiving node in
the network will have the opportunity to readjust the Steiner
tree based on its own position. Therefore, instead of relying
on expensive approximations or general purpose heuristics,
in this paper, we focus on the following observations:

• Observation 1: when two destinations are far away from
the source but are close to each other, they are likely to
share subpaths. For example, in Fig. 1, destinations {u,
v} are likely to share subpaths on the multicast tree.
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Fig. 1. Destinations {u, v} are far away from the source and close to each
other; therefore they are likely to share subpaths on a multicast tree. The cross
angle of line segments sc and sd is small; thus destinations {c, d} are also likely
to share subpaths paths. Similarly, destinations {u, v} are likely to share
subpaths with c. How this multicast tree is created is described in Section 5.
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• Observation 2: when the angle of the line segments con-
necting the source node and the destinations are small,
the nodes are likely to share subpaths. For example, in
Fig. 1, destinations {u, v, d} are likely to share subpaths
with destination c.

To uniformly capture these two observations, we intro-
duce a novel measure called reduction ratio. Given a pair of
destination points, (u, v), and a source node, s, reduction
ratio, RR(s, u, v), is defined as follows:

RRðs; u; vÞ ¼ 1� dðs; tÞ þ dðt; uÞ þ dðt; vÞ
dðs; uÞ þ dðs; vÞ ð2Þ

Here t is the exact Euclidean Steiner point of these three
nodes {s, u, v}, with the following property: the three edges
from the given three nodes incident to the Steinter point
form three 120� angles [40], that is, \stu, \stv and \utv

are both 120�.
The reduction ratio measure has two major advantages:

First of all, although the general Euclidean Steiner tree prob-
lem is NP-complete, the special case where there are only
three nodes, u, v, and s in the Euclidean space, finding the
Steiner point of these three points t such that d(t, u) + d(t,
v) + d(t, s) is minimum can be calculated very efficiently, in
polynomial time [40]. Furthermore, the reduction ratio mea-
sure has the following properties, first two of which mirror
our two motivational observations guiding the likelihood
of two nodes on the network sharing a sub-path:

• Property 1: Given a source and two equidistant destina-
tion nodes, the reduction ratio would be larger if these
two destinations are located further away from the
source. For example, in Fig. 2(a), the reduction ratio
of (p, q) is larger than the reduction ratio of (u, v).

• Property 2: Given a source and a pair of destinations,
the reduction ratio would be larger if the angle between
the two line segments connecting the source node and
the two destinations is smaller. For example, in
Fig. 2(b), the reduction ratio of (u, v) is larger than the
reduction ratio of (u, v 0).
Fi
th
is
(u
• Property 3: The value of reduction ratio is always less
than 1/2.

The proof of these properties are presented next.

Proof 4.1 (Property 1). Let us denote the source node as
s and the two destinations as u and v. Let d(u, v) be equal
to L and let \tsu and \tsv be h as shown in Fig. 3(a).
We prove Property 1 by showing that the reduction ratio
of nodes {s, u, v} is either 0 or it decreases when h
increases.

Steiner points have the property that, when h is greater
or equal to p/3, the Steiner point t is exactly at the
position of s. Therefore, in that case, the reduction ratio
is 0.

Next we consider the case where h is less than p/3. In
this case, \vut and \uvt are both p/6, and \utv is 2p/3.
Thus, we have, dðu; tÞ ¼ dðv; tÞ ¼ L=

ffiffiffi
3
p

and dðs; tÞ ¼
L=ð2 � tanðhÞÞ � L=ð2 �

ffiffiffi
3
p
Þ. Therefore, the reduction ratio

can be computed as

RRðs;u;vÞ¼ 1�2�L=
ffiffiffi
3
p
þL=ð2� tanðhÞÞ�L=ð2�

ffiffiffi
3
p
Þ

2�L=ð2� sinðhÞ

¼ 1�
ffiffiffi
3
p
� sinðhÞþ cosðhÞ

2
ð3Þ

The derivative of Eq. (3) is

dfh ¼
sinðhÞ �

ffiffiffi
3
p
� cosðhÞ

2
¼ 1

2 � cosðhÞ ðtanðhÞ �
ffiffiffi
3
p
Þ ð4Þ

Note that dfh is always less than 0 for h < p/3. Thus, the
reduction ratio decreases when h increases and h < p/3.
This and the fact that reduction ratio is 0 for the case where
h P p/3 completes the proof. h

Proof 4.2 (Property 2). Let us again denote the source
node as s and the two destinations as u and v. We show that
(a) reduction ratio is 0 when \usv = a is greater or equal to
2p/3 and (b) reduction ratio decreases when a increases and
a < 2p/3.

Part (a) holds because the Steiner point t will be at the
position of s when \usv P 2p/3.
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Fig. 3. Reduction ratio proof.
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Next we prove part (b). Consider Fig. 3(b), in which c is
the center of the circle circumventing the triangle of {s, u,
t}. Note that, since \stu = 2p/3, \scu ¼ cstu ¼ 2p=3.

Since for any point t 0, \st 0u = 2p/3, the arc between the
points s and u has the property that it hosts all Steiner
points for point triples involving s and u. Thus, when node
v moves from p1 to p2 on a circle centered around s (i.e.,
keeping the distance from s constant), the Steiner point
moves along the arc cstu. In particular, as v approaches p2

(decreasing a), t also moves closer to p2 along the arc cstu,
increasing the angle \sct = 2*h. Given this, we prove
Property 2 by showing that when h increases and h < p/3,
the reduction ratio also increases.

Let R be the radius of circle centered at c. Then, we have
d(s, t) = 2*R*sin(h) and dðu; tÞ ¼ 2 � R � sinðp=3� hÞ
¼

ffiffiffi
3
p
� R � cosðhÞ � R � sinðhÞ. Since \stv is 2*p/3, we also

have d(v, t)2 + d(s, t)2 + d(v, t)*d(s, t) = d(s, v)2. Using
these, we can solve for d(v, t) as follows:

dðv; tÞ ¼
�dðs; tÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dðs; tÞ2 � 4 � ðdðs; tÞ2 � dðs; vÞ2Þ

q
2

¼ �R � sinðhÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � dðs; vÞ2 � 3 � R2 � sinðhÞ2

q
Given this, we can rewrite d(s, t) + d(u, t) + d(v, t) as
follows:

dðs; tÞþdðu;tÞþdðv;tÞ¼2�R�sinðhÞþð
ffiffiffi
3
p
�R�cosðhÞ�R�sinðhÞ

þ �R�sinðhÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�dðs;vÞ2�3�R2 � sinðhÞ2

q� �

¼
ffiffiffi
3
p
�R�cosðhÞþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�dðs;vÞ2�3�R2 � sinðhÞ2

q

When h increases from 0 to p/3, both terms,
ffiffiffi
3
p
� R � cosðhÞ

and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � dðs; vÞ2 � 3 � R2 � sinðhÞ2

q
, decreases. Therefore

d(s, t) + d(u, t) + d(v, t) also decreases. Since d(s, u) and
d(s, v), are both fixed, the reduction ratio measure

(1� dðs;tÞþdðt;uÞþdðt;vÞ
dðs;uÞþdðs;vÞ ) will increase with the increase of h. In

other words, the reduction ratio will increase when the
\usv = a decreases.
Finally, if the node v falls within the circle centered at c
(i.e., on the arc between points p2 to p3), the Steiner point
will be at the same position as the node. As the node
approaches from p2 to p3, the reduction ratio will also
increase, as d(u, t) = d(u, v) decreases while d(s, t) = d(s, v)
remains the same. h

Proof 4.3 (Property 3). According to Property 2, given
two destinations u and v whose distances from the source
node s are fixed, the maximum value of reduction ratio
of {s, u, v} occurs when \usv is 0. h

Let d(s, u) be x, let d(s, v) be y, and without loss of gen-
erality, assume 0 < x 6 y. Then, the reduction ratio of {s, u,
v} when \usv = 0 is equal to 1� y

xþy, which has the maxi-
mum value, 1/2, when x = y.

