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Abstract. Several localized position based routing algorithms for wireless networks were described recently. In greedy routing algorithm
(that has close performance to the shortest path algorithm, if successful), sender or node S currently holding the message m forwards m to
one of its neighbors that is the closest to destination. The algorithm fails if S does not have any neighbor that is closer to destination than S.
FACE algorithm guarantees the delivery of m if the network, modeled by unit graph, is connected. GFG algorithm combines greedy and
FACE algorithms. Greedy algorithm is applied as long as possible, until delivery or a failure. In case of failure, the algorithm switches to
FACE algorithm until a node closer to destination than last failure node is found, at which point greedy algorithm is applied again. Past
traffic does not need to be memorized at nodes. In this paper we further improve the performance of GFG algorithm, by reducing its average
hop count. First we improve the FACE algorithm by adding a sooner-back procedure for earlier escape from FACE mode. Then we perform
a shortcut procedure at each forwarding node S. Node S uses the local information available to calculate as many hops as possible and
forwards the packet to the last known hop directly instead of forwarding it to the next hop. The second improvement is based on the concept
of dominating sets. Each node in the network is classified as internal or not, based on geographic position of its neighboring nodes. The
network of internal nodes defines a connected dominating set, i.e., and each node must be either internal or directly connected to an internal
node. In addition, internal nodes are connected. We apply several existing definitions of internal nodes, namely the concepts of intermediate,
inter-gateway and gateway nodes. We propose to run GFG routing, enhanced by shortcut procedure, on the dominating set, except possibly
the first and last hops. The performance of proposed algorithms is measured by comparing its average hop count with hop count of the basic
GFG algorithm and the benchmark shortest path algorithm, and very significant improvements were obtained for low degree graphs. More
precisely, we obtained localized routing algorithm that guarantees delivery and has very low excess in terms of hop count compared to the
shortest path algorithm. The experimental data show that the length of additional path (in excess of shortest path length) can be reduced to
about half of that of existing GFG algorithm.
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1. Introduction

Wireless networks consist of static or mobile hosts (or nodes)
that can communicate with each other over the wireless links
without any static network interaction. Each mobile host
has the capability to communicate directly with other mobile
hosts in its vicinity. They can also forward packets destined
for other nodes. Examples of such networks are wireless lo-
cal area, rooftop, ad hoc and sensor networks. They are used
in situations like disaster rescues, wireless conferences in the
hall, battlefields, or monitoring objects in a possibly remote
or dangerous environment.

The routing problem is the problem of finding a route for
sending a message from a source to a given destination. Rout-
ing becomes very difficult in wireless networks. In highly
mobile situation, the flooding scheme is the most reliable for
sending data packets. However, since the link channel re-
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source is very scarce and battery power is limited, more effi-
cient schemes must be devised. Numerous routing protocols
have been proposed in recent years (see [3]).

Ad hoc networks are best modeled by the unit graphs con-
structed as follows. Two nodes A and B in the network are
neighbors (and thus joined by an edge) if the Euclidean dis-
tance between their coordinates is at most R, where R is the
transmission radius which is equal for all nodes.

The shortest path algorithm does not adapt well to the net-
works in which some of the nodes may be temporarily inac-
tive due to failures or power savings. In addition to activ-
ity status and location updates for all nodes in the network,
the updates on the status of every possible link is needed to
guarantee the availability of shortest path, which is unaccept-
able quadratic communication overhead. Wireless networks
require localized algorithms, in which nodes make routing
decisions based solely on the information about its neighbor-
ing nodes, and the position of destination. The greedy rout-
ing algorithm [5], where each node forwards message to its
neighbor that is closest to destination, is based on the location
information, which can be supplied even without GPS [4]. Its
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major drawback is high failure rate for low degree graphs.
However, its hop count is very close to the shortest path algo-
rithm, whenever the method is successful. A localized routing
algorithm, called FACE, that guarantees the message delivery
in connected unit graphs, is described [2]. Its improved ver-
sion, called GFG (Greedy–Face–Greedy), that applies greedy
algorithm as much as possible, is also described in [2]. We ap-
ply the concept of internal nodes to improve the delivery rates
of GFG algorithm. Another improvement proposed here is a
shortcut procedure that allows each node in FACE algorithm
to find out few next hops in FACE algorithm and forward the
message directly to the last of these hops.

