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Summary

In a localized routing algorithm, each node currently holding a message makes forwarding decision solely based
on the position information about itself, its neighbors and destination. In a unit graph, two nodes can communicate
if and only if the distance between them is no more than the transmission radius, which is the same for each node.
This paper proposes localized routing algorithms, aimed at minimizing total power for routing a message or
maximizing the total number of routing tasks that a network can perform before a partition. The algorithms are
combinations of known greedy power and/or cost aware localized routing algorithms and an algorithm that
guarantees delivery. A shortcut procedure is introduced in later algorithm to enhance its performance. Another
improvement is to restrict the routing to nodes in a dominating set. These improvements require two-hop
knowledge at each node. The efficiency of proposed algorithms is verified experimentally by comparing their
power savings, and the number of routing tasks a network can perform before a node loses all its energy, with the
corresponding shortest weighted path algorithms and localized algorithms that use fixed transmission power at
each node. Significant energy savings are obtained, and feasibility of applying power and cost-aware localized
schemes is demonstrated. Copyright © 2004 John Wiley & Sons, Ltd.
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1. Introduction the time (e.g. books, projectors, furniture) or moving

(vehicles, people, small robotic devices). Wireless

In this paper we consider the routing task in which a
message is to be sent from a source node to a
destination node (in a sensor, rooftop or ad hoc
wireless network). Due to propagation path loss, the
transmission radii are limited. Thus, routes between
two hosts in the network may consist of hops through
other hosts in the network. The nodes in the network
may be static (e.g. sensors thrown from an aircraft to a
remote terrain or a toxic environment), static most of

networks of sensors are likely to be widely deployed
in the near future because they greatly extend our
ability to monitor and control the physical environ-
ment from remote locations and improve our accuracy
of information obtained via collaboration among
sensor nodes and online information processing at
those nodes. Networking these sensors (empower-
ing them with the ability to coordinate among them-
selves on a larger sensing task) will revolutionize
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176 1. STOJIMENOVIC AND S. DATTA

information gathering and processing in many situa-
tions. Sensor networks have been recently studied in
References [16,18]. A similar wireless network that
received significant attention in recent years is ad hoc
network [26]. Mobile ad hoc networks consist of
wireless hosts that communicate with each other in
the absence of a fixed infrastructure. Some examples
of the possible uses of ad hoc networking include
soldiers on the battlefield, emergency disaster relief
personnel and networks of laptops. A recent com-
prehensive survey of ad hoc networks is given in
Reference [13]. Rooftop networks, proposed in Re-
ference [31], are not mobile but are deployed very
densely in metropolitan areas (the name refers to an
antenna on each building’s roof, for line-of-sight with
neighbors) as an alternative to wired networking
offered by traditional telecommunication providers.
Such a network also provides an alternative infra-
structure in the event of failure of the conventional
one, as after a disaster. A routing system that self-
configures (without a trusted authority to configure a
routing hierarchy) for hundreds of thousands of such
nodes in a metropolitan area represents a significant
scaling challenge. Commercial examples of static ad
hoc networks include Metricom Ricochet [25] and
Nokia Rooftop [29] systems.

Macker and Corson [26] listed qualitative and
quantitative independent metrics for judging the per-
formance of routing protocols. Desirable qualitative
properties [26] include: distributed operation, loop-
freedom, demand-based operation and ‘sleep’ period
operation, while hop count and delivery rates are
among quantitative metrics. We shall further elaborate
on these properties and metrics in order to address the
issue of routing in wireless networks while trying to
minimize the energy consumption and/or reduce the
demands on nodes that have significantly depleted
batteries. This is an important problem since battery
power at each node is limited. Our final goal is to
design routing protocols with the following additional
properties.

(a) Minimize energy required per routing task. Hop
count was traditionally used to measure energy
requirement of a routing task, thus using constant
metric per hop. However, if nodes can adjust their
transmission power (knowing the location of their
neighbors) then the constant metric can be
replaced by a power metric that depends on
distance between nodes [30,16]. The distance
between neighboring nodes can be estimated on
the basis of incoming signal strengths (if some
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control messages are sent using fixed power).
Relative coordinates of neighboring nodes can
be obtained by exchanging such information
between neighbors [7]. Alternatively, the location
of nodes may be available directly by commu-
nicating with a satellite, using Global Positioning
System (GPS), if nodes are equipped with a small
low power GPS receiver. We will use location
information in making routing decisions as well,
to minimize energy per routing task.

(b) Maximize the number of routing tasks that network
can perform. Some nodes participate in routing
packets for many source-destination pairs, and the
increased energy consumption may result in their
failure. Thus pure power consumption metric may
be misguided in the long term [33]. A longer path
that passes through nodes that have plenty of
energy may be a better solution [33]. Alterna-
tively, some nodes in the sensor or ad hoc network
may be temporarily inactive and power consump-
tion metric may be applied on active nodes.

(c) Guaranteed delivery. The proposed localized
power and cost aware routing algorithms [37]
achieve very high delivery rates for dense net-
works, but low delivery rate for sparse networks.
In this paper, we have designed power, cost and
power-cost routing algorithms that guarantee de-
livery for arbitrary unit connected graph and
accurate destination information. The correspond-
ing power and/or cost non-aware routing algo-
rithms are given in References [6,11], with a
survey given in Reference [40].

To achieve these goals, we have made a number of
design choices. Solutions that require nodes to mem-
orize route or past traffic are sensitive to node queue
size, changes in node activity and node mobility while
routing is ongoing (e.g. monitoring environment).
Flexibility in selecting routes is thus preferred, and
we decided to avoid memorizing past traffic or route.

Due to limited battery power, the communication
overhead must be minimized if number of routing tasks
is to be maximized. Proactive methods that maintain
routing tables with up-to-date routing information or
global network information at each node are certainly
unsatisfactory solutions, especially when node mobi-
lity is high with respect to the data traffic. For instance,
shortest path based solutions are too sensitive to small
changes in local topology and activity status (the latter
even does not involve node movement).