The efficient solution for the special case of three
node Steiner tree and the properties described above
enable us to develop a novel algorithm to create heuris-
tic Euclidean Steiner trees efficiently (in polynomial
time).

4.2. Basic rrSTR algorithm

In Fig. 4, we present an iterative algorithm, rrSTR, to
construct a Euclidean Steiner tree, based on these proper-
ties of the reduction ratio measure. In this subsection, we
provide an overview of this algorithm.

Given a set of destination points, initially, source node
s marks all its multicast destinations as active; that is,
none of the destinations are covered yet. In each itera-
tion, the algorithm identifies a destination pair, (u, v),
with the largest reduction ratio. Given this pair, rrSTR
creates a virtual destination w at the location of the
Steiner point of nodes {s, u, v}. Note that when there
are only three nodes, the Steiner point can be calculated
efficiently [40]. The corresponding two edges, wu and wv,
are then added to the tree, such that node w becomes the
parent of nodes u and v. Since they are already covered,
both u and v are marked as inactive so that any



Fig. 4. Reduction-ratio-based heuristic for Euclidean Steiner tree generation.
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Fig. 5. An example Euclidean Steiner tree generated by rrSTR.
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destination pair that contains either u or v will not be
considered in the remaining iterations. The new virtual
destination w is added in the set of destinations and
marked active. Thus, rrSTR will calculate reduction
ratios for destination pairs consisting w and all remaining
active destinations.

Note that, in the extreme case, the Steiner point can be
collocated with u or v, i.e., the Steiner point is exactly at the
location of u or v. If for example the Steiner point is collo-
cated with u, then no new virtual destination needs to be
created. Instead, the edge uv is inserted into the tree and
v is marked inactive. u stays active. Also note that the Stei-
ner point can be collocated with the source node s itself. In
this case, edges su and sv are inserted to the tree and nodes,
u and v, are marked inactive.

Fig. 5 illustrates the process with an example. In the first
iteration, pair (u, v) is identified since they have the largest
reduction ratio, and a virtual destination w1 is created at
the Steiner point of {s, u, v}. Edges w1u and w1v are added
to the tree. Nodes u and v are then deactivated. In the sec-
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ond iteration, pair (w1, d) is identified, and another virtual
destination w2 is created. Edges w2w1 and w2d are added to
the tree. In the third iteration, pair (w2, c) is identified. No
virtual destination is created in this step since the Steiner
point of {s, c, w2} is at node c itself. Instead, edge cw2 is
added to the tree. At last, pair (c, c) is found and edge sc
is added to the tree.

This algorithm is related to but different from conven-
tional contraction based algorithms, such as [68,46]. In
these algorithms a full connected component is identified
and replaced with a new point, iteratively. In rrSTR,
instead, a destination pair is identified and replaced with
a virtual destination. One difference is that the source node
is never contracted. More importantly, the construction of
the Steiner tree is guided with the reduction ratio, which
identifies those pairs that are more likely to share subpaths.

4.3. Radio range aware rrSTR

The basic rrSTR algorithm described above uses the
reduction ratio measure to guide the construction of
Euclidean Steiner trees. However, the fact that it is not
always good to use extremely short steps, especially within
the radio range of a transmitting node, is not properly cap-
tured by this algorithm. Intuitively, when the Steiner point
t is within the radio range, creating a virtual destination at t

may not always be beneficial (Fig. 6(b)). Therefore, in some
cases the basic form of rrSTR may result in redundant hops.
Thus, overly eager virtual destination assignments should
be avoided. The following are the three cases in which,
given destinations u and v, it is not appropriate to create
a new virtual destination:

• When both u and v are in the radio range of the current
node, a new virtual destination would increase the num-
ber of hops to reach u and v by 1. Therefore, it is not
appropriate to create a virtual destination at their Stei-
ner point. Instead, we mark the pair (u, v) as inactive,
so that this pair will not be considered in the future.
Note that marking a pair (u, v) as inactive is different
v

s

w

u

w

u v

s

a

b

Fig. 6. It may or may not be beneficial to create a virtual destination when
the destinations themselves are out, but their Steiner point is in the radio
range: (a) a case where it is beneficial to create the virtual destination w,
(b) a case where it is not beneficial. Dotted edges are constructed by the
basic rrSTR algorithm without considering the radio range, and dashed
edges are constructed by rrSTR by taking the radio range into
consideration.
from marking two nodes u and v as inactive, in that pairs
containing u or v other than the pair (u, v) can still be
active.

• If neither u nor v, but the corresponding Steiner point t

of {s, u, v} is in the radio range of s, then a virtual des-
tination may be beneficial in some cases. Since routing
through the virtual destination will cost one hop on
the resulting multicast tree, this will be acceptable only if

1þ dðt; uÞ þ dðt; vÞ
rr

<
dðs; uÞ þ dðs; vÞ

rr
;

where rr is the radio range of current node. If the left-
hand side is larger, then there is no benefit of using the
virtual destination; therefore, we add edges su and sv
and mark pair (u, v) as inactive. If the lefthand side is
smaller, then we can create a virtual destination w at t.
For example in Fig. 6(a), it is beneficial to create the vir-
tual destination w at t, but in Fig. 6(b), it is not appro-
priate to create the virtual destination.

• When only u is in the radio range, using a new virtual
destination at the Steiner point may not be useful. The
decision is once again based on the truth of the above
inequality. If the righthand side is larger, then instead
w, u will be used as the Steiner point. In this case, edge
uv will be added into the tree and v will be marked as
inactive. If the left hand side is larger, s will be used as
the Steiner point instead of w; edges su and sv will be
added to the tree and marked both u and v will be
marked inactive. For example, in Fig. 7(a) the Steiner
point becomes u, and in Fig. 7(b) s becomes the Steiner
point instead.

The algorithm presented in Fig. 4 is radio range aware
and implements these three special cases to prevent redun-
dant hop generation and, thus, to save network resources.

5. GMP routing based on rrSTR trees

The outline of the GMP routing algorithm based on the
rrSTR trees introduced in the previous section is presented
in Fig. 8. In this section, we describe how the GMP algo-
rithm operates in detail. Let s be a source node.