The desirable properties of any routing protocol include
simplicity, loop-free operation, convergence after topological
changes, small storage overhead, computational and transmis-
sion overhead. The efficiency of a routing algorithm is meas-
ured by the delivery rate and the average hop count [15]. The
average hop count is the number of transmissions needed by a
method between source and destination. It is compared with
the average hop count of a shortest path algorithm. The deliv-
ery rate is the ratio of numbers of messages received by desti-
nation and sent by senders. For a shortest path algorithm, and
for algorithms that guarantee delivery in a connected graph,
the ratio is 1. Therefore, the only measure used in this paper
for comparing routing algorithms that guarantee the delivery
is hop count.

The algorithms analyzed and proposed in this paper guar-
antee delivery if the position of destination is accurate. Sen-
sor networks are important kind of wireless networks whose
nodes may be considered fixed. These networks may have
thousands of sensors that change their status between active
and passive, and therefore shortest path algorithm is not feasi-
ble in such case. In some cases nodes in sensor networks may
move, but the destination can be a fixed central facility known
to all sensors, which collects information from sensors. When
the position of destination is fixed, as in this scenario, the al-
gorithms discussed here guarantee delivery as long as the lo-
cation updates are regularly updated between moving neigh-
boring nodes. If destination is moving, as in the case of ad
hoc networks, routing algorithm may begin by sending mes-
sage to the latest known location of destination, and mod-
ify the information by intermediate nodes as the message ap-
proaches destination. Since this approach may not guaran-
tee delivery and may increase hop count significantly, we be-
lieve that a better approach (e.g. [13]) will apply a destination
search method using short probe messages (containing search
information but not actual message), then routing from desti-
nation to sender with short message, and finally routing full
(actual) message from source to destination whose location is
detected. The destination search step may apply a flooding
with reduced number of retransmissions (such as one based
on internal nodes [18]) or another method that is linked to lo-
cation update scheme (e.g. [13]). In this scenario, delivery is
guaranteed unless node movement is significant with respect
to message speed (in which case flooding may be the only
feasible solution [8]). Moreover, the network can be consid-

ered static in the analysis of algorithm performance, without
introducing significant errors.

This paper is organized as follows. Section 2 gives a lit-
erature review on localized routing in ad hoc networks, and
the concept of dominating sets. Section 3 describes FACE
and GFG algorithms from [2], completed with implementa-
tion details and with various enhancements. Section 4 pro-
poses a shortcut procedure as the main enhancement to FACE
algorithm from [2]. Section 5 proposes routing algorithm that
restricts routing decisions to internal nodes only. Performance
evaluation is given in section 6, followed by conclusion sec-
tion.

2. Literature review

2.1. Location based routing algorithms

The distance between neighboring nodes can be estimated on
the basis of incoming signal strengths. Relative coordinates
of neighboring nodes can be obtained by exchanging such in-
formation between neighbors [4]. Alternatively, the location
of nodes may be available directly by communicating with a
satellite, using GPS, if nodes are equipped with a small low
power GPS receiver. We will discuss only location based rout-
ing schemes.

Finn [5] proposed a greedy routing algorithm, in which
source or any intermediate node will choose the successor
node that makes the best progress toward the destination. The
distance to destination is used to measure the progress. When
no node is closer to the destination than current node C, the
algorithm fails. The stoppage criterion differs from the one in
GEDIR algorithm proposed in [15], where the algorithm stops
if the best choice for the current node is to return the message
to the previous node. Other existing GPS based routing al-
gorithms are reviewed in [15] and two of them compared ex-
perimentally with the GEDIR algorithm (other methods were
apparently not competitive). One of methods, called MFR
(most forward with progress) [19] is comparable to GEDIR (it
chooses the same route as GEDIR in over 90% of cases) but
is conceptually more sophisticated and requires more power
[16], while the other, based on direction of edges [10,11], is
not loop-free [15]. Figure 2 gives an example showing that
greedy or GEDIR algorithm may produce longer paths than
SP (shortest path) routing algorithm. Power aware routing
algorithms in unit graphs are studied in [16]. Routing algo-
rithms that are based on depth first search (DFS) algorithm,
merged with GEDIR, are proposed in [17]. These algorithms
require nodes to memorize past traffic, which is not the case
with algorithms discussed here. The performance of DFS
based routing algorithms can also be improved by applying
internal node concept [17].

