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Abstract

In this paper, we propose a novel Geographic Multicast
routing Protocol (GMP) for wireless sensor networks1. The
proposed 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 includ-
ing the destinations, using a novel and highly efficient re-
duction ratio heuristic (called rrSTR). Based on this locally
computed tree and the information regarding the locations
of its immediate neighbors, the transmitting node then splits
the destinations into a set of groups and calculates a next
hop for each of these groups. A copy of the packet and the
locations of the corresponding group of destination nodes
are directed towards the corresponding hop. The simula-
tion results on NS2 show that the average per-destination
hop count obtained using GMP is comparable to the ex-
isting PBM [21] algorithm and significantly less than ob-
tained by using LGS [5]. Most significantly, GMP requires
25% less hops and energy than alternative algorithms.

1. Introduction and Related Work

Geographic unicast routing protocols [4, 13, 31, 17]
use location information to eliminate expensive wire-
less network operations. In contrast to single-source
single-destination unicast schemes, group communication
schemes like geocasting [15, 2, 28] and multicasting aim
at identifying one-to-many transmission paths. Multicast-
ing (as opposed to multiple unicasting) preserves network
resources by reducing redundant messaging.

Most existing multicast routing protocols maintain a dis-
tributed structure for the delivery of multicast packets. In
tree-based structures [7, 3, 30] there is only one path for
each destination; multiple destinations may share parts of
their paths. In mesh-based structures [18, 10, 19, 8], there
may be multiple paths from a given source to each destina-
tion. 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.

1This work is supported by NSF grant # 0308268, “ARIA - Quality-
Adaptive Media-Flow Architectures for Sensor Data Management”

In contrast, in source-routing based schemes (such as
Dynamic Source Multicast, DSM [6]), the entire multicast
tree is created by the source node in advance and included
in the packet. In DSM, a minimum spanning tree based
heuristic is used to create this routing graph. Each receiv-
ing node on this path decodes the multicast tree information
and routes the packet to the next nodes as decided by the
source. Unlike DSM, in Location-guided Trees (LGT) [5],
each node only needs to know its own location and the loca-
tions of its neighbors. The source node locally constructs a
multicast tree consisting of itself and the destination nodes.
After receiving a packet, each subtree root extracts the cor-
responding set of destinations and then repeats the same
process to partition this set into subsets of destinations.
[5] presents two tree construction algorithms based on this
underlying scheme: location-guided k-ary tree (LGK) and
location-guided Steiner tree (LGS). LGS approximates the
Stenier trees using minimum spanning trees (MSTs) of the
destination nodes. We note that the LGS scheme overly
constrains the multicast trees it can generate. In partic-
ular, since each node creates potential multicast trees us-
ing only the destination nodes themselves, the trees that it
can generate are limited. In contrast, in this paper, we pro-
pose a scheme which does not put the same constraints on
the multicast trees explored. Position Based Multicasting
(PBM) [21] is another protocol which makes forwarding de-
cision based on local knowledge. Unlike LGS, however, it
jointly optimizes (a) the progress of the packets towards the
destinations and (b) the bandwidth usage. By considering
all possible subsets of its neighbors and assigning each des-
tination to the closest neighbor in the subset, PBM identifies
a subset which minimizes the optimization criterion. Note
that since each possible subset of the neighborhood has to
be considered, the PBM algorithm can be very costly when
there are large numbers of neighbors and destinations. Fur-
thermore, tradeoff between remaining overall distance to-
wards the destinations and bandwidth usage is not trivial.