Destination grouping: s first efficiently computes a virtual

Euclidean Steiner tree as described in the previous section.
w

u

s

v

w

u

v
s

a b

Fig. 7. It is not beneficial to create a virtual destination when only one of
the destinations is in radio range: (a) u should be used as the Steiner point
and (b) s should be used as the Steiner point. Dotted edges are constructed
by the basic rrSTR algorithm without considering the radio range, and
dashed edges are constructed by rrSTR by taking the radio range into
consideration.



Fig. 8. GMP routing algorithm.
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s then uses this Steiner tree to split the destinations into
groups. We refer to the direct (terminal or non-terminal)
descendants (children) of s in the Steiner tree as pivots.
Note that pivots may be actual nodes or they may be vir-
tual, in the sense that a pivot may not always correspond
to an actual sensor node. For each pivot p, s identifies all
the non-virtual destinations in the subtree corresponding
to this pivot. This set is referred to as the group of this pivot
(group(p)).

Next hop selection: For each pivot p, s then identifies a
next hop within its own neighborhood. In most cases, this
node (hop(p)) is the neighbor closest to the pivot. However,
to prevent routing loops, s also requires that the total dis-
tance from the next hop, hop(p), to all destinations in
group(p) to be less than the total distance from s to all desti-
nations in this group. For each pivot p, a copy of the packet
as well as the destinations in group(p) are sent to hop(p).
When the next hop receives the packet, it (1) extracts the cor-
responding destinations, (2) removes itself from this list if it is
one of those destinations, and (3) repeats the above proce-
dure, constructing a new Steiner tree to split the destinations
into groups, and selecting next hops. This process is repeated
by all hops until all the destinations are reached. Fig. 9
illustrates the execution of the GMP algorithm:
1. In Fig. 9(a), s constructs a Euclidean Steiner tree and
chooses c as the pivot for destinations {c, u, v, d}.
Then, s chooses n1, the neighbor of s closest to c as
next hop.

2. After a similar process, node n1 forwards the message to
node c, which in this case is both the pivot and the next
hop (this step is omitted in the figure).

3. When node c receives the message, it extracts the des-
tination list from the packet, and removes itself from
the list. Based on the Steiner tree it constructs, as
shown in Fig. 9(b), it decides not to split the destina-
tions and forwards the message to node n2 which is
closest to the pivot w2 it computed for destinations
{u, v, d}.

4. After a similar process, n2 forwards the message to n3

without altering the destination list.
5. n3 constructs a virtual Euclidean Steiner tree (shown

by the dashed line in Fig. 9(c)). Note that, in this case,
w2, which is at the Steiner point of {n3, w1, d}, is not
used as a virtual destination. This is because w2 is in
the radio range of n3 and not close to the destinations
{w1, d}. Instead,
• the pivot for destinations {u, v} is w1 and
• the pivot for destination d is d itself.
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Fig. 9. Example of GMP routing. The Steiner tree calculated by a current node is indicated by dashed edges. (a) All the destinations are in one group with
pivot as c and the next hop for this group is n1. (b) The remaining destinations {u, v, d} are in one group with pivot as w2 and the next hop for these
destinations are n2. (c) Destinations are split into two groups: {u, v} and {d} The pivot and the next hop for group {u, v} are w1 and n4, respectively, while
the pivot and the next hop for group {d} are d and n5, respectively. Dotted edges in (c) are constructed by basic rrSTR and they are shown for comparison
with the Steiner tree calculated by the radio range aware version of rrSTR.
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6. A copy of the message is sent to the next hop n4 for pivot w1

with destinations specified as {u, v}. Another copy of the
message is sent to n5 with the only remaining destination d.

7. n4 sends the message to destination u and v, respectively.
8. n5 sends the message to destination d.

The resulting tree was already shown in Fig. 1 in Section 4.
w3

c
d

v
u

w1 w2
5.1. Dealing with voids

Note that the process used to construct the Steiner tree
does not consider the neighbor locations of the current
node. Although this is not an issue in most cases (as an
appropriate next hop can be found for each selected pivot
in a dense network), it is possible that in some cases there
will be no suitable neighbor with smaller total distance to
the destinations in the pivot’s group than the current node.

In GMP, the source considers if there exists a neighbor
that has a smaller total distance to part of the destinations.
If there exists such a neighbor, the source further splits the
group into two smaller parts:

1. The source s removes the last child l of the pivot p from
p’s children list. (The children of p are the direct descen-
dants of p in the Steiner tree. The last child of p can eas-
ily be found if the order in which edges are included to
the Steiner tree is saved along with this edge.)

2. s makes l a new pivot by adding it to its own children list.
3. If there is only one child (say o) left in p’s list of children,

then
• if p is a virtual destination, s makes o a new pivot and

removes p from its children list
• if p is an actual destination node, s does not remove p

from its children list.
n2n1
s

Fig. 10. Splitting the set of destinations when there is no valid next hop.
After splitting a group, next hops are calculated for each
newly created or updated pivots. The splitting process con-
tinues if no valid next hop can be found for any pivot and
its group. Fig. 10 shows an example: Node s constructs the
Steiner tree with w3 as the pivot for the group of destina-
tions {u, v, c, d}. However, neither one of the two possible
neighbors, n1 or n2, has a smaller total distance to the des-
tinations than s itself. Therefore, there is no valid next hop
for this group of destinations. In this case, s will split the
destinations into two groups and w1 and w2 will be assigned
as new pivots. Since n1 and n2 are now valid next hops for
the groups of w1 and w2, respectively, copies of messages
will be sent to n1 and n2.

Consider a case where one or more groups contain a single
non-virtual destination, where no neighbor is closer to any of
the destinations than the current node. In unicast schemes
(where by definition there is only one destination), a similar
situation is dealt with by placing the packet into a perimeter

mode [6,23,62]. Once in perimeter mode, the packet traverses
the boundaries of the void area following the right hand rule
until a node that is closer to the destination than the point
where the packet enters the perimeter mode is reached. To
correctly perform the right hand rule, the graph of the
wireless nodes has to be planarized first, based on Relative
Neighborhood or Gabriel Graphs [58,14]. Such planariza-
tion can be done by the current node with only local informa-
tion [6,23,62]. In multicasting, where there may be multiple
such destinations, GMP takes the following actions:

1. The source creates a single group which contains all such
destinations and sets the packet for this group to be in
perimeter mode.
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2. s calculates the average of the geographic locations of
these destinations and identifies the next hop in perime-
ter mode based on this average location, as in [36].

3. The packet is forwarded to this next hop with all desti-
nations in this group recorded in the packet.

4. When a node receives a packet in perimeter mode, it first
runs GMP to try splitting the destinations into groups
and finds a valid next hop for each group.

5. If valid next hops are found for all groups, then the
packet for each group is out of perimeter mode.

6. If no valid next hop can be found for any of the groups,
then the packet remains in the perimeter mode and tra-
verses the network with the same previous average
destination.

7. If valid next hops are found for some but not all of
the groups, then a new perimeter group will replace
uncovered groups and a new average destination loca-
tion is calculated for them. The packet starts a fresh
round of perimeter routing with this new average
destination.