2.2. Dominating sets and internal nodes

Let G be the set of all nodes in a wireless network, and G′
be a subset of G. G′ is a dominating set in G if any node in
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Figure 1. Unit graph and its radius.

Figure 2. Paths by greedy (SABCD) and SP (SBCD) algorithms.

G either belongs to G′ or is neighbor of a node in G′. Nodes
that belong to a dominating setG′ will be called, in this paper,
internal nodes forG (of course, a different definition for dom-
inating set leads to different set of internal nodes). Routing
based on a connected dominating set is frequently used ap-
proach [21], 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
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 later case, the destination inter-
nal node forwards the packets directly to the destination node.
Such routing is suggested for the shortest path [21], for DSR
(dynamic source routing [3]) in [21], and for AODV (Ad Hoc
On-Demand Distance Vector) routing in [6], which do not use
location information in routing decisions.

Several definitions of internal nodes, their determination
by nodes in the network, and application in routing decisions
were described in literature. They are mostly based on cluster-
ing scheme, which has considerable communication overhead
since local changes may trigger global updates (“chain effect”
[6]) (see [21] for a more complete discussion and references).

Wu and Li [21] proposed a simple and efficient distributed
algorithm for calculating connected dominating set in ad hoc
wireless networks. They introduced the concept of an inter-
mediate node. A nodeA is an intermediate node if there exist

Figure 3. Intermediate nodes of a unit graph.

Figure 4. Covered intermediate nodes are not gateways.

two neighboring nodes B and C that are not direct neighbors
themselves. Consequently, nodes belonging to a shortest path
between any two nodes remain intermediate. Figure 3 gives
an example of a unit graph, where nine intermediate nodes are
marked.

Wu and Li [21] introduced also two rules that consider-
ably reduce the number of internal nodes in the network, and
proved that these rules preserve network connectivity after
eliminating additional nodes from the dominating set. Let
N(u) be the (open) set of all neighbors of node u, and let
N[u] = N(u) ∪ {u} be the corresponding 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 gen-
erating a random number in [0,1], or their x-coordinate may
serve the purpose). Let us define inter-gateway nodes as in-
termediate nodes that are not eliminated by Rule 1. Next, let
the gateway nodes be those intermediate nodes that are not
eliminated by both rules. Rule 1 [21] is as follows.

Consider two intermediate nodes v and u. If N[v] ⊆ N[u]
in G and id(v) < id(u), then node v is not an inter-gateway
node. In other words, if any 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.

For example, in figure 4, nodes V and W are covered by
node U , while node A is covered by node B. In particular,
path PAQ via nodeA can be replaced by path PBQ via nodeB.
We have used x-coordinates of nodes as their ids. Thus there
are five inter-gateway nodes which are marked in figure 4,
while the remaining four intermediate nodes, drawn as small
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squares, are not inter-gateway nodes. Observe that the hop
count between any two nodes does not increase by applying
Rule 1, since a segment pvq of a path between source and
destination is replaced by a segment puq.

The number of internal nodes (that is, gateways) can be
further reduced by applying Rule 2 [21], as follows. Assume
that, after applying Rule 1, u and w are two gateway neigh-
bors of a gateway node v. If N(v) ⊆ N(u) ∪N(w) in G and
id(v) = min{id(v), id(u), id(w)}, then node v is declared a
non-gateway node. In other words, if each neighbor of v is a
neighbor of u or w, where u and w are two connected neigh-
bors of v, then v can be eliminated from the list of gateway
nodes (when, in addition, v has lowest id among the three).
The hop count between a source and destination node may
increase by one in this process, since a segment pvq of the
path between them is replaced by a segment puwq which is
one hop longer. This rule does not eliminate any of the five
inter-gateways in figure 4, and thus all of them are also gate-
way nodes.

Observe that, for both rules, each node may decide to with-
draw from the list of internal nodes by knowing its 1-hop
neighbors only, since location information (if available) suf-
fices to check whether all of them are neighbors of neigh-
boring internal nodes. Otherwise, list of 2-hop neighbors is
necessary for that decision. Thus each node can determine
whether or not it is an intermediate node without any mes-
sage exchanged with its neighbors for that purpose. In order
to decide which of neighbors are in dominating set, each node
needs to know either position of 2-hop neighbors, or 3-hop
neighbors information, or, alternatively, each node needs to
add just one bit (referring to its dominating status) in any mes-
sage announcing its location to all its neighbors.