1.1. Contributions of this Paper

In this paper, we propose a virtual Euclidean Steiner
tree based multicast routing protocol where (a) transmitting
nodes do not require any global knowledge to create a tree
which will be used for partitioning the destination nodes
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into groups and (b) they use only local information dur-
ing actual route selection. Note that the general Euclidean
Steiner tree problem is NP-hard [14]. However, a special
case where there are only three nodes, the Steiner point can
be calculated efficiently as in [24, 11]. Our algorithm, Geo-
graphic Multicast routing Protocol (GMP), exploits this to
create heuristic Euclidean Steiner trees efficiently (in poly-
nomial time). The progressive nature of the routing scheme
enables continuous refinement of the resulting trees, thereby
providing better multicast trees than similar schemes dis-
cussed above.

As discussed above, while creating the minimum span-
ning tree for partitioning the destinations, LGS [5] does not
consider any geographic points other than the actual des-
tinations themselves. PBM [21] 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 param-
eter. 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 propose GMP, an efficient Euclidean
Steiner tree based geographic multicast routing protocol.
The underlying idea of GMP is that

each transmitting node constructs a heuristic Eu-
clidean Steiner tree, including the source and all
destinations. The tree is virtual in the sense that
it may include interior vertices that do not corre-
spond 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 suit-
able next hop and the process is repeated by the receiv-
ing nodes until all destinations are reached. Essentially,
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 partitions and (2)
the subdestination (root of the subtree) towards which the
packet is forwarded is constrained to be an actual destina-
tion in LGS, while in GMP it can be any Euclidean Steiner
point. As shown in Section 5, these flexibilities result in
significantly better multicast trees.

2. Wireless Network Model
In this paper, we adopt a commonly used sensor network

model [31, 13, 32, 27]: A set, S, of nodes is located in a two
dimensional geographic area, G. Each node v i ∈ S has co-
ordinates, coord(vi) = 〈xi, yi〉. Each node knows its own
coordinates. This can be achieved either through an internal
GPS device or through a separate calibration process [13].
The location of a node acts as its ID and its network address.
Therefore, there is no need for a separate ID establishment
protocol. Each packet is marked with the location of the
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Figure 1. A multicast tree example. How the
tree is created is described in Section 4.

next hop and the corresponding node picks up the packet.
The source node (generally a prime node) knows the des-
tinations prior to the dissemination of the data packet. In
literature, there are works ranging from static group mem-
bership [12, 6] to highly dynamic scenarios supported by
the source node [25, 5] or a separate group management
service [20]. In this paper, we do not focus on the problem
of how to establish and maintain multicast groups.

3. rrSTR: An Efficient REDUCTION RATIO

Heuristic for Euclidean Steiner Trees

The GMP multicast routing algorithm we introduce in
this paper is based on Euclidean Steiner trees. Note that
generating optimal Euclidean trees is a costly operation [14]
which needs to be avoided. There are many heuristics [23,
1, 33] and approximation algorithms [34, 26] to address this
problem. Although they are much cheaper then optimal so-
lutions, most approximation algorithms are still too costly
to be deployed at sensor nodes. Some existing heuristics
[22] apply to rectilinear Steiner problems and some are min-
imum spanning tree based algorithms [23, 26, 33].

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 Figure 1, des-
tinations {u, v} are likely to share subpaths.

• Observation 2: when the angle of the line segments
connecting the source node and the destinations are
small, the nodes are likely to share subpaths. For ex-
ample, in Figure 1, destinations {u, v, d} are likely to
share subpaths with destination c.

Since when there are only three nodes, the exact Steiner
point can be calculated efficiently [24, 11], the observations
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Figure 2. Reduction ratio

enables us to develop a novel algorithm to create heuristic
Euclidean Steiner trees efficiently (in polynomial time).

3.1. Reduction Ratio

Before we introduce the proposed heuristic to create Eu-
clidean Steiner trees, we first introduce a novel measure,
called reduction ratio, which uniformly captures these two
observations to guide the construction of Euclidean Steiner
trees. Given a destination pair (u, v) and a source node s,
reduction ratio, RR(s, u, v), is defined as follows:

RR(s, u, v) = 1 − d(s, t) + d(t, u) + d(t, v)
d(s, u) + d(s, v)

Here t is the exact Euclidean Steiner point of these three
nodes {s, u, v} [24, 11]. In the rest of the paper, the source
node s is implicit when we refer to reduction ratio. The
reduction ratio measure has the following properties (the
proofs are omitted due to space constraints):

• The value of reduction ratio is always less than 1/2.