The perimeter mode operation described above is simi-
lar to the one used by PBM [36] in the sense that the calcu-
lation of next hop in perimeter mode is based on the
planarized graph of wireless nodes. However, GMP does
allow a void destination, for which no suitable next hop
exists, to join other destinations in a group, so that a valid
next hop can be found for all these destinations as a group.
In contrast, in PBM [36], once a void destination is identi-
fied, the packet for this destination will enter perimeter
mode. We note that this is not always necessary. For exam-
ple, in Fig. 11, node s has no neighbor closer than itself to
the destination v. In PBM, s will not group u and v

together, and the packet for v will enter perimeter mode
at s and is forwarded to n1. In GMP, u and v are in one
group and node n is a valid next hop for this group. There-
fore the packet is forwarded to n for destinations u and v.
Node n then forwards the packet to u, which will forward
the packet to v.
s

w

v

n1

n

u

Fig. 11. An example where a group {u, v} has a destination v, for which
there is a no valid destination. Unlike other approaches, GMP allows such
void destinations to enter in groups with other nodes. In the example, n

will be the next hop for this group.
5.2. Computational complexity of the GMP and comparison

with LGS and PBM

The computational complexity of GMP has two parts:
(a) construction of the Steiner tree and (b) next hop
selection:

• Let us assume there are n destinations and m neigh-
bors for the current node, s. For constructing the Stei-
ner tree, we use a priority queue to maintain the
reduction ratios of all possible destination pairs (See
step 3 in the algorithm in Fig. 4). In a given iteration,
if no virtual destination is created, the complexity of
this step is O(logn) for removing a destination pair
from the priority queue. There can be at most O(n2)
such iterations. On the other hand, if a virtual desti-
nation is created in an iteration, then the complexity
of such a step is O(n*logn) for inserting O(n) pairs
into the priority queue. There are at most O(n) virtual
destinations. Therefore, the complexity for the con-
struction of the approximate Steiner tree is:
O(n2)*O(logn) + O(n)*O(nlogn) = O(n2

* logn).
• In the next hop selection step, the complexity for calcu-

lating a next hop for each pivot is O(m), and there are at
most O(n) pivots.

Hence, the complexity of each step of the GMP algo-
rithm is O(n2

*logn + n*m). In contrast, since PBM [36]
considers all subsets of neighbors, it is exponential in
m. Therefore, GMP is significantly more efficient than
PBM, especially for dense networks. On the other hand,
the complexity, O(n2 + n*m), of LGS is slightly less than
that of GMP. This is expected as LGS limits the tree cre-
ation to the geographic locations of the network nodes.
As we demonstrate in the next section, this over-con-
strains the possible trees and results in less effective
multicasting.
6. Demand-scalable geographic multicasting

The geographic multicast protocols described in Sec-
tion 3 and GMP protocol are designed based on the
assumption that all destinations demand the same
amount of data. Thus, they are not directly applicable
to the cases where the data and quality demands are dif-
ferent among data consumers. Therefore, in this section,
we extend the multicast protocols discussed in Section 3
in such a way that they can deal with different data
demands among destinations. An important criteria in
the design of these weighted implementations is that the
localized nature of LGS, PBM, and GMP (essential for
their adaptive operation) should be preserved. We will
see that this constraint renders the weighted version of
the LGS and PBM a disadvantage, while wGMP can
provide the required scalability while ensuring localized
routing decisions.
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6.1. wLGS: Weighted LGS

We first start with the weighted implementation of the
LGS protocol, wLGS, to deal with destinations of different
packet ratio demands. As discussed above, LGS algorithm
first constructs a tree consisting of only real nodes. The tree
is not a Steiner tree, but actually an minimum spanning
tree based approximation and is constructed incrementally:
at each step of the protocol, the node that has the least dis-
tance to the partially constructed tree is added to the tree.
In the original LGS, since the packet ratio demands is not
considered in the tree construction, this may result in larger
number of hops. To see this, consider the multicasting task
in Fig. 12, in which the source node is s and destination
nodes are u and v, with packet ratio demands as 1 and
0.1, respectively. If s wants to multicast 10 data packets,
node u should receive all the 10 packets and node v only
needs 1 of the 10 packets. Note that the node v is closer
to node s than node u. As shown in Fig. 12a, by LGS, all
the data packets for destination u will be forwarded
through node v. When for example 10 packets are to be
multicast to u and v, the total number of hops for the mul-
ticast routing is 3*10 = 30. However, if forwarding the
data packets to node v through u as in Fig. 12b, the total
number of packets will be 2*10 + 1 = 21 because node v

only demands one of the 10 multicast packets.
From the above example, we see that destinations that

demand more may be added to the tree earlier to avoid for-
warding through destinations with less demands to destina-
tions with more demands. Therefore, we propose to modify
LGS by introducing a ranking condition, CðuÞ ¼ Dðu;T Þ

wu
,

where u is a destination, T is the partially constructed tree,
and wu is the demands of destination u, as the criteria of
selecting the next node to be added to the tree. Based on
the ranking criteria C, the source node can construct an
approximate MST tree as before and split the destinations
into groups based on this approximate tree. The last thing
to do for the source node then is to decide, based on the
packet ratio demand, how much data should be forwarded
to each next hop: (a) For each group of destinations, the
source node will identify a next hop node within its neigh-
borhood. Each next hop is assigned a packet ratio demand
as the maximum demand of the destinations in the corre-
sponding group. (b) The source node creates a copy of
the data packet for each group and saves the destination
information of this group in the copy, setting a new packet
1

s
1 v:0.1

u:1

1

1
s

u:1

v:0.1

1
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a b

Fig. 12. LGS results in redundant transmissions.
ratio demand for each destination. The new demand value
is obtained by dividing the original demand with the max-
imum demand of this group. At last, (c) the source node
forwards to each next hop as much data required by the
its packet ratio demand. Naturally, some nodes may end
up receiving more data packets than they request if they
act as a relay node forwarding the data packets to other
destinations.

Note that wLGS may result in larger numbers of routing
hops than needed even when forwarding through larger
demand destinations to lesser demand destinations. Con-
sider the case shown in Fig. 13(a), where the source node
s calculates the approximate Steiner tree in which node v

is the child of node u. Obviously, it is not optimal to for-
ward packets along this path (i.e., forwarding to v through
u) because forwarding to v through z could reduce the total
number of hops. In fact, the packet does not have to follow
the tree structure specified by s during forwarding. In
Fig. 13(b), when the next hop z receives the packet, it adds
u first to the tree, however, this time v is no longer added as
the child of the u but a child of z itself.
6.2. wPBM: Weighted PBM

In this subsection, we extend the PBM routing protocol
for destinations with different packet ratio demands.
Remember that the PBM is trying to balance between the
bandwidth usage at current node (i.e., the number of next
hops) and the overall distance from the next hops to the
remaining destinations.

In PBM, the overall distance is calculated based purely
on the distance from a neighbor to a destination. When
considering the packet ratio demands, it is natural to
account for the packet ratio demands of the destinations
along with their distances. Therefore, wPBM uses a modi-
fied minimization objective function,

k � jM jj N j þ ð1� kÞ �
P

d2Dminm2M distanceðm; dÞ � wdP
d2Ddistanceðs; dÞ � wd

ð5Þ

when calculating the distance to the remaining
destinations.