Stojmenovic, Seddigh and Zunic [18] 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 co-
ordinates in the plane (if available, otherwise they may use
a random number instead). In both rules from [21], nodes
compare first their degrees, and node with higher degree has
greater chances of remaining an internal node. In case of ties,
x-coordinate is used to resolve. If x-coordinates also hap-
pen to be the same, use y-coordinate for final decision. It is
expected that such comparison will result in fewer remain-
ing nodes in the graph, and greater chances of success for a
routing method. The example in figure 4 has used so defined
record instead of ids. The information about the degree of
neighboring nodes may be gathered together with informa-
tion about their location.

3. Protocol details and modifications to FACE and GFG
algorithms

Bose et al. [2] described a GPS based localized routing al-
gorithm which guarantees the delivery for wireless networks
modeled by unit graphs, assuming only that the graph is con-
nected. The only additional constraint is, of course, that the
position of destination (as recorded by the sender node) is rea-
sonably accurate. Let G be the graph that corresponds to the

wireless network. Thus it contains n vertices, and two ver-
tices are connected by an edge if and only if they can directly
communicate. 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 works as follows. In the first phase, con-
struct planar connected subgraphP ofG. 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 di-
ameter (u, v). Then, the Gabriel graph 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. GG(S) is a planar graph (that is, no two
edges cross each other). It was proved in [2] that the intersec-
tion of connected unit graph and Gabriel graph (defined over
the same set of points) 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 de-
cide, 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 the circle with diameter AB does not contain
any other node from G. It suffices to check, for each neigh-
boring node C of A, whether |CM| < |AB|/2, where M is the
center of the circle, that 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 takes
O(k) computation time for each edge, where k is number of
neighbors of A, or O(k2) time for all edges incident to A.
The algorithm is simple, and there exist a more sophisticated
construction that takes O(k log k) computation time (see [2]
for reference). An example is given in figure 5, where edges
of P are drawn in bold, while thin lines represent edges of G
which are not in P .

In the second phase, a path between source node S and
destination node D in P is constructed. A higher level de-
scription of this phase is given in [2]. We therefore give full
details and algorithm here. Planar subgraph P divides the
plane into several faces. One of them is open (or infinite, e.g.
face F4 in figure 3) while other faces are closed (e.g., F1,
F2 and F3 in figure 5). The straight line segment between
S and D intersects several faces of P , in a particular order
(F1, F2, F3, F4 and F5 in figure 5). Any edge of P belongs
to exactly two faces (e.g. AB in figure 5 belongs to F1 and
F2). Suppose that a message m was sent from B to A. If m
is always forwarded to a neighbor that has the closest direc-
tion to the direction of last traveled edge, in clockwise order,
the message will circulate within the same face (in counter-
clockwise order for a closed face, in clockwise order for an
open face). For instance, in figure 5, S sends m to B. B ap-
plies clockwise direction and chooses neighbor A, which in
turn chooses S (keeping clockwise direction), and finally S

sends m again to B. The resulting face traversal appears to be
in counterclockwise order, that is SBASBA. . . If, on the other
hand, the direction is changed at one of edges (say BA) to the
closest direction in counterclockwise order, m will circulate
around edges of the other face (e.g. B, A, C on face F2 in
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Figure 5. Planar subgraph and path SBACBEGECASH . . . D selected by FACE algorithm.

Figure 6. Traversed face does not change in this example.

figure 5), and will never exit that face. Thus, in order to move
from one face to the other (e.g., from F1 to F2), the message
needs to change the direction from counterclockwise to clock-
wise (or vice versa). The change shall occur at the edges that
intersect the line segment SD (i.e., BA, CB, BE, in figure 3),
and each new intersection should be closer to D than previous
one. For instance, in figure 5, faces F1, F2, F3 and F4 are tra-
versed by applying clockwise, counterclockwise, clockwise
and counterclockwise direction at node currently holding m,
respectively. The path composed by FACE algorithm is there-
fore SBACBEGECASH and 14 more hops until D is reached,
which happened to be on face F4). The path is indicated by
the scribble line in figure 5.