We decided to minimize the communication over-
head by applying localized algorithms. Localized
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algorithms are distributed algorithms that resemble
greedy algorithms, where simple local behavior
achieves a desired global objective. In a localized
routing algorithm, each node makes a decision to
which neighbor to forward the message, based solely
on the location of itself, its neighboring nodes and
destination. We also considered two-hop neighbor-
hood information for improving the performance in
mostly static ad hoc networks. If an algorithm requires
global knowledge, regularly maintained at each node,
the communication overhead increases quadraticly
with number of nodes and linearly with mobility
rate. Even if network is static, global knowledge on
nodes in sleep mode is still required. A worst case
scenario is the need for a dying node to inform the
whole network (in a non-localized approach) about its
disappearance, causing further energy damages.
Therefore, non-localized routing algorithms are not
scalable. All non-localized routing algorithms pro-
posed in literature are variations of shortest weighted
path algorithm (e.g. References [8,23,30,33]).

While neighboring nodes may update each other’s
location whenever an edge is broken or created (as
discussed in Reference [35]), the accuracy of destina-
tion location is a serious problem. In some cases, such
as monitoring environment by sensor networks, the
destination is a fixed node known to all nodes (i.e.
monitoring center). Our proposed algorithms are di-
rectly applicable in such environments. The ultimate
goal of a routing algorithm is to handle node mobility
with proper location update schemes. This issue seems
to be the most complex of all discussed here, as argued
in a recent survey [35]. In this paper, we assume that
location information is available (such an assumption
is also made in Reference [17]). If it is not available, it
can be provided by another protocol such as GLS [22]
(similar scheme was also suggested in Reference [1]).

The task of finding and maintaining routes in
mobile networks is non-trivial since host mobility
causes frequent unpredictable topological changes.
Most previously proposed position based routing
algorithms (e.g. Reference [3]) for wireless ad hoc
networks were based on forwarding the actual mes-
sage along multiple paths toward an area where
destination is hopefully located, hoping to achieve
robustness. However, we have shown in our previous
work that single-path routing strategies may be even
more robust (for instance, they can guarantee delivery
[6]) and with less communication overhead.

As in all cited papers, we also adopt the unit graph
model of wireless networks as follows. All nodes have
equal transmission radius R. Two nodes A and B in the
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network are neighbors (and thus joined by an edge) if
and only if the Euclidean distance between them is at
most R. The unit graph is a valid model for wireless
networks whenever there are no obstacles in the signal
path. Ad hoc and sensor networks with obstacles can
be modeled by subgraphs of unit graphs. The proper-
ties of power metrics, the proposed algorithms and
their loop free properties in this paper are valid for
arbitrary graphs. The guaranteed delivery property
however, is valid only for nodes in a plane and no
obstacles between them.

In the next section, we shall review known power
aware metrics and routing algorithms. Section 3 de-
scribes existing dominating sets and internal node
notions that will be used in this paper. In Section 4,
existing routing protocol that guarantees delivery
[6,11] is reviewed. Section 5 proposes three localized
loop-free algorithms that guarantee delivery and are
aimed at extending node and/or network life. Their
performance evaluation is given in Sections 6 and 7.

2. Existing Power Aware Metrics and
Routing Algorithms

In most of routing protocols, the paths are computed
based on minimizing hop count or delay. When
transmission power of nodes is adjustable, hop count
may be replaced by power consumption metric. Some
nodes participate in routing packets for many source-
destination pairs, and the increased energy consump-
tion may result in their failure. A longer path that
passes through nodes that have plenty of energy may
be a better solution [33]. A survey of power optimiza-
tion techniques for routing protocols in wireless net-
works is given in Reference [24].

Rodoplu and Meng [30] proposed a general model
in which the power consumption between two nodes
at distance d is u(d) = d“ + ¢ for some constants o and
¢, and describe several properties of power transmis-
sion that are used to find neighbors for which direct
transmission is the best choice in terms of power
consumption. In their experiments, they adopted the
model with u(d) =d* + 2%10%, which will be referred
to as RM-model. They discuss that large-scale varia-
tions (modeled by lognormal shadowing model) can
be incorporated into the path loss formula, and that
small-scale variations (modeled by a Rayleigh distri-
bution) may be handled by diversity techniques and
combiners at the physical layer. Rodoplu and Meng
[30], described a power aware routing algorithm
which runs in two phases. In the first phase, each
node searches for its neighbors and selects these
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neighbors for which direct transmission requires less
power than if an intermediate node is used to retrans-
mit the message. This defines so called enclosure
graph. In the second phase, each possible destination
runs distributed loop-free variant of non-localized
Bellman—Ford shortest path algorithm and computes
shortest path for each possible source. The same
algorithm is run from each possible destination. The
algorithm is thus proactive, resulting in significant
overhead for low-data traffic volumes.

In the simple radio model [16], radio dissipates
E,.. =50n]/bit to run the transceiver circuitry. Both
sender and receiver node consume E,;. to transmit
one bit between them. Assuming d° energy loss,
where d is the distance between nodes, transmit
amplifier at the sender node consumes further Eampdz,
where E,,,, =100 pJ/bit/mz. Thus, to transmit one bit
message at distance d, the radio expends E,..+
Eampdz, and to receive the message, the radio expends
E,;... In order to normalize the constants, divide both
expressions by E,,,, so that radio expands 7= E + d
for transmission and P=EFE for reception, where
E=E/Eppp=500m". Note that T/P=1+d"/E
and T+ P=2E+d* Therefore, in this model, re-
ferred to as HCB-model, the power needed for trans-
mission and reception at distance d is u(d) = 2E + d".

Stojmenovic and Lin [37] assumed that the power
needed for the transmission and reception of a signal is
u(d) = ad + c. Constant factor ¢ in this expression for
total energy consumption may also include the energy
consumed in computer processing and encoding/
decoding at each station. Next, the leading coefficient
a can be adjusted to the physical environment, unit of
length considered, unit size of a signal (e.g. a bit, byte
or frame) etc. In the RM-model =4, a=1, c=
2%108, while in the HCB-model « =2, a=1, ¢ =2E.
These two models were used in our experiments.