As before, s is the source node, N is the set of neighbors,
M ˝ N, D is the set of destinations. The first part of the
equation describes the normalized bandwidth usage, i.e.,
dividing the number of selected next hop neighbors by
the total number of neighbors. Note that weights are not
z
s u:1

v:0.1 v:0.1

s u:1
z

a b

Fig. 13. wLGS: (a) the source node s calculates undesirable paths and (b)
the next hop z makes adjustment and calculates better paths.
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applicable here. The second part accounts for the weighted
overall distance from the set of neighbors to the destina-
tions, also normalized by dividing it by the weighted
remaining overall distance from the current node.

Note that weights of the distances makes it even harder
to select an appropriate value for the constant parameter,
k. This is evidenced in the experiment section.
6.3. wGMP: Weighted GMP

So far, we presented weighted versions of the LGS and
PBM algorithms through intuitive which preserves the
stateless, localized decision making property. In this
subsection, we extend GMP for the situations where desti-
nations have different packet ratio demands. The experi-
ment results in Section 7.2 will show that the resulting
protocol, wGMP, will be highly effective in reducing the
amount of transmission and energy consumption.

As discussed in Section 4, GMP is based on the observa-
tion that reduction ratio reflects the likelihood of sharing
subpaths for a pair of destination. The reduction ratio is
calculated based on the position of the Steiner point of
the source node and two destination nodes. Therefore,
the first step for wGMP is the calculation of the reduction
ratio for the destinations. However, the main question at
this stage is whether the distance value used in the compu-
tation of reduction ratios should reflect the data demands
of the destinations. Note that the reduction ratio is
designed to capture the following two observations as
described in Section 4: (1) when two destinations are far
away from the source but are close to each other, they
are likely to share subpaths. (2) when the angle of the line
segments connecting the source node and the destinations
are small, the nodes are likely to share subpaths. Therefore,
as long as the two destinations are close to each other and
far from the source, they are likely to share path, no matter
what the packet ratio demands are for these two destina-
tions. To see this, consider the multicast task in Fig. 14
where nodes u, v, x and y are the four multicast destina-
tions with packet ratio 0.5, 0.5, 1, and 0.1, respectively.
Nodes u and v are close to each other and are likely to
share subpath, therefore the pair u, v should be considered
x:1

s

v:0.5

u:0.5

y:0.1

Fig. 14. An example showing that, in wGMP, the reduction ratio should
be calculated in the same way as in GMP despite the differing demands of
the destinations.
early in the construction of the Steiner tree. The same
observation is also true for nodes x and y, despite the fact
that (unlike the case for nodes u and v) the packet ratio
demands of x and y are quite different from each other.
Therefore, the reduction ratio should be calculated in the
same way as in GMP using Eq. (2).

After the reduction ratios are computed and a pair of
destinations are selected for targeting, the GMP algorithm
computes the Steiner point between the source and these
two destinations. At this step, GMP assumes that the desti-
nations have the same packet ratio demands, in the sense
that, in the calculation of Steiner point, the weights of the
distances between the Steiner point to both destinations
are the same. Therefore, when the packet ratio demands
of destinations are different, routing based on the tree con-
structed by GMP may result in unnecessarily large amount
of transmissions. Fig. 15 shows such an example. In this fig-
ure, node s is the source node and node u and v are the two
destinations with packet ratio demands 1 and 0.1, respec-
tively. Fig. 15(a) shows the paths routed using GMP. For
10 multicast data packets, the total number of hops to the
two destinations is 4*10 + 1 = 41. However, since most
packets are forwarded to node u, the path from source node
s to node u should be optimized as opposed in GMP.
Fig. 15(b) shows another routing tree in which the path
from s to u is shortest and the total number of hops from
s to u and v are 3*10 + 2 = 32, as compared to 41 by using
GMP. On the other hand, as shown in Fig. 15(b), it is pos-
sible to reduce the required network transmissions, if we
could consider the packet ratio demands of the destinations
when calculating the Steiner point.

As already discussed in Section 4, for the case of three
points, the exact Steiner point can be calculated efficiently.
To take the packet ratio demand into consideration, we
need to introduce the concept of weighted Steiner point:
given three points A, B and C in the Euclidean space,
and their corresponding weights wA, wB and wC, the
weighted Steiner point of these three points is the point p
in the Euclidean space such that:

wdðpÞ ¼ wA � dðp;AÞ þ wB � dðp;BÞ þ wC � dðp;CÞ ð6Þ

is minimum. To apply the weighted Steiner point for source
s and destinations u and v with packet ratio demands wu

and wv, respectively, we set the weight for s to be 1, and
the weight of u to be wu

maxðwu;wvÞ and the weight of v to be
wv

maxðwu;wvÞ. From now on, we call the original Euclidean Stei-

ner point as the un-weighted Steiner point. Although there
is efficient solution for calculating the exact un-weighted
Steiner point,3 it turns out that the weighted Steiner point
cannot be calculated as efficiently.4 Therefore, in order to
extend GMP for supporting weighted multicast trees, we
3 The solution in [40] for calculating the exact Steiner point is by a
geometric method.

4 The geometric method in [40] is not applicable when the distances have
weights.
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Fig. 15. (a) GMP algorithm results in an unnecessarily large number of transmissions, (b) an alternative route could save transmission and energy.
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need an alternative approach to selecting the point p, which
is efficiently computable and serves well as the target point
for directing packets.

One approach would be to use a numerical approxima-
tion [17]. In this paper, we rely on the observation that,
although Eq. (6) is hard to minimize, the following equa-
tion can be minimized for q exactly very efficiently

wsdðqÞ ¼ wA � dðq;AÞ2 þ wB � dðq;BÞ2 þ wC � dðq;CÞ2 ð7Þ

Eq. (7) has two advantages: first of all, in general the differ-
ence between p (which minimizes Eq. (6)) and q tends to be
small.5 When we also consider that the calculated point
may not actually correspond to a node in the network and
that each forwarding node will anyhow adjust the tree based
on it own information, this tradeoff between efficiency and
accuracy pays off. Secondly, since the transmission power
consumption in wireless networks is generally sensitive to
the square of the distance i.e., q = a + b*dc, where a and b
are constants, d is the transmission distance, and the value
of c is normally between 2 and 4 [44], minimizing the squared
value of the distances might in fact reflect the power con-
sumption in wireless sensor networks better.