• Given two equidistant destinations, the reduction ratio
is larger if these two destinations are further away from
the source. For example, in Figure 2(a), the reduction
ratio of (p, q) is larger than the reduction ratio of (u, v).

• Given a pair of destinations, the reduction ratio is
larger if the angle between the two line segments con-
necting the source node and the two destinations is
smaller. For example, in Figure 2(b), the reduction ra-
tio of (u, v) is larger than the reduction ratio of (u, v ′).

3.2. Basic rrSTR Algorithm

In Figure 3, 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 iteration, the algo-
rithm 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 [24, 11]. The

rrSTR(s, destv, rr): This function calculates the Steiner tree for nodes s and
destinations in destv

• s is the current node;
• destv, the list of all destinations;
• rr, the radio range of s;
• T is the tree to be returned;

{
1. set all destinations and all pairs of destinations to be active;
2. calculate the reduction ratios and Steiner points for all pairs of destina-

tions with s;
3. repeat

• find an active pair (u, v) with largest reduction ratio and let t be
the Steiner point of {s, u, v}

• if no such pair can be found, break;
• if u is the same node with v

– add edge su to T , deactivate node u;
• else if t is collocated with s

– add edges su and sv to T , deactivate u and v;
• else if t is collocated with u/v

– add edge uv/vu to T , deactivate v/u;
• else if both d(s, u) and d(s, v) less than rr

– deactivate the pair (u, v);
• else if d(s, u)/d(s, v) is less than rr

– if rr+d(t, u)+d(t, v) is larger than d(s, u)+d(s, v),
deactivate pair (u, v);

– else add edge uv/vu to T , and deactivate v/u;
• else d(s, t) is less than rr, and rr +d(t, u)+d(t, v) is larger

than d(s, u) + d(s, v)
– add edges su and sv to T , deactivate u and v;

• else /**create a new virtual destination**/
– create a new virtual destination w at t, activate w, add

edges wu and wv to T , calculate the reduction ratios and
Steiner points for all pairs (w, i), where i is an active des-
tination

4. return T ;

}

Figure 3. Reduction-ratio-based heuristic for
Euclidean Steiner tree generation
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Figure 4. An example Euclidean Steiner tree
generated by rrSTR

corresponding two edges, wu and wv, are then added to
the tree. Since they are already covered, both u and v are
marked as inactive so that any destination pair that contains
either u or v will not be considered in the remaining iter-
ations. The new virtual destination w is added in the set
of destinations and marked active. Thus, rrSTR will calcu-
late 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. If for
example the Steiner point is collocated 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 ac-
tive. Also note that the Steiner 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.
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Figure 5. A virtual destination (a) may be or
(b) may not be beneficial

Figure 4 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 cre-
ated 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 second 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 iden-
tified. 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 [34, 26]. In
this algorithms a full connected component is identified
and replaced with a new point, iteratively. In rrSTR, in-
stead, 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.

3.3. Radio Range aware rrSTR
The basic rrSTR algorithm described above uses the re-

duction 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 captured by this al-
gorithm. Intuitively, when the Steiner point t is within the
radio range, creating a virtual destination at t may not al-
ways be beneficial (Figure 5(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 range of the current node,
a new virtual destination would increase the number of
hops to u and v by 1. Therefore, it is not appropriate
to create a virtual destination at their Steiner point. In-
stead, we mark the pair (u, v) as inactive, so that this
pair will not be considered in the future. Marking a
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Figure 6. It is not beneficial to create a vir-
tual destination when only one of the desti-
nations is in radio range

pair (u, v) as inactive is different 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

1 +
d(t, u) + d(t, v)

rr
<

d(s, u) + d(s, v)
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 Figure 5(a), it is beneficial to create the
virtual destination w at t, but in Figure 5(b), it is not
appropriate 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. 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 both u and v will be marked inactive. For
example, in Figure 6(a) the Steiner point becomes u,
and in Figure 6(b) s becomes the Steiner point instead.