Suppose that the sender S is able to transmit the
packet directly to the destination D. The following
theorem determines whether energy can be saved by
sending the packet to an intermediate node A between
the nodes and forwarding the packet from A to D. Let
|SD| = d, |SA| = x, |AD| = d — x denote the lengths
of corresponding edges. Such a node, of course, may
not exist, but the routing algorithm will be based on
the proximity of existing nodes to such an intermedi-
ate node.

Theorem 1 [37]: Let d be the distance between the
source and the destination. The power needed for
direct transmission is u(d) = ad” + ¢, which is optimal
if d<(c/(a(1—2"~*))"". Otherwise (i.e. when d >
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(c/(a(1l — 2! 70‘)))“ "), n— 1 equally spaced nodes can
be selected for retransmissions, where n = d(a(a — 1)/
¢)"* (rounded to the nearest integer), producing mini-
mal power consumption of about v(d) = dc(a(a — 1)/
VY + da(a(a — 1le)t — e,

Theorem 1 announces the possibility of converting
polynomial function in d (with exponent «) for power
consumption (in case of direct transmission from
sender to destination) to linear function in d by
retransmitting the packet via some intermediate nodes
that might be available.

If nodes have information about position and
activity of all other nodes then optimal power saving
algorithm, that will minimize the total energy per
packet, can be obtained by applying Dijkstra’s single
source shortest weighted path algorithm, where each
edge has weight u(d) = ad“ + ¢, where d is the length
of the edge. This will be referred as the shortest path
(SP)-power algorithm.

The corresponding loop-free localized power effi-
cient routing algorithm can be described as follows
[37]. The source (or an intermediate node) S should
select one of its neighbors to forward packet toward
destination, with the goal of reducing the total power
needed for the packet transmission. In this and other
localized algorithms described in this section, only
neighbors that are closer to destination than S are
considered (if no such node exists, routing fails). Let A
be a neighbor of S, and let r = |AS|, d =|SD|,
s = |AD|. The power needed for transmission from S
to A is u(r) = ar” + ¢, while the power needed for the
rest of routing algorithm is not known. Assuming
uniformly distributed network, a fair assumption that
the power consumption for the rest of routing algo-
rithm is equal to the optimal one is made (see
Theorem 1). That is, the power needed for transmit-
ting message from A to D is estimated to be
v(s) = sc(a(a — DIe) + sa(a(a — Dle)t =9, For
a=2,v(s)= 2s(ac)1/ 2. This is, of course, an unreali-
stic assumption. However, it is fair to all nodes.
Node S will select one of its neighbors A which will
minimize
P(S,A) = u(r) +v(s) =ar® +c+scla(o — D) +
sa(a(oc — i) . For =2 it becomes u(r)+
v(s) = ar’ + ¢ + 2s(ac)"’. If destination D is a neigh-
bor of S then compare the expression with the cor-
responding one, u(d)=ad"+ c, needed for direct
transmission (s=0 for D, and D can be treated as
any other neighbor). The algorithm proceeds until the
destination is reached, if possible.

The algorithm [33] proposed to use a function f{A)
to denote node A’s reluctance to forward packets,
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and to choose a path that minimizes the sum of f{A) for
nodes on the path. This routing protocol [33] ad-
dresses the issue of energy critical nodes. As a
particular choice for f, Reference [33] proposes
flA) =1/g(A), where g(A) denotes the remaining life-
time (g(A) is normalized to be in the interval (0-1).
Thus reluctance grows significantly when lifetime
approaches 0. The other metric used in [33] is aimed
at minimizing the total energy consumed per packet.
However, Reference [33] merely observes that the
routes selected when using this metric will be iden-
tical to routes selected by shortest hop count routing,
since the energy consumed in transmitting (and
receiving) one packet over one hop is considered
constant. For each of the two proposed power con-
sumption metrics (cost and hop count), Reference [33]
assigns weights to nodes or edges, and then refers to
non-localized Dijkstra’s algorithm for computing
shortest weighted path between source and destina-
tion. It is referred to as the SP-cost algorithm in
experimental data in this paper. The algorithm uses
the cost to select the path, but the actual power is
charged to nodes. We also observed that the validation
of power-aware metrics in Reference [33] was done
on random graphs where each pair of nodes is joined
by an edge with a fixed probability p.

The localized version of SP-cost algorithm [33],
assuming constant power for each transmission, can
be designed as follows [37]. The cost c¢(A) of a route
from B to D via neighboring node A is the sum of the
cost flA) = 1/g(A) of node A and the estimated cost of
route from A to D. The cost f(A) of each neighbor A of
node S currently holding the packet is known to B. In
Reference [37], the cost of remaining path is assumed
to be proportional to the number of hops between A
and D. The number of hops, in turn, is proportional to
the distance s = |AD|, and inversely proportional to
radius R. Thus the cost is zs/R, where factor 7 is to be
investigated separately. We selected t=f(A) (best
performing definition from Reference [37]). The
cost ¢(A) of aroute from S to D via A is then estimated
to be c(A) =f(A) +ts/R. If destination is one of the
neighbors of node B, currently holding the packet,
then the packet will be delivered to D. Otherwise, S
will select one of its neighbors A, which will minimize
c(A). The algorithm proceeds until the destination is
reached, if possible, or a node has no closer node to
destination than itself.

Chang and Tassiulas [9,10] and Stojmenovic and
Lin [37] independently proposed combining power
and cost into a single metric. In Reference [9],
Chang and Tassiulas experimented with metric
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cij=(E;_ eu)\)fl, where e;; = u(d) = d*+c is energy
for transmission on link ij with length d, A and ¢ are
small constants, and E; is remaining battery power at
node i. In Reference [10], they proposed a general
metric ¢; = ejE; Y E¢, where E; is initial energy at
node i, and a, b and c are constants. They consider
routing tasks with fixed source-destination pairs, one-
to-one [9] and one-to-many [10] cases. The power
needed for reception is not considered. Distributed
non-localized Bellman—Ford shortest weighted path
algorithm is wused. Their experiments indicate
(a,b,c) =(1,50,50) as values that are close to optimal
one. Network lifetime is maximized when traffic is
balanced among the nodes in proportion to their
energy reserves, instead of routing to minimize the
absolute consumed power [9,10]. A similar power-
cost metric was proposed also in Reference [14],
followed by a multi-path routeredirect algorithm,
where messages are redirected through any intermedi-
ate node that saves power or reduces cost. However,
multi-path transmission in effect increases the power
and cost, contrary to the design goals.