Thus, wGMP proceeds with the weighted rrSTR algo-
rithm, rrSTRw. In each round of rrSTRw, the destination
pair with the largest reduction ratio is selected (without con-
sidering weights). Then the weighted point, q, is calculated
for this pair and a new virtual destination is created at this
point. The packet ratio demand of the virtual destination is
set to the maximum packet ratio demands of the two destina-
tions. Consequently, the data rate demand of each node in
the resulting tree is the maximum packet ratio within the sub-
tree rooted at this node. As in GMP, the source node then
splits the destinations into groups based on the resulting tree
and identifies an appropriate next hop for each group. A
copy of the data packet is created for each group and the des-
5 To test the difference between points p and q, we calculated the
weighted total distance in Eq. (6) based on the approximate weighted
Steiner point obtained by minimizing the squared version of Eq. (7) for a
set of triangles whose vertices are randomly generated. We also calculated
the minimum weighted total distance by using Maple software [15], which
can achieve error value less than 0.001%. The average of the normalized
differences between the weighted total distance obtained by the approx-
imation and the Maple software was around 3% with a variance of 1% for
a total of 100 triangles.
tinations in this group are saved in the copy with new
demand value being set for each destination. The source
node then forwards the copy to its corresponding next hop
based on the corresponding demand value. In case there is
no appropriate next hop for any group of destinations,
wGMP operates the same as GMP in Section 5.
7. Evaluation of GMP and wGMP

7.1. Comparing GMP against existing geographic multicast

protocols, LGS and PBM

In this section, we present the results of the experiments
we carried to evaluate and compare the performance of the
proposed GMP multicast protocol with the a set of loca-
tion-aware multicast protocols shown in Table 1. To see
the impact of radio range awareness, we also experimented
with GMPnr, the version of GMP in which radio range
aware decisions have been turned off. For the sake of com-
pleteness, we also implemented a centralized algorithm
[29], denoted by SRT, to calculate a static routing tree. This
centralized algorithm assumes that the source node knows
the positions of all sensor nodes in the network; thus the
source node can calculate an approximate Steiner tree con-
necting itself and all destinations using the algorithm [29],
which provides a 2 bound. The source node forwards a
copy of the data packet with the routing information
embedded in the packet. Naturally, acquiring the up-to-
date global knowledge of the network topology is not prac-
tical for large sensor networks. Therefore, we include this
centralized algorithm only for comparison purpose. We
also experimented with an algorithm we referred as
Algorithm Description

PBM Position Based Multicast [36]
LGS Location-Guided Steiner Tree [8]
SRT Static routing tree constructed using global knowledge of the

network [29]
GRD Packets routed to each destination independently using a

greedy algorithm
GMP Geographic Multicast Protocol proposed in this paper
GMPnr A version of GMP with radio range aware feature turned off
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GRD, which corresponds to the extreme case, where pack-
ets are independently routed for each destination in a
greedy fashion. This algorithm explicitly minimizes the
per-destination hop count and serves well as a lower-bound
for the average number hops for each destination.

The simulation setup is described in Table 2. The NS2
simulator has been modified to support multicasting for
wireless sensor networks. In each experiment, we generate
100 tasks. For each task, we randomly pick a node as the
source node and randomly pick k nodes as the destination
nodes. The value of k varied from 3 to 25. Each experiment
is run on 10 different networks and results are averaged.
7.1.1. Total number of hops in the multicast tree
The total number of hops needed for a single multicast-

ing task is the number of transmissions (forwarding)
required to reach all destinations. Fig. 16 shows the results
obtained using four different multicast routing protocols:
PBM, LGS, GMP, and GMPnr. In [36], it is noted that in
PBM the minimum total number of hops is achieved for
a k value between 0 and 0.6. We have thus run the same
routing task with the value of k varying from 0 to 0.6.
Among the results corresponding to these k values, only
the best (minimum number of hops) one is included for
PBM in Fig. 16. In this figure, we see that, of the five pro-
tocols, GMP results in the least number of hops. The
Table 2
Simulation setup

SIM.Parameter Value

Simulator ns�2.27
Network size 1000 m · 1000 m
Number of nodes 1000
Channel data rate 1 Mbps
Mac protocol Mac802.11
Transmission power 1.3 W
Receiving power 0.9 W
Message size 128 B
Antenna OmniAntenna
Radio range 150 m

Fig. 16. Total hop count for the multicast tree (For large number of destina
number of hops using GRD are too high compared to others).
reduction of GMP compared to both PBM and LGS is
up to 25%. The results indicate that by using rrSTR desti-
nations are divided into groups more effectively and the
way the next hop is calculated based on the Steiner point
of the destinations in each group is more effective than
the ways PBM and LGS calculate the next hops. As dis-
cussed in Section 4, when the radio range is not considered
during the construction the Steiner tree, GMPnr may gener-
ate redundant hops. The probability for redundancy
becomes larger as the number of destinations becomes lar-
ger. Therefore, GMPnr uses more hops than GMP. Note,
however, that even without radio range awareness, GMPnr

works better than PBM and LGS.
As discussed earlier, in PBM the optimal value of the

trade-off parameter k depends on the number of neighbors
and the distribution of the destinations. The value of k,
however, is fixed during routing, therefore, the destinations
are split into groups by a receiving node sometimes earlier
and sometimes later rather than being split by the node
closest to the Steiner point of the destinations. Therefore,
PBM may generate a larger total number of hops. LGS
uses a MST heuristic in which geographic locations other
than locations of nodes in the network are not taken into
consideration. Therefore the groups identified by LGS
may not be as good as those identified by GMP. Further-
more, the calculation of next hop in LGS is based on one
of the destinations in the group. In GMP, the next hop is
calculated based on the Steiner point of the destinations
in this group relative to the current node, therefore, this
results in better paths.

Note that, GMP performs even better than the central-
ized algorithm, SRT, despite SRT’s use of global knowl-
edge. We conjecture that this is because although both
approaches have approximate/heuristic nature, the inter-
mediate nodes in GMP are capable of adjusting the Steiner
tree continuously with available local information.
7.1.2. Per-destination hop count

Fig. 17 shows the average per-destination hop count. As
discussed in Section 1, it is not always possible to minimize
tions, values of GRD are not shown completely since the required total



Fig. 17. Per-destination hop count. Naturally, since a greedy solution for reduced per-destination hop-count cannot exploit possible overlaps across
different destinations and can result in a large total number of hops and, thus, high energy consumption in the multicast tree. Therefore, it is not acceptable
as a multicast tree protocol, but serves well as a lower-bound on the per-destination hop count.
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Fig. 18. An example where LGS results in a large per-destination hop
count.
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both the total number of hops and the per-destination hop
count. PBM takes into account this by using a trade-off
parameter, k. When k is small, PBM results in a smaller
average number of hops and a larger total number of hops.
When k is larger, the average number of hops gets larger
but the total number of hops becomes smaller. The value
of k in Fig. 17 is the same as in Fig. 16, i.e., the k that min-
imizes the total number of hops.