The change of faces is not always as regular as in given ex-
ample. In particular, nonconvex faces may intersect line SD
several times, with points of intersection not following any
sorted order. The criterion for changing the face is the fol-
lowing. Let X be the point of closest intersection of an edge
with SD (initially X = S). Suppose that node B sent m to
node A and that line segment BA intersects line segment XD
at an interior point Y (intersections with SD which are not
inside XD are ignored). Let F and F ′ be the two faces that
share AB, and let F be one of them that contains line seg-
ment YD. The direction (clockwise or counterclockwise) for
further message passing is determined so that m traverses the
face F (and X← Y ). Since XD intersects the interior of F at
X, F must intersect XD at another interior point (closer to D
or D itself). This observation suffices to claim that the algo-
rithm guarantees delivery. Figure 6 gives an example where
the direction at the intersection Y shall not change (otherwise
a loop is created).

Suppose that the angles (or directions) are positive num-
bers from the interval [0, 2π) (in radians). They can be meas-
ured in clockwise or counterclockwise direction (i.e., the an-
gle π/2 in clockwise direction is equal to the angle 3π/2 if
measured in counterclockwise direction). Sender node S may
initially measure each angle in both clockwise and counter-
clockwise directions, and consider the smaller one. It chooses
a node B which has closest direction to SD to forward the
message (for instance, � BSD < � ASD < � HSD in figure 5
and S selects B). S then attaches its coordinates to the mes-
sage (in addition to coordinates of D that are normally part of
the transmitted message), and coordinates of last intersection
X (initially X = S) of SD with a face. In addition, S decides
the initial direction of message travel within face as follows.
If the “winning” neighboring node is measured counterclock-
wise, then the message travel within the face is performed in
clockwise fashion, and angles at current node are measured in
counterclockwise direction. In this case, S attaches sign := 1
to the message. Otherwise, all mentioned directions are op-
posite, and sign := −1 is attached. Thus every intermediate
note is able to determine the line segment XD, and the current
direction of message travel. Each intermediate nodeA applies
the following decision in transmitting the message further (if
A is not the destination itself):

– If D is a neighbor of A then A can deliver the message
directly (however, the algorithm works even if this step is
not performed!).

– Let B be the node that sent the message to A. Node A

checks whether line segment AB intersects the line seg-
ment XD. If it does not, the current direction (i.e. the value
of variable sign) does not change. On the other hand, if
BA intersects XD at a point Y , the sign (direction of travel)
may (in most cases) or may not change, and the value of
X should be updated to Y for future transmissions. The
new value of sign is determined as described below. A se-
lects neighboring node C which minimizes � CAB, where
all angles are measured according to sign (that is, in clock-
wise direction if sign = −1 and in counterclockwise oth-
erwise). In other words, C is the first neighbor that is en-
countered when direction AB is rotated around A in se-
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Function best-neighbor(A, B, sign);
(* finds the neighbor in planar subgraph with closest direction according to sign *)

For each neighbor C of A do {
Best-direction := 2π ; (* in radians *)
Best-neighbor := B;
ACinP := true;
For each neighbor E of A different from B do

If |EM| < |CA|/2 then ACinP := false; (* M is middle point of AC *)
If ACinP = true then {

Find � CAB using usual counterclockwise notion;
If sign = −1 then � CAB = 2π − � CAB;
If � CAB < Best-direction
then Best-direction := � CAB; best-neighbor := C}};

Algorithm FACE (S,D); (* initiated by sender node S *)
A := best-neighbor(S,D, 1);
B := best-neighbor(S,D,−1);
If min( � ASD, 2π − � ASD) < min( � BSD, 2π − � BSD) then B := A;
X := S;
If D is a neighbor of S then S sends message to D

Else S sends message containing X, D, sign and actual information to B;
For each node A that receives the message from its neighbor B do { (* initiated by A *)

If A = D then message delivered else
If D is neighbor of A

then send message containing X, D, sign and actual information to D
else {

If BA intersects XD at point Y then
{X := Y ; (x, y) = BA, n = (−y, x), If n.BD < 0 then sign := 1 else sign := −1};

A sends message containing X, D, sign and
actual information to best-neighbor(A, B, sign) }

Figure 7. Algorithm FACE.

lected direction. Note that, in both cases, A may select
B to forward the message, and this does not create loop,
since B will select a different neighbor in the next turn!
Further, loops may appear in the paths, but they are only
temporary, since repeated copies of the same message are
coming from different neighbors and forwarded to differ-
ent neighbors.