Stojmenovic and Lin [37] proposed two different
ways to combine power and cost metrics into a single
power-cost metric, based on the product and sum of
two metrics respectively. If the product is used, then
the power-cost of sending message from S to a neigh-
bor A is equal to power-cost(S,A) =f(A)u(r) (where
|AS| = r). The sum, on the other hand, leads to a new
metrics power-cost(S,A) = au(r) + Bf(A), for suitably
selected values of v and 3. For example, sender node S
may fix o ="(S) and 3 =u(r’), where ¥ is the average
length of all edges going out of S. The values « and 3
are (in this version) determined by § and used, without
change, by other nodes S on the same route. The
corresponding SP algorithms can find the optimal
power-cost by applying single source shortest weighted
path Dijkstra’s algorithm (the node cost is transferred to
the edge leading to the node). The product version
(called SP-Power*Cost) performed better in Reference
[37] for the shortest power-cost path and is selected for
this paper for the comparison.

The power-cost efficient routing algorithm may be
described as follows [37]. Let A be the neighbor of §
(node currently holding the message) that minimizes
pc(S,A) = power-cost(S,A) +v(s)f'(A) (where s=0
for D, if D is a neighbor of S). The variant power-
cost(S,A) =f"(S)u(r) + u(¥)f(A) performed better in
experiments [37], is loop-free [37] and was thus
selected in this paper for localized algorithm. The
packet is delivered to A. Thus the packet is not
necessarily delivered to D, when D is a neighbor of S.

Wirel. Commun. Mob. Comput. 2004; 4:175-188



180 1. STOJIMENOVIC AND S. DATTA

Maleki, Dantu and Pedram [27] defined power-cost
metric on each link as the product power*cost, where
power is the transmit power (using the metric with
¢ >0), cost is ratio of remaining battery energy over
full battery energy and fis a positive weighting factor
power. Following Dynamic Source Routing (DSR)
strategy, each node in route discovery applies a time-
out strategy, waiting for several announcements from
neighbors, and selects among them the only with
minimal sum of power-cost metric as defined. At
end, destination selects the best power-cost efficient
path.

Xue and Li [43] applied power metric model with
¢ =0 to find the best forwarding node among neigh-
bors for each destination, which is the closest
advancing node. They also independently combined
localized power-aware routing with Greedy-FACE-
Greedy (GFG) using their power model.

Preliminary version of this article was published in
Proceedings of IEEE International Symposium on
Computers and Communications, July 2002.

3. Dominating Sets and Internal Nodes

Let G be a set of nodes in an ad hoc network. A subset
of G is dominating set in G, if all the nodes in G are
either in the subset or neighbors of nodes in the subset.
Nodes that belong to a dominating set will be called,
in this paper, internal nodes for G. Routing based on a
connected dominating set is frequently used approach
[41], where the searching space for a route is reduced
to corresponding internal nodes. The routing process,
in this approach, is divided into three steps. If source
node is not an internal node, it forwards the packets to
one of its adjacent internal nodes. This internal node
then acts as a new source to route the packets in the
reduced graph consisting of internal nodes only.
Eventually, the packets reach the destination internal
node, which is either the destination node itself or
neighbor of the destination node. In the latter case, the
destination internal node forwards the packets directly
to the destination node. Such routing is suggested for
the SP [41], for DSR [41] and for localized routing
with guaranteed delivery [11].

Wu and Li [41] proposed a simple and efficient
localized algorithm for calculating connected domi-
nating sets in ad hoc wireless networks, modeled by
arbitrary graphs. Two types of internal nodes to be
covered here are intermediate and inter-gateway
nodes. A is an intermediate node if and only if there
exist two neighbors of A that are not direct neighbors
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themselves. Let N(u) be the (open) set of all neighbors
of node u, and let N[u]=N(u)U {u} be the corre-
sponding closed neighbor set, that is the set of all
neighbors and u itself. Suppose that each node has a
unique id number (it may be obtained by generating a
random number in (0-1), or their x-coordinate may
serve the purpose). Let us define inter-gateway nodes
as intermediate nodes that are not eliminated by the
following rule. Consider two intermediate nodes v and
u. If N[v] C N[u] in G and id(v) < id(u), then node v is
not an inter-gateway node. In other words, if each
neighbor of v is also a neighbor of u, and v is
connected to u and has lower id, then any path via v
can be replaced by a path via u, thus node v is not
needed as internal node. We may also say that node v
is ‘covered’ by node u. Observe that the hop count
between any two nodes does not increase by applying
this rule, since a segment pvq of a path between source
and destination is replaced by a segment pug, thus hop
count does not change. Since routing on inter-gateway
nodes performed better than routing on intermediate
nodes in Reference [11], this paper adopts inter-gate-
way node definition in experiments involving internal
nodes.

Stojmenovic, Seddigh and Zunic [34] proposed to
replace node ids with a record (degree, x, y), where
degree is the number of neighbors of a node, and x and
y are its two coordinates in the plane (if available,
otherwise they may use a random number instead). In
Rule 1, nodes compare first their degrees, and node
with higher degree has greater chances of remaining
an internal node. In case of ties, use x-coordinates as
secondary and y-coordinates as ternary keys. The
information about the degree of neighboring nodes
may be gathered together with information about their
location. Such definition is used in broadcasting
algorithm (where a message is to be sent from one
node to all other nodes in the network) [34], where
only internal nodes retransmit the message, resulting
in reduction in retransmissions to roughly half of the
nodes compared to flooding method where all nodes
retransmit.