The algorithm presented in Figure 3 is radio range aware
and implements these three special cases to prevent redun-
dant hop generation and, thus, to save network resources.

4. 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 Figure 7. 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.
s then uses this Steiner tree to split the destinations into



GMP(s, rr, pack)
This function splits the destinations into appropriate groups and forward a copy
of the packet to a next hop for each group of destinations

• s is the current node;
• rr, the radio range of s;
• pack is the packet

{
1. extract destinations from pack to destv;
2. set T to be rrSTR(s, destv, rr);
3. set pivots to be the children of s in T

4. for each p in pivots;

• find a neighbor n, that minimizes d(n, p) subject to∑
v(p)

d(n, v(p)) <
∑

v(p)
d(s, v(p)), where v(p) is a

non-virtual destination in the subtree rooted at p;
• if n is found, clear PERIMODE flag in pack, remove p from

pivots, forward a copy of pack to n with all v(p)s saved in the
copy;

• else remove edge pl and add edge sl, where l is the last child of
p, add l to pivots;

– if p has only one child o left, and p is a virtual destination,
then remove edge po and add edge so, add o to pivots,
remove p from pivots;

– else continue with the same p;
5. if pivots is empty, return;
6. /** all destinations in pivots are void now **/

if PERIMODE flag is not set in pack, set the flag on;
7. calculate a next hop n by perimeter routing based on the average location

of the destinations in pivots;
8. forward a copy of pack to n with destinations in pivots saved in the

copy;
}

Figure 7. GMP routing algorithm

groups. We refer to the direct (terminal or non-terminal)
descendants of s in the Steiner tree as pivots. Note that
pivots may be actual nodes or they may be virtual, 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. How-
ever, to prevent routing loops, s also requires that the total
distance from the next hop, hop(p), to all destinations in
group(p) to be less than the total distance from s to all des-
tinations 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
corresponding destinations, (2) removes itself from this list
if it is one of those destinations, and (3) repeats the above
procedure, constructing a new Steiner tree to split the des-
tinations into groups, and selecting next hops. This process
is repeated by all hops until all the destinations are reached.
Figure 8 illustrates the execution of the GMP algorithm:

1. In Figure 8(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 desti-
nation list from the packet, and removes itself from the
list. Based on the Steiner tree it constructs, as shown
in Figure 8(b), it decides not to split the destinations
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 Figure 8(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 destina-
tions {w1, d}. Instead,

• the pivot for destinations {u, v} is w1 and
• the pivot for destination d is d itself.

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 remain-
ing destination d.

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

The resulting tree was shown in Figure 1 in Section 3.

4.1. 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 appropri-
ate 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 destina-
tions 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 last child of p can easily be
found if the order in which edges are included to the
Steiner tree is saved with along with this edge.)

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

dren, 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 re-
move p from its children list.

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. Figure 9 shows an example: Node s constructs the
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Figure 8. Example of GMP routing. The Steiner tree calculated by a current node is indicated by
dashed edges.
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Figure 9. Splitting the set of destinations
when there is no valid next hop

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. 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 sin-

gle 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[4, 13, 31]. 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 desti-
nation 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 [29, 9].
Such planarization can be done by the current node with
only local information [4, 13, 31]. In GMP, since there may
be multiple such destinations:

1. the source creates a single group which contains all
such destinations and sets the packet for this group to
be in perimeter mode.

2. s calculates the average of the geographic locations
of these destinations and identifies the next hop in
perimeter mode based on this average location, as
in [21].

w

v

u

n1
s

n

Figure 10. GMP allows void destinations to
join groups with other nodes.