We see that PBM, SRT, and GMP provide comparable
per destination hop counts (close to the greedy solution,
GRD). LGS does not match the others in this respect. In
LGS, the next hop is chosen to be the neighbor closest to
a destination that is closest to current node in the group.
Routing in this way tends to reach the destinations sequen-
tially and prevents the destinations from getting divided
into groups at intermediate nodes. To see this, consider
in Fig. 18. Let us assume that the packet is at node c and
the remaining destinations are {u, v, d}. The MST created
by LGS will consist of the following three edges:
fcu; uv; vdg. Thus, node c does not split the destinations
into groups and forwards the packet towards u since u is
closest to c. Consequently, the path taken by the LGS will
eventually be c! . . .! u! v! . . .! d. Contrast this
with the tree-structured multicast route computed by
GMP as illustrated in Fig. 1. Consequently, when LGS is
used, destinations that are reached later may take a signif-
icantly larger number of hops and this increases the overall
average number of hops.
7.1.3. Energy consumption

Fig. 19 shows the energy consumption during multicast
routing.6 We see that since the number of hops used by
GMP is less than the number for all of PBM, LGS, and
SRT, the energy consumption of GMP is significantly
6 The energy consumption reported in this paper includes the transmis-
sion power of senders as well as the receiving power of all listening nodes
within the transmission radio range of the senders.
smaller than consumptions of PBM, LGS, and SRT in all
configurations we tested. In these experiments, the energy
savings compared to PBM and LGS is up to 25% as shown
in Fig. 19.
7.1.4. Routing delay
Fig. 20 shows the routing delay, defined as the maxi-

mum delay of all paths for all destinations, for different
multicast algorithms. We see that the significant energy
gains of GMP does not result in any disadvantage in terms
of the delay performance; the delay characteristic of GMP
is similar to those of PBM and SRT. As expected, GRD
has the smallest delay; this is because in GRD, a copy of
the packet forwarded separately is in a greedy fashion for
each destination. On the other hand, since (as discussed
in Section 7.1.2) LGS tends to reach destinations one by
one, it results in the largest delay among all the experi-
mented algorithms.
7.1.5. Failure ratio due to perimeter routing
When the network density is lower, the probability that

there is no neighbor closer to the destination and that the



Fig. 19. Total energy cost of the multicast tree (For large number of destinations, values of GRD are not shown completely since the energy consumptions
using GRD are too high compared to others).

Fig. 20. Maximum delay for all destinations.
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packet enters the perimeter mode becomes higher. Because
traversing the void area follows the right hand rule, the
length of the path may become large. Furthermore, this
may result in failed deliveries, especially when there is an
upper bound associated with the total number of hops
allowed for each packet. To observe how GMP scales
against low density networks, we also did experiments to
test the performance of GMP in networks with different
densities. In these experiments, the number of nodes in
the network are 1000, 800, 600, and 400. We set the maxi-
mum path length for each destination to be 100, that is a
packet is dropped if its hop count reaches 100. Each task
in these experiments routes a message from a random
source to 12 randomly generated destinations. A task fails
if not all destinations are reached. For each network size,
we generated 10 networks and ran 100 tasks for each net-
work. Fig. 21 shows the total number of failed tasks in
the total of 1000 tasks using three protocols PBM, LGS,
GMP. (The other protocols do not use perimeter routing)
We see that GMP has the least number of failures. LGS
has the largest number of failures because it assumes a
valid next hop can always be found and it fails when a void
destination is identified even if the hop count is less than
100. PBM will group all the void destinations and always
mark the packet to be in perimeter mode for these destina-
tions. GMP, on the other hand, may group some void des-
tinations with other destinations without setting the packet
to perimeter mode for this group assuming a valid next hop
can be found for this group as described in Section 5.

7.1.6. Location errors

In the above experiments, we assumed that each node
knows the exact location of itself. However, in reality,
the coordinates obtained through GPS or the calibration
processes could be different from the actual coordinates
of the sensor nodes. To study the effect of location errors,
we have re-run the experiments while introducing random
errors in each node’s knowledge of its own coordinates.
Since each node would broadcast its own coordinates, the
node’s coordinates maintained by its neighbors will also
have error. Similarly, the destination coordinations main-
tained by the source node will also reflect these errors. In



Fig. 21. Number of failed tasks for different network densities.
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our experiments, the error is uniformly distributed within
the range [�E, E] along each dimension, where E was set
to 10 m and 20 m for two different set of experiments.

Fig. 22 shows the corresponding results for total number
of hops, average number of hops and total energy consump-
tions. Location error level 0 means that each node has the
perfect location information. As expected, the performance
of all routing algorithms suffer slightly when there are loca-
tion errors. Yet, the comparison of performance between the
multicast routing algorithms under location errors highly
resembles the comparison between routing algorithms with
perfect location information, illustrating that the same com-
parisons hold even when there are location errors.
a b

c

Fig. 22. Routing performance of multicast protocols when coordinates ma
destinations; (b) Average number of hops for each destination; (c) Total energ
7.2. Comparing demand-scalable multicasting protocols to

their un-weighted versions

In this section, we present the results of the experi-
ments we carried to evaluate and compare the
performance of the proposed weighted multicast proto-
cols against un-weighted version of these algorithms
(described in detail in Section 3) as well as against each
other. In each experiment, we generated 100 tasks. For
each task, we randomly pick a node as the source node
and randomly pick k nodes as the destination nodes. The
value of k varied from 5 to 15. Each destination was
assigned a packet demand ratio, corresponding to the
intained by sensor nodes have errors. (a) Total number hops for all
y consumption for all destinations.



2950 S. Wu, K.S. Candan / Computer Communications 30 (2007) 2931–2953
average amount of data it would consume to match its
corresponding quality demand.

Each experiment is run on 10 different networks and
results are averaged. For each routing task, we ran all
multicast routing algorithms discussed in this paper,
including three un-weighted and three corresponding
weighted multicast algorithms. We ran total of four set
of experiments. In the first two sets of experiments, the
packet demand ratio was randomly generated within a
range. The ranges of the packet demand ratio were
[0.5 . . .1] and [0.1 . . .1] for these two sets of experiments,
respectively. In the last two sets of experiments, the
packet demands ratio are randomly selected from two val-
ues. The two values are 0.5 and 1 for the third experiment
set and 0.1 and 1 for the last experiment set. This second
set of experiments highlight the case where, the variation
between demands are larger.

Before we present and discuss the experiment results in
detail, in Table 3, we first present the number of transmis-
sions and energy consumption obtained by various algo-
rithms, when there is no differences of demands among
destinations. As can be seen in this table, the original and
weighted versions of the algorithms have the same behavior
when all demands are equivalent. This shows that the pro-
posed modifications do not add additional overhead to the
algorithms.
Table 3
Total number of transmissions and total energy cost when all destinations ha

PBM LGS

Total # of transmissions 2458 2437
Total energy cost (J) 86.27 86.42

Table 4
Total number of transmissions

Demand # Dest. PBM LGS

Number of Transmissions (100 tasks)

[0.5 . . .1] 5 775 760
8 1216 1208

12 1488 1454
15 1898 1850

[0.1 . . .1] 5 610 599
8 996 980

12 1229 1199
15 1472 1436

{0.5,1} 5 792 781
8 1294 1274

12 1638 1569
15 2024 1987

{0.1,1} 5 688 644
8 1058 1029

12 1263 1258
15 1553 1515
7.2.1. Total number of transmissions

Table 4 shows the total number of transmissions
required in the experiments when using different geo-
graphic multicast routing algorithms. We can see that com-
pared to the un-weighted versions, the weighted version of
the multicast algorithms in general result in better perfor-
mance. When we look carefully though, we see that for var-
ious scenarios wPBM actually performed worse than PBM.
There are several reasons for this. First, as described in Sec-
tion 3, PBM uses a constant parameter k to balance the
bandwidth usage on the current node and the total distance
to the remaining destinations. The optimal value of k is dif-
ficult to be pre-calculated because it depends on the specif-
ics of each task as well as the node and demand
distributions. To be fair for the comparison of PBM and
wPBM, in the experiments, we fixed the k to be 0.5 for both
PBM and wPBM. Since the performance of PBM and
wPBM depends on this constant parameter, it will similarly
affect both protocols. The second factor that negatively
affect the performance of wPBM is the way the weighted
total distance to the remaining destinations is calculated.
Although wPBM intuitively multiplies the distance with
the demand ratio, the errors for such estimations are still
too large, because the distance considered is the direct dis-
tance between a neighbor node and a destination despite
the fact that some destinations can share subpaths. The
ve the same demand; the number of destinations is 15