If location information (i.e. geographic position) of
nodes is not known to nodes then the list of two-hop
neighbors (i.e. neighbors of each neighbor) suffices to
make such a decision at each node (if these lists are
exchanges between neighboring nodes). On the other
hand, if nodes know the location of all its neighbors
and G is unit graph with a given radius R known to all
nodes, then each node can determine whether or not it
is an internal node without any message exchanged
with its neighbors for that purpose. In order to
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determine the status of neighboring nodes, one bit of
information needs to be added to any location update
packet, or alternatively, two-hop neighbor information
shall be provided.

4, Existing Localized Routing Algorithm
which Guarantees Delivery

Bose et al. [6] described a GPS-based localized
routing algorithm which guarantees the delivery for
wireless networks modeled by unit graphs, assuming
only that the graph is connected. The only additional
constraint is, of course, that the position of destination
(as recorded by the sender node) is reasonably accu-
rate. Let G be the graph, containing n vertices, that
corresponds to the wireless network. Since G is unit
graph, there exists radius R such that two vertices are
connected in G if and only if the distance between
them is <R.

The algorithms work as follows. In the first phase,
construct planar connected subgraph P of G. P is the
intersection of unit graph and Gabriel graph (GG) on
the set S of n given nodes, defined as follows. Let
disk(u,v) be the disk with diameter (u,v). Then, the
GG(S) is a graph in which edge (u,v) is present if and
only if disk(u,v) contains no other points of S [15].
GG(S) is a planar graph (i.e. no two edges cross each
other). It was proved in Reference [6] that the inter-
section of connected unit graph and GG is a connected
planar graph. The planar subgraph is constructed in
localized manner. More precisely, each node needs to
know only the location of its neighbors and does not
need any additional communication step to decide, for
each of its edges, whether it belongs to P. Let A be one
of nodes and B one of its neighbors. Edge AB belongs
to P if and only if |CM| < |AB|/2 for each neighbor-
ing node C of A, where M is the middle point between
A and B. Alternative criterion is the following: an edge
AB is included in the subgraph if and only if /ACB

is acute, for each joint neighbor C of A and B.
Therefore, the construction of GG(S) does not require
any message exchange between neighboring nodes,
other than regular location updates. Figure 1 illus-
trates GG concept. Edge UV is included in GG(S)
since the disk with diameter UV has no other points,
while PQ is not included because of node W inside
disk with diameter PQ. Other edges of GG are also
indicated in Figure 1 (note that unit graph concept was
not applied in Fig. 1).

In the second phase, a path between source node S
and destination node D in P is constructed. Planar
subgraph P divides the plane into several faces. One of
them is open (or infinite) while other faces are closed.
The straight line segment between S and D intersects
several faces of P, in a particular order. Any edge of P
belongs to exactly two faces. The message traverses
these faces, one by one, and changes from a face to the
next face at the edges that intersect line SD. Details of
this algorithm, called FACE, are given in References
[6,11]. The paths generated by FACE algorithm are
considerably long. However, nodes do not need to
memorize past traffic in order to forward the message
correctly. Also, there is no need for multiple paths.
That is, at each step there is exactly one copy of the
message in the network. The FACE algorithm may be
used in practice in combination with an algorithm that
performs well whenever it does not fail such as greedy
routing scheme [12]. Reference [6] proposed an algo-
rithm that begins routing with greedy scheme until the
message is delivered, or failed at a node C. The failure
node is defined as node C that has no closer neighbor
to D than itself. Such choice node enables to prove
that the combined algorithm remains loop-free, and
guarantees delivery. At C, FACE algorithm is invoked
which guarantees delivery. The algorithm is further
improved by proposing GFG routing scheme. In this
scheme, routing follows greedy method until a node C
is reached that has no neighbor closer to destination
than itself. The distance d = |CD)| is attached to the

Fig. 1. Gabriel graph of set of points.
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message, and C invokes FACE algorithm which runs
until message is delivered, or a node B such that
|IBD| < d is found. Routing then continues again
with greedy until message delivery of the next node
C that has no closer neighbor to destination. Thus the
number of switches from greedy to FACE and back
may be arbitrary, but each switching node is closer to
destination than the previous one. The performance
evaluation in Reference [6] confirm that GFG method
is very practical, and in case of low degree graphs with
few hundred nodes it generates paths which are on
average up to 3.5 times longer than paths generated by
SP algorithm. In case of high degree networks, the
performance of GFG is very close to the performance
of SP algorithm.

Karp and Kung [17] implemented GFG algorithm
[6] by adding a full IEEE 802.11 MAC protocol and by
experimenting with mobile nodes moving according
to a random waypoint model, using ns-2 environment.
More precisely, their Greedy Perimeter Stateless
Routing (GPSR) algorithm [17] uses sparser relative
neighborhood graph instead of its supergraph, GG,
used in Reference [6], and changes faces before edge
crossings instead of doing it afterwards; both changes
make the algorithm worse than previously published
(and cited in Reference [17]) algorithm [6], in terms
of average hop count. They used the same simula-
tion code as the measurement study used to evaluate
DSR protocol [5]. Accurate destination information
was used in Reference [17], thus location updates
and corresponding overhead were not implemented or
measured. Their GPSR algorithm, extended from
GFG, consistently delivered over 94% (mobility
may introduce disconnection) data packets success-
fully; it is competitive with DSR in this respect on
50 node networks at all pause times, and increasingly
more successful than DSR as the number of nodes
increases. The routing protocol traffic generated by
GPSR was constant as mobility increased, while DSR
must query longer routes with longer diameter and do
so more often as mobility increases (with less effec-
tive caching). Thus DSR generates drastically more
routing protocol traffic in simulations [17] with over
100 nodes. Therefore the scalability seems to be the
major advantage of GFG algorithm over existing
well-known protocols.

GOAFR [19] is an extension of GFG algorithm
which employs bounding ellipses of doubling size
until destination is found in one of ellipses. The packet
does not leave current ellipse and the size of current
ellipse doubles whenever it is detected that network
bounded by current ellipse is disconnected from the
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destination (this is detected by packet returning to the
same node after traversing a face and is not able to
change face toward destination or apply greedy ad-
vance). It is proven in Reference [19] to be worst-case
optimal and shown that is efficient in average case.