– The new value of sign is determined as follows. If D is lo-
cated to the right of vector BA then sign = 1 and direction
is counterclockwise). Otherwise, sign = −1, and direc-
tion is clockwise. Whether D is left or right of BA may
be decided as follows. Let BA = (x, y) be coordinates
of vector BA, and n = (−y, x) be a normal vector to BA
(the angle between BA and n is π/2, measured in counter-
clockwise notion). D is to the right of BA if and only if
dot product n.BD is negative.

The algorithm can be summarized as is shown in figure 7.
The paths generated by FACE algorithms 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 rout-
ing scheme. Bose et al. [2] proposed an algorithm that be-
gins routing with greedy scheme until message is delivered,
or fails at a node C. The failure node is defined as node C
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. At C, FACE algorithm is
invoked which guarantees delivery. The algorithm is further
improved, by proposing GFG (Greedy–FACE–Greedy) rout-
ing scheme. In this scheme, routing follows greedy method
until a node C is reached that has no neighbor closer to des-
tination than itself. The distance d = |CD| is attached to
the message, and C invokes FACE algorithm which runs until
message is delivered, or a node B such that |BD| < d is found.
Routing then continues again with greedy until message de-
livery of the next node C that has no closer neighbor to des-
tination. 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 evalu-
ation in [2] confirms that GFG method is very practical, and
in case of low degree graphs with few hundred nodes it gen-
erates paths which are on average up to 3.5 times longer than
paths generated by shortest path (SP) algorithm. In case of
high degree networks, the performance of GFG is very close
to the performance of SP algorithm. This paper attempts to
improving the algorithm performance for low degree graphs.

4. Enhancing FACE algorithm by shortcut procedure

One of main problems with FACE algorithm, causing its in-
creased 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 on that route (e.g.,
ABCEF. . . in figure 6) might have, in addition to forwarding
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Figure 8. Path ABCE replaced by AE in the shortcut procedure.

node (e.g.,B in figure 6), few more nodes in the same route as
its neighbors. Can A predict few hops in the route? Consider
an example in figure 8, where node A is neighbor of nodes
B, C and E on a route ABCEF. . . toward destination. Each
node makes forwarding decision based on the location of its
neighbors, destination, and the last intersection X of an edge
with direction SD (source-destination). Thus node A needs to
know the location of each neighbor of B, C and E, in order to
predict that the message will traverse indicated route. Instead
of forwarding the message to B, A can forward the message
directly to F , making a shortcut. Note that A can predict next
hops even if face changes.

In order to apply the shortcut procedure, neighboring
nodes need to exchange the list and location of their neigh-
bors, in addition to their own location, whenever a change in
local topology occurs. In other words, 2-hop local informa-
tion is needed.

5. Routing via internal nodes

We propose to apply GFG algorithm on the set of internal
nodes. The message is sent from source node to one of its
neighboring internal nodes that is closest to destination (node
that such internal node does not need to be closer to desti-
nation than the source itself). The routing algorithm is then
restricted to the set of internal nodes. The route follows GFG
routing algorithm, non-internal nodes being ignored. The
algorithm terminates whenever an internal node that is con-
nected to destination D is reached. At this point, the message
is delivered to D. Note that GFG algorithm may be replaced
by another routing algorithm, such as GEDIR, 2-hop GEDIR,
flooding GEDIR (these algorithms are proposed and described
in [15]), compass routing [10] or MFR [19]. Internal nodes
may be defined in one of three mentioned ways.

GFG algorithm, as defined, runs greedy algorithm until
a node C is reached that has no closer neighbor than itself
to destination D. Let d be distance from C to D. At C,
algorithm converts to the FACE algorithm, which has long
path but guarantees delivery. When FACE algorithm reaches
a node A whose distance to D is < d , algorithm switches
back to greedy algorithm at A. This conversion may occur
0, 1, 2, 3 . . . times, until message is delivered. One possible
improvement for GFG can be defined as follows. We shall
define GFG-sooner-back algorithm that runs FACE algorithm
until a node B is found that has at least one neighbor that
has distance < d to destination. The algorithm switches back
to greedy algorithm at node B. This GFG-sooner-back ver-
sion is likely to return back to greedy algorithm from FACE

mode few hops sooner than GFG will do. If B has few neigh-
bors at distance <d from destination, the closest one is cho-
sen, according to greedy scheme. In the performance evalu-
ation given in the next section, GFG refers, in fact, to GFG-
sooner-back version. Further improvement of GFG algorithm
is obtained by applying shortcut procedure, described in the
previous section as GFG-S algorithm. The performance eval-
uation given in the next section separates the two versions of
algorithm, GFG and GFG-S.