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,
the packet remains in perimeter mode and traverses 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 un-
covered groups and a new average destination location
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 [21] in the sense that the cal-
culation of next hop in perimeter mode is based on the pla-
narized 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 con-
trast, in PBM [21], once a void destination is identified, the
packet for this destination will enter perimeter mode. We
note that this is not always necessary. For example, in Fig-
ure 10, node s has no neighbor closer than itself to the desti-
nation 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. Therefore the packet is for-



SIM.PARAMETER VALUE
Simulator ns-2.27

Network size 1000m X 1000m
Number of nodes 1000
Channel data rate 1Mbps

Mac protocol Mac802.11
Transmission power 1.3W

Receiving power 0.9W
Message size 128B

Antenna OmniAntenna
Radio Range 150m

Table 1. Simulation setup

warded to n for destinations u and v. Node n then forwards
the packet to u, which will forward the packet to v.

4.2. Complexity of the GMP and Compar-
ison with LGS and PBM

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

• Let us assume there are n destinations and m neigh-
bors for the current node, s. For constructing the
Steiner tree, we use a priority queue and a 2-D array to
maintain the status of destination pairs. In a given iter-
ation, if there is no virtual destination created, the com-
plexity of this step is O(log n) for removing a node
from the priority queue. There can be at most O(n2)
such iterations. If a virtual destination created, then the
complexity of such a step is O(n log n) for inserting
O(n) pairs into the priority queue. There are at most
O(n) virtual destinations. Therefore, the complexity
for the construction of the approximate Steiner tree is:
O(n2)O(log n) + O(n)O(n log n) = O(n2 log n).

• In the next hop selection step, the complexity for cal-
culating 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 algorithm is
O(n2 log n+n×m). In contrast, since PBM [21] 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 creation to the geo-
graphic locations of the network nodes. As we demonstrate
in the next section, this over-constrains the possible trees
and results in less effective multicasting.

5. Simulation Results
In this section, we present the results of the experiments

we carried to evaluate and compare the performance of the
proposed GMP multicast protocol against existing multicast
algorithms PBM [21] and LGS [5] as described in detail
in Section 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

Figure 11. Total number of hops

the sake of completeness, we also implemented a central-
ized heuristic [16], denoted by SMT, to calculate the Steiner
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 a close to optimal Steiner
tree connecting itself and all destinations. The source node
forwards a copy of the data packet with the routing infor-
mation embedded in the packet. Naturally, acquiring the
up-to-date global knowledge of the network topology is
not practical for large sensor networks. Therefore, we in-
clude this centralized algorithm only for comparison pur-
pose. Thirdly, we also experimented with GRD, which cor-
responds to the extreme case, where packets are indepen-
dently routed for each destination. This algorithm explicitly
minimizes the per-destination hop count and serves well as
a lower-bound for the average number hops for each desti-
nation.

The simulation setup is described in Table 1. The NS2
simulator has been modified to support multicasting for
wireless sensor networks. In each experiment, we gener-
ate 100 tasks. The 1000 nodes are uniformly distributed in
the network. 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.

5.1. Total Number of Hops in the Multicast
Tree

The total number of hops needed for a single multicas-
ting task is the number of transmissions (forwarding) re-
quired to reach all destinations. Figure 11 shows the re-
sults obtained using four different multicast routing proto-
cols: PBM, LGS, GMP and GMPnr. In [21], it is noted that
in PBM the minimum total number of hops is achieved for
a λ value between 0 and 0.6. We have thus run the same
routing task seven times, with the value of λ varying from 0
to 0.6. Among the results corresponding to these λ values,
only the best (minimum number of hops) one is included
for PBM in Figure 11.