Li et al. [21] proposed to replace GG in GFG
algorithm by a newly defined planar localized Delau-
nay Triangulation structure, which is supergraph of
Delaunay triangulation (both are intersected with unit
graph), whose construction requires only one-hop
neighbors knowledge at each node (with their posi-
tions), but requires O(n) messages between nodes (in
the unit graph network with n nodes) to establish the
structure, in addition to messages to update the loca-
tions of each node or their activity status.

Datta, Stojmenovic and Wu [11] proposed to re-
strict GF'G algorithm on the set of internal nodes only
and to shorten paths in FACE mode by a shortcut
procedure, as follows. One of main problems with
FACE algorithm, causing its increased hop count, is
that the planar subgraph construction phase favors
short edges over long ones. A route between source
and destination is therefore likely to contain a number
of short edges. This means that a node A in the path
might have, in addition to forwarding node, few more
nodes in the same path as its neighbors. If node A
receives the information about each neighbor of each
of its neighbors, it can accurately construct the local
portion of path in FACE algorithm and select the
furthest known node on the path to send the message
directly to it, thus making a shortcut. Note that A can
predict next hops even if face is changed in the
process. In order to apply the shortcut procedure,
neighboring nodes need to exchange the list and
location of their neighbors, in addition to their own
location, whenever a change in local topology occurs.
In other words, two-hop local information is needed.
The experiments in Reference [11] indicate that the
overhead, in excess of the shortest path algorithm, can
be reduced to about half of the overhead in Reference
[6] for any graph density.

5. Power and Cost Aware Routing
Algorithms With Guaranteed Delivery

In this section, we describe our localized power and/or
cost aware routing algorithms which guarantee deli-
very in connected unit graphs. The algorithms are com-
bination of power, cost or power-cost routing algorithm
respectively, with the FACE algorithm, similarly as
greedy algorithm is combined with FACE to define
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GFG algorithm. We shall call these algorithm PFP,
CFC and PcFPc algorithms respectively.

More precisely, routing begins with P (power), C
(cost) or power-cost (Pc) scheme respectively, until
the message is delivered or failed at a node E. The
failure node is defined as node E which has no closer
neighbor to D than itself. Such choice node enables to
prove that the combined algorithm remains loop-free
and guarantees delivery. The distance d = |ED| is
attached to the message and E invokes FACE algo-
rithm which runs until message is delivered, or a node
B which has a neighbor B’ such that |B'D| < d is
found. The message is sent to the best such neighbor
B’ (if any, and according to considered criterion) and
routing then continues again from B’ with correspond-
ing P, C or Pc method, until message delivery or the
next node E that has no closer neighbor to destination
is encountered. Thus the number of switches from P,
C or Pc method to FACE and back may be arbitrary,
but each switching node is closer to destination than
the previous one. This property, together with the
guaranteed delivery property of FACE algorithm,
suffices to claim guaranteed delivery property for
PFP, CFC and PcFPc algorithms and consequently
their loop-freedom.

One possible enhancement of each algorithm is to
restrict them to internal nodes only. Our experiments
showed that internal node concept showed no signifi-
cant improvement (or drawback) in hop count, delivery
rates or power savings when applied in conjunction
with greedy power/cost aware or non-aware algo-
rithms. However, notable improvement was obtained
when concept was applied in FACE mode of routing
algorithm. By reducing the number of nodes to inter-
nal node set, FACE algorithm is applied on smaller
set, therefore producing shorter paths in its maze-like
traversal of faces on route from source to destination.

The second improvement is to adjust shortcut
procedure [11] so that the best neighbor in each
case, in FACE mode, is selected. Consider, for exam-
ple, the path ABCEFG in Figure 2, where B, C, E and
F are neighbors of A. Node A is normally neighbor for

Fig. 2. Path ABCE replaced by AE in the shortcut
procedure.
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several subsequent nodes in FACE algorithm, since
the later favors ‘short’ edges. Knowing the neighbors
of each neighbor, node A may determine this path and
send the message directly to some other node instead
to neighbor B determined by FACE algorithm. Using
appropriate criteria for each of power, cost and power-
cost routing algorithms, node A selects the best
neighbor, say E, and forwards the message directly
to E, thus deleting nodes B and C from the path. If
power aware routing algorithm is considered, the best
neighbor is one that minimizes u(|AX|) + rv(|XD)),
where X is B, C, E or F.

If cost aware routing is considered, then A may send
message directly to F, furthest known node on the
path, since the cost of other intermediate nodes is
avoided in this way. However, if the cost of node F is
high, this may not be the best solution. Node E having
much lower cost, and knowing more subsequent nodes
on the path than node A, might be in position to avoid
F later, and therefore reduce overall cost. Other
alternative is to select node, say E, which has lowest
cost among B, C, E and F. This also may not be best
choice, since the node may not advance sufficiently
toward destination. Thus we propose to use cost c(X)
as defined above, which is the sum of cost of X and
estimated cost of remaining path, which depends on
distance to destination. In case of power-cost algo-
rithm, the function pc(A,X), explained above, may be
similarly applied.

Both improvements assume that two-hop neighbor-
hood information is available at each node. In case of
dominating set restrictions, this can be replaced by
one-hop information with one bit of dominating set
status added to each location and activity update
packet.