6. Performance evaluation

The experiments were carried using random unit graphs,
which were generated as follows. Each of n nodes is chosen
by selecting its x and y coordinates at random in the interval
[0, 100). In order to control the average node degree d , we
sort all n(n − 1)/2 (potential) edges in the network by their
length, in increasing order. The radius R that corresponds to
chosen value of d is equal to the length of (nd/2)th edge in
the sorted order. Dijkstra’s shortest path algorithm (from one
source to all nodes) can be used to test whether a graph is
connected (it is connected if the first node in the network can
reach all other nodes by the algorithm). Generated graphs,
which are not connected, are ignored. This simple method of
generating unit random graphs offers full randomness; how-
ever it is the difficulty to generate such graphs for small values
of d .

The percentage of internal nodes in a graph is measured in
[21] for the lowest ID and in [18] for the highest degree defin-
itions. The data in [18] are found in the context of rebroadcast
savings for the flooding task. For n = 100 nodes, and degrees
in range d = 4–10, the percentage of intermediate nodes is
80–95% (increases with d), which does not seem to be signif-
icant reduction in size of dominating set. The percentage of
inter-gateway nodes, on the other hand, slowly increases from
65 to 70% for same degrees. The best results are obtained for
the gateway node definition, where the percentage decreases
from 60 to 45%. While these data are significant for broad-
casting task, their impact on routing is not so straightforward.

We have tested first the performance of GEDIR algorithm
[15] on the internal node set. Surprisingly, no improvements
were obtained. It seems that the new algorithm would fail
equally frequently but for different source-destination pairs,
with no significant improvement in hop count. We then at-
tempted a version where the traversed face is changed be-
fore edge crossing with XD, instead of doing it after crossing.
There were improvements in the FACE algorithm alone, but
it performed worse for GFG algorithm, so we abandoned that
approach. Then we made improvements in the basic GFG
algorithm, namely inclusion of sooner-back procedure, and
comparison with GFG-S version, on the whole set and by ap-
plying each internal node definition.

Comparison of intermediate and inter-gateway node based
routings show that intermediate node definition performs no-
tably worse but not by large difference. The FACE algorithm
alone has up to 8% longer paths, while GFG and GFG-S algo-
rithms have up to 3% longer paths. The differences are larger
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Table 1
Hop counts for considered routing methods for n = 60 and d = 3–10.

Degree

3 4 5 6 7 8 9 10

FACE 33.0 26.4 15.9 12.1 10.7 9.5 7.8 7.6
FACE-S 26.1 18.5 10.3 7.1 5.8 4.9 4.0 3.6
FACE-IG 23.3 18.8 13.0 10.2 9.3 8.3 7.2 6.9
FACE-IG-S 19.5 14.2 8.8 6.4 5.5 4.6 3.8 3.5
GFG 20.5 14.4 7.6 5.2 4.2 3.6 3.1 2.9
GFG-S 17.8 11.7 6.5 4.7 3.9 3.5 3.1 2.9
GFG-IG 15.3 11.5 6.8 4.9 4.1 3.6 3.1 2.9
GFG-IG-S 14.2 10.2 6.1 4.5 3.8 3.4 3.1 2.8
SP 8.9 6.4 5.0 4.1 3.6 3.3 3.0 2.8

Diagram 1. Hop counts for considered routing methods for n = 60 and
d = 3–10.

for smaller degree graphs. A very close performance of GFG
and GFG-S on the inter-gateway and gateway node dominat-
ing sets was observed, with differences being always below
1%. Although gateway node definition apparently reduced
the size of dominating set, it increases the path lengths at the
same time, and, interestingly, the same result at the end is ob-
tained. Because of simplicity and preserving path lengths, we
conclude that inter-gateway node definition is the one that has
the best performance.

Table 1 and diagram 1 give average hop counts for several
routing methods that guaranty message delivery. Averages are
taken over 20 connected graphs and each source-destination
pairs. Thus for different values of d different graphs were
considered. The number of nodes ranges from n = 40 to 100,
and degrees are 3–10. Data for only inter-gateway node def-
inition of dominating sets are shown. Four such methods are
indicated with suffix “IG”. Four methods that apply shortcut
procedure have suffix “S”. For d = 3 connectivity was pro-
vided by requesting next generated node to be connected to
the one of previously selected nodes. Such good connected-
ness for d = 3 has also made differences between localized
and SP algorithm smaller that for the case d = 4. Thus we
shall refer to d = 4 as being the degree with largest difference
in algorithm performance, using SP as benchmark.