In this figure, we see that, of the five protocols, GMP
results in the least number of hops. Note that, GMP per-
forms even better than the centralized algorithm, SMT. The
reduction of GMP compared to both PBM and LGS is up to
25%. The results indicate that by using rrSTR destinations



Figure 12. Per-destination hop count

are divided into groups more effectively and the way the
next hop is calculated based on the Steiner point of the des-
tinations in each group is more effective than the ways PBM
and LGS calculate the next hops. As discussed in Section
3, when the radio range is not considered during the con-
struction the Steiner tree, GMPnr may generate redundant
hops. The probability for redundancy becomes larger as the
number of destinations becomes larger. Therefore, GMP nr

uses more hops than GMP. Note, however, that even with-
out radio range awareness, GMPnr works better than PBM
and LGS.

As discussed earlier, in PBM the optimal value of the
trade-off parameter λ depends on the number of neighbors
and the distribution of the destinations. The value of λ,
however, is fixed during routing, therefore, the destinations
are split into groups by a receiving node sometimes ear-
lier 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 consid-
eration. Therefore the groups identified by LGS may not be
as good as those identified by GMP. Furthermore, the calcu-
lation 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.

5.2. Per-destination Hop Count
Figure 12 shows the average per-destination hop count.

As discussed in Section 1, it is not always possible to min-
imize both the total number of hops and the per-destination
hop count. PBM takes into account this by using a trade-off
parameter, λ. When λ is small, PBM results in a smaller
average number of hops and a larger total number of hops.
When λ is larger, the average number of hops gets larger
but the total number of hops becomes smaller. The value of
λ in Figure 12 is the same as in Figure 11, i.e. the λ that
minimizes the total number of hops.

We see that PBM, SMT 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.
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Figure 13. An example where LGS results in
a large per-destination hop count

Figure 14. Total energy cost

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-
ure 13. 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: {cu, uv, vd}.
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 Figure 1. Consequently, when LGS is used,
destinations that are reached later may take a significantly
larger number of hops and this increases the overall average
number of hops.

5.3. Energy Consumption

Figure 14 shows the energy consumption during multi-
cast routing.2 We see that since the number of hops used by
GMP is less than the number for all of PBM, LGS and SMT,
the energy consumption of GMP is significantly smaller
than consumptions of PBM, LGS and SMT in all configu-
rations we tested. In these experiments, the energy savings
compared to PBM and LGS is up to 25% as shown in Figure
14.

5.4. Failures Due to Perimeter Routing

When the network density is lower, the probability that
there is no neighbor closer to the destination and that the
packet enters the perimeter mode becomes higher. Because

2The energy consumption reported in this paper includes the transmis-
sion power of senders and the receiving power of all listening nodes within
the transmission radio range of the senders.



Figure 15. Number of failed tasks for different
network densities

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 al-
lowed 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 network
densities. In these experiments, the number of nodes in the
network are 1000, 800, 600 and 400. The sensor nodes are
uniformly distributed in the network. We set the maximum
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 des-
tinations are reached. For each network size, we generated
10 networks and ran 100 tasks for each network. Figure 15
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 destinations. GMP, on the other
hand, may group some void destinations with other destina-
tions 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 4.

6. Conclusion

In this paper, we presented a novel geographic multicast
routing protocol, GMP. GMP is built on an efficient and ef-
fective heuristic, rrSTR, for constructing radio-range aware
Euclidean Steiner trees. Each transmitting node creates a
virtual Steiner tree and uses it to choose subdestinations.
These subdestinations are then used for identifying the next
hops for actual packet forwarding. The computation com-
plexity of GMP is significantly lower than that of PBM and
comparable to that of LGS. On the other hand, simulation
results on NS2 showed that the average number of hops on

the multicast trees created by GMP is significantly lower
than that of LGS and comparable to that of PBM. There-
fore, GMP provides the best features of both alternatives.
Furthermore, in terms of total number of hops and energy
consumption, GMP is around 25% better than both of these
alternatives.
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