6. Performance Evaluation of Power
Efficient Routing Algorithm

The experiments are carried on both static and mobile
networks. We designed our own simulator in C++.
Each of n nodes is initially chosen by selecting its x
and y coordinates at random in the interval (0-m). In
order to control the initial average node degree k (i.e.
the average number of neighbors), we sort all
n(n — 1)/2 (potential) edges in the network by their
length, in increasing order. The radius R that corre-
sponds to chosen value of k is equal to the length of
nk/2-th edge in the sorted order. The experiments with
static networks required connected unit graphs. The
experiments on moving nodes were carried as follows.
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Each node moves according to the following mobility
pattern. It chooses a random destination and random
number mov-it, the number of steps (iterations) it will
take to reach the destination, from a given interval
(min-mov-it-max-mov-it). When node reaches its des-
tination, it makes a new selection of mov-it and
random destination and repeats the process. One
routing task per iteration is performed in the network,
by choosing source and destination nodes at random.
MAC layer was not implemented, so possible colli-
sions of location update and routing traffic are as-
sumed to be handled by either acknowledgements
within IEEE 802.11 or by time division multiple
access in multi-hop ad hoc networks (see a recent
survey Reference [20]). Because of using single path
strategy and one routing task at a time, there would be
no collision within routing traffic even if a MAC layer
were added. By choosing mov-it parameter, node in
effect chooses its speed. We assumed that the speed of
performing routing task is significantly greater than
the node movement. The size of iteration should be
chosen such that each node performs very few, if any,
location update activities during the iteration. Dis-
connected sourcedestination pairs are detected by
repeating the same edge on FACE path twice (such
pairs are also confirmed by running shortest path
algorithm on the same pairs). Each node sends loca-
tion update message to all its neighbors whenever it
detects that an existing link is broken or a message
from a new neighbor is heard. It was observed that the
failure rate due to using imprecise neighborhood
information is far below 1% and that mobility had
no significant negative impact on routing process.
This is similar conclusion to one reported in Refer-
ence [17]. The measured data for static and moving
networks did not differ significantly. We have there-
fore chosen to present data only for static networks.
The average number of location update messages per
node was also measured. It grows with mobility and
network density but was constant with respect to
number of nodes in the network, thus confirming
scalability, which DSR and other non-position based
routing protocols are lacking [17]. The primary goal
of this paper and experimental design was to show
power savings and network’s life extension for new
localized protocols while preserving guaranteed de-
livery property, compared to ‘ideal’ shortest weighted
path schemes (that require global information) and
power non-aware protocols [6,11], and to confirm that
savings are stable with respect to node mobility.
Note that the number of routing tasks that a network
can perform is negatively impacted by node mobility
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because of communication overhead imposed by
location updates. However, such overhead is equally
or more imposed on all the other methods, thus we
decided not to include them in our reports.

We have experimented with number of nodes from
n=40 to n=100 and average node degrees from
k=13 to k=10. We compared all methods for squares
of sizes m =10, 100, 200, 500, 1000, 2000, 5000 for
both HCB- and RM-models. The results are averages
over 20 graphs with 100 routing pairs in each, chosen
at random. We considered two different models in our
experiments. The first model is the one described in
literature review (and used by other authors), where
transmission power is charged to sender node (and
depends on distance between nodes), and a fixed
power for reception is charged to receiving node. In
that model, energy d” + E/2 is charged to transmitting
node, while the receiving node is charged with the
remaining power E/2. The presented data refer to this
model. This model is justified if neighboring nodes
that are not message receivers can temporarily switch
to sleep mode after realizing that they are not intended
receivers. Otherwise, each neighboring node shall
be charged for listening to the message. We have
designed the following model for this case. Assume
that a node chooses the transmission power according
to a neighbor that is at distance d. The power needed
for another neighbor at distance r to receive the
message is g(Ed“/(r" + E) + E*/(r* + E)) = a(r)d" +
c(r), where ¢ is a constant whose value is between
0.1 and 1 (the value g=1 corresponds to the case
when reception power for node at distance » =0 from
sender is the same as transmission power; such a
model follows from References [16,30,]). Let a and
b be the summations of a(r) and c¢(r) over all neigh-
bors (and possibly even all nodes in the network, if the
energy for receiving noise is also to be charged). We
conclude that the overall energy charged to the net-
work is again of the form ar® + ¢; however constant a
and c differ at each node. Thus, the localized algo-
rithm remains the same under this model and the
performance evaluation gives, surprisingly, similar
conclusion. We therefore did not include experimental
results for this model.

Table I presents the average power consumption per
successful routing task in networks with n =40 nodes
placed in a square of size m=1000 and average
degrees from 4 to 10. The results for other values of
n were similar. The suffix ‘I" denotes the application
of inter-gateway node concept, while suffix ‘S’ de-
notes the application of shortcut procedure. The data
for SP-power method are optimal power consumption,
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Table I. Power consumption per one routing task for n =40 nodes and m = 1000.

Degree 4 5 6 7 8 9 10
Face-1 8765 8015 8191 7015 7057 7394 7662
Face-I-S 5206 4821 5014 4474 4647 4961 5520
GFG-1 4276 3858 3884 3464 3546 3747 4064
GFG-I-S 3861 3684 3700 3438 3529 3715 4057
PFP 4717 3985 3815 2936 2921 3080 3032
PFP-S 4050 3659 3485 2807 2800 2909 2930
PFP-1 4216 3670 3681 2992 2956 3148 3177
PFP-I-S 3783 3437 3380 2883 2845 3008 3075
PFP-1-S-2t 3671 3387 3344 3023 2855 2973 3029
SP-Power 2886 2913 2879 2548 2541 2592 2670

received by applying Dijkstra’s shortest weighted path
algorithm. The advantage of using shortcut procedure
is notable, giving more benefits overall than the
intergateway node concept. The overall efficiency of
localized power efficient algorithm with guaranteed
delivery is notable. The excess power needed for
delivery for best PFP-I-S method ranges from 31%
for degree d =4 (which frequently calls FACE algo-
rithm) to 15% for d=10 which rarely calls FACE
procedure. Power savings obtained by applying power
formula, measured in terms of excess power over
minimal one required by SP-power algorithm are
also notable. For instance, PFP-I-S over GFG-I-S
has savings ranging from about 10% for d = 4 to about
30% for d=10. Power formulas use value =1 in
u(r) + tv(s), except the method PFP-I-S-2¢ in Table 1
that used value r=2. This was the largest overall
difference in results for different values of ¢.