GMP wPBM wLGS wGMP

2141 2458 2437 2141
76.20 86.27 86.42 76.20

GMP wPBM wLGS wGMP

679 752 746 631
1079 1232 1178 987
1306 1438 1418 1208
1670 1887 1796 1531

536 608 580 502
886 987 958 808

1070 1217 1164 993
1280 1464 1376 1170

707 762 763 656
1152 1265 1228 1043
1413 1633 1514 1267
1793 2046 1927 1609

576 656 632 513
922 1049 988 825

1140 1273 1214 1062
1367 1545 1458 1233
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result is that any possible savings due to weighted adapta-
tion is largely lost.

wLGS, on the other hand provide some reduction as
opposed to LGS. This is because wLGS tries to route to
destinations with larger demand ratio first, and effectively
avoids the cases that routing packets of less demand desti-
nations through larger demand destinations when the lar-
ger demand destinations are further away than the less
demand destinations. Yet the reduction is only around
3%. This is partly because wLGS may adversely overly split
the destinations into multiple groups. To see this, consider
the case in Fig. 23. In Fig. 23(a), by wLGS, node s will split
the two destinations into two groups. However, it is more
desirable to consider two destinations as one group and
split them at node z as shown in Fig. 23(b).

wGMP on the other hand provide up to 10% reduction
in the number of transmissions. Compared to GMP,
wGMP performed better because with the help of weighted
Steiner point, in the tree constructed by wGMP the length
of paths to those destinations with larger demand ratio is
shorter than that by GMP, required by the fact that more
packets will be routed to these destinations. This is
achieved through shorter paths to destinations with higher
demand ratio. In fact, wGMP achieves the best perfor-
Table 5
Total energy cost (expressed in terms of Joules, J)

Demand # Dest. PBM LGS

Energy Consumption (100 tasks)

[0.5 . . .1] 5 28.04 27.63
8 43.45 43.87

12 54.08 52.92
15 69.38 66.79

[0.1 . . .1] 5 21.80 21.51
8 36.22 35.19

12 43.77 43.83
15 52.62 51.99

{0.5,1} 5 28.56 27.85
8 47.39 45.53

12 59.96 57.00
15 72.36 72.22

{0.1,1} 5 24.88 23.23
8 38.54 37.05

12 45.84 45.90
15 55.39 54.75

zs u:1

v:0.1

zs u:1

v:0.1

a

b

Fig. 23. wLGS adversely splits the destinations into groups.
mance for all routing tasks among all the multicast routing
algorithms. Compared to wLGS, the tree structure con-
structed by wGMP is more effective. As discussed above,
wLGS tends to overly divide the destinations.

Note that (interestingly) the total amount of transmis-
sions required by wPBM and wLGS are still larger than
the unweighted GMP algorithm. The weight adaptivity
achieved by wPBM and wLGS are not enough to overcome
the advantages of the GMP algorithm: guided by the
reduction ratio and the rrSTR algorithm, GMP can split
the destinations effectively. In addition, the virtual destina-
tions also help GMP split the destinations at more appro-
priate intermediate relay node.

Finally, note also that, as expected, the experiments with
lower data demands require less transmissions than the
experiments with higher demands. To see this, please com-
pare results for sets [0.1 . . .1] and {0.1,1} against sets
[0.5 . . .1] and {0.5,1}. Also, when we compare experiment
sets {0.1,1} and {0.5,1} against experiment sets [0.1 . . .1]
and [0.5 . . .1], we see that larger variability in demand
require more transmission.
7.2.2. Total energy cost

Although, we have shown that wGMP provides the best
reduction in the number of transmissions, it is still possible
that in terms of the actual energy consumption, one of the
other algorithms can provide better savings. For this pur-
pose, we also computed the transmission energy consump-
tion by all algorithms. Table 5 shows the energy
consumption during the multicast routing. We see that, once
again, when considered all variations in the number of receiv-
ing nodes in different tasks and the number of destinations in
each group chosen by different routing protocols, the energy
consumption of wGMP is still the smallest among all
multicast protocols in all configurations we tested. Further-
GMP wPBM wLGS wGMP

24.19 27.31 26.67 22.60
39.50 44.87 42.31 35.47
47.11 51.50 51.03 43.99
60.79 68.15 64.20 55.05

19.37 21.92 20.67 18.11
32.12 35.36 34.08 29.21
38.79 44.23 42.43 36.09
46.45 53.53 50.25 42.77

25.16 27.17 27.65 23.80
41.52 46.06 44.29 37.54
50.57 59.40 54.72 46.17
63.80 72.87 69.33 58.69

20.54 23.34 23.04 18.34
33.71 38.08 35.22 30.02
41.44 46.52 43.80 38.11
49.21 56.36 52.23 44.87
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more, the same pattern of observations also apply when indi-
vidual geographic multicasting algorithms are compared.
8. Conclusion and future work

In this paper, we first presented a geographic multicast
routing protocol, GMP, built on a novel and efficient heu-
ristic, rrSTR, for constructing radio-range aware Euclidean
Steiner trees. The computational complexity of GMP is sig-
nificantly lower than that of PBM and comparable to that
of LGS. Furthermore, simulation results on NS2 showed
that the average number of hops on the multicast trees cre-
ated by GMP is significantly lower than that of LGS and
comparable to that of PBM. Therefore, GMP provides
the best features of both alternatives. In fact, in terms of
total number of hops and energy consumption, GMP is
around 25% better than both of these alternatives. We also
proposed intuitive mechanisms (wGMP, wLGS, wPBM) to
adapt these multicast routing schemes when the data needs
to scale based on the consumer demand. The results show
that the wGMP algorithm provides the best opportunities
for scalability due to its flexible, self-correcting decision
making process. Other schemes are not directly suitable
for scalable multicasting, due to their greedy structures
not amenable for self correction.

In all the multicast protocols discussed in this paper,
the group membership information is assumed known
by the source node prior to the data dissemination. In
our future work, we seek to address the problem of effi-
ciently maintaining and communicating the group mem-
bership information. We are also investigating ways for
extending our protocol to enable adaptations to dynamic
topology changes due to sleep-and-wake-up based energy
conservation of the nodes and for explicit power optimi-
zations by leveraging GPER-like radio range adaptations
[62,64].
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[38] I.I. Mändoiu, V.V. Vazirani, J.L. Ganley, A new heuristic for
rectilinear steiner trees, in: ICCAD (1999) 157–162.



S. Wu, K.S. Candan / Computer Communications 30 (2007) 2931–2953 2953
[39] M. Minoux, Efficient greedy heuristics for steiner tree problems using
reoptimization and supermodularity, INFOR 28 (1990) 221–233.

[40] J. Neuberg, Sur le point de steiner, in: Journal de mathématiques
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