7. Performance Evaluation of Cost and
Power-Cost Efficient Routing Algorithms

The experiments that evaluate cost and power-cost
routing algorithms are designed as follows. Random
unit connected graphs are generated as in the previous
section. An iteration is a routing task specified by the
random choice of source and destination nodes. A
power failure occurs if a node has insufficient remain-
ing power to send a message according to given
method. Iterations are run until the first power failure
at a node occurs (at which point the corresponding
method ‘dies’). Each node is initially assigned an
energy level at random in the interval (minpow-
maxpow), where parameters depend on m. After
sending a message from node A to node B, the energy
that remained at A (B) is reduced by the power needed
to transmit (receive) the message respectively. The
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experiment is performed on 20 graphs for each
method, for each of HCB- and RM-model formulas.
Table II presents experimental data on the number
of routing tasks a network can perform before a first
node dies, for network with n =40 nodes placed in a
square of size m = 1000, average degrees from 4 to 10,
and with initial nodes power selected at random in
interval (3 000 000—4 000 000). Quadratic formula for
power was used, while power-cost formula for loca-
lized algorithm is discussed in Section 2. Note that
shortest weighted path algorithms used are not neces-
sarily optimal and that our localized algorithms are
very competitive with them. It can be observed that
power-cost combination is better than power or cost
alone. Also, our power, cost and power-cost aware
routing algorithms were superior in these experiments
with respect to non-power or non-cost aware localized
algorithms and superiority increased with degree.
Power aware algorithm PFP+ extended network life
13%-40% over corresponding non-power aware
GFG+ algorithm, cost aware formula CFC+ extend-
ed 8%—-80% over PFP2+ and power-cost aware
PcFPc + extended 17%-97% over GFG+ (‘+ refers
to same extension in both names). Compared to best
shortest weighted path SP-Power*Cost algorithm,
our best performing localised algorithm PcFPc-I-S
achieve 83%—-92% of network life. Therefore although
the performance did not seem much improved for
lower degrees, it appears that no significant improve-
ments are possible either since PcFPc-I-S is close to
performance of SP-Power*Cost for all degrees.

8. Conclusion

This paper described several localized routing algo-
rithms that try to minimize the total energy per
packet and/or maximize lifetime of the network and
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Table II. The number of iterations for n =40, m =100 and power interval [3M,4M].

Degree 4 5 6 7 8 9 10
Face2-1 152 176 160 180 167 177 150
Face2-1-S 157 188 172 200 197 211 180
GFG 193 212 181 252 234 238 218
GFG-S 194 213 182 252 234 238 218
GFG-1 189 213 182 230 240 226 198
GFG-I-S 191 215 183 229 241 226 198
PFP 222 258 222 304 330 313 290
PFP-S 226 265 223 307 329 317 280
PFP-1 210 252 214 281 312 284 271
PFP-I-S 215 259 216 291 313 299 278
CFC 202 254 228 322 364 360 372
CFC-S 203 254 229 324 363 365 376
CFC-1 205 260 222 313 361 343 356
CFC-I-S 206 261 224 314 363 345 355
PCFPC 226 282 251 354 377 373 370
PCFPC-S 224 288 253 360 385 383 387
PCFPC-1 223 283 251 349 372 380 367
PCFPC-I-S 224 292 256 352 377 383 390
SP 218 242 196 248 252 238 210
SP-Power 252 294 229 316 342 333 307
SP-Cost 237 297 258 380 376 365 370
SP-Power*Cost 262 329 278 438 425 427 426

guarantee delivery for unit graph model of wireless
networks. The proposed routing algorithms are all
demand-based and can be augmented with some of the
location update schemes, reported in literature, that
will supply the reasonably accurate destination infor-
mation to sender node. These methods use control
messages to update positions of all nodes to maintain
efficiency of routing algorithms. However, these con-
trol messages also consume power and the best trade-
off for moving nodes is to be established. Therefore,
further research is needed to select the best protocols.
Our primary interest in this paper was to examine
power consumption with respect to power non-aware
protocols and provide basis for further study. Power
efficient methods tend to select well-positioned neigh-
boring nodes in forwarding the message, while cost-
efficient methods favor nodes with more remaining
power. The node movement, in this respect, will
certainly assist power aspect of the formula since
the movement will cause the change in relative node
positioning. This will further emphasize the advantage
of power-cost over power only or cost only methods.

Interestingly, the performance of internal node
based routing also improves with mobility (if the
cost of location updates is ignored), since mobility
changes the dominating set frequently. When the
nodes are static, the fixed choice of internal nodes
becomes routing bottleneck, since these nodes are
used more often than others in routing messages. To
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address this problem, Reference [42] proposed a
different definition of dominating sets, the one that
takes remaining power at nodes into account when
deciding internal nodes. Thus, the dominating set will
change for static networks by applying this definition.
The incorporation of this new definition into our
protocols is left for future study.

One of outstanding open problems is to guarantee
delivery on more general graph structures that unit
graphs in the plane. The presented algorithm may fail
to do so in three-dimensional space, or in unit graphs
with some obstacles, that is missing edges. A general-
ization of algorithm [6] to guarantee delivery in
graphs with two transmission radii (edges exist if
distance is less than the first threshold, do not exist
if it is more than the second, and may or may not exist
otherwise) is described in Reference [4].

The formulas for power, cost and power-cost meth-
ods may also need some improvements. Our experi-
ments do not give an ultimate answer on even the
selection of approach that would give the most pro-
longed life to each node in the network. We will
investigate this question further in our future work
which will consider a number of metrics including
generalized one f(A)“u(r)b, which is similar to one
proposed in Reference [10].

Mauve et al. [28] proposed multicast algorithm
which apply GFG algorithm to guarantee delivery to
every destination. These algorithms can be extended
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using the ideas presented here toward power and cost-
efficient multicast algorithms.

Finally, Yeh [44] proposed several variable-radius

routing protocols for achieving higher throughout,
smaller latency at a given traffic load, and/or lower
power consumption in ad hoc networks, by exploiting
several unique characteristics of radio links. These
ideas may be incorporated with ideas presented in this
paper to obtain routes of good quality with all the
desirable characteristics.
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