Let us define the dilation as the ratio of hop count for given
method and the hop count of SP (shortest path) algorithm. It

Table 2
Dilations of GFG-IG-S algorithm.

n/d Degree

3 4 5 6 7 8 9 10

40 1.45 1.26 1.15 1.08 1.03 1.02 1.01 1.01
50 1.52 1.43 1.25 1.08 1.04 1.04 1.04 1.02
60 1.60 1.58 1.24 1.10 1.06 1.04 1.01 1.01
70 1.85 1.53 1.26 1.11 1.12 1.02 1.02 1.02
80 2.00 1.74 1.26 1.18 1.10 1.07 1.04 1.02
90 2.17 1.69 1.41 1.16 1.10 1.08 1.04 1.02

100 2.27 2.08 1.41 1.17 1.11 1.04 1.03 1.03

is desirable to have the ratio as close to 1 as possible. The
largest dilation reported in [2] for GFG algorithm (without
shortcut procedure) was 3.5 (for n = 100 and d = 4), and
our goal was to reduce that number as much as possible. For
n = 60, the largest dilation reported in [2] was 2.3, for d = 4
(no values were reported for d = 3).

It can be observed that FACE-S algorithm, that is FACE
algorithm enhanced with shortcut procedure, has very low di-
lation for high degree graphs (under 1.7 for d � 7). FACE-
IG-S (the previous algorithm applied on inter-gateway nodes)
comes even closer, under 1.6 for d � 5. GFG-S reduces the
dilation from 2.3 to under 1.9 for d � 4, GFG-IG to under
1.8, and finally GFG-IG-S to under 1.6. Thus we obtained
localized routing algorithm with guaranteed delivery whose
excess in hop count with respect to the shortest path algo-
rithm is under 60% for d � 3 (the results for d = 3 were
also within the bound). Thus improvement of adding inter-
nal node concept and shortcut procedure over former GFG
algorithm in terms of dilation is about 30% for lower degree
graphs. In fact, the improvement is much higher if measured
in terms of excess path rather than full path. Obviously we
cannot improve the length of the shortest path, thus we can
improve only the length of additional path. In this respect,
the 1.3 “added dilation” of GFG [2] is reduced to 0.6 added
dilation, thus over 53% reduction.

Table 2 shows the dilations obtained in our experiments
for number of nodes ranging from 40 to 100, and for degrees
between 3 and 10. Clearly, the proposed localized algorithm
compares very well with the global shortest path algorithm,
especially for dense networks.

GFG algorithm [2] was implemented (one year later) by
Karp and Kung [9] by including MAC layer considerations
and experiments with moving nodes. Their GPSR algorithm
[9] uses sparser relative neighborhood graph instead of its
supergraph, Gabriel graph, used in [2], and changes faces
before edge crossings instead of doing it afterwards; both
changes make the algorithm worse than previously published
GFG algorithm [2]. The experiments [9] confirmed the va-
lidity and efficiency of the algorithm [2] under realistic sce-
narios with moving nodes and message collisions. Since
we improve upon GFG algorithm, similar improvements (to
the results reported in [9]) may be expected for the case of
moving nodes. Handling mobility is a very difficult prob-
lem, and the performance will depend on the selected loca-
tion update scheme. Location update schemes are surveyed
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in [13]. Karp and Kung [9] implemented GFG algorithm [2]
by adding a full IEEE 802.11 MAC protocol, and by exper-
imenting with mobile nodes moving according to a random
waypoint model, using ns-2 environment. They used the same
simulation code as the measurement study used to evaluate
DSR protocol [3]. Accurate destination information was used
in [9], thus location updates and corresponding overhead were
not implemented or measured. Their GPSR (Greedy Perime-
ter Stateless Routing) algorithm [9], extended from GFG [2],
consistently delivered over 94% (mobility may introduce dis-
connection) data packets successfully; 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 effective caching). Thus DSR
generates drastically more routing protocol traffic in simula-
tions [9] with over 100 nodes. Therefore the scalability seems
to be the major advantage of GFG algorithm over existing
well known protocols.

7. Conclusions

The performance evaluation of our algorithm, as demon-
strated in the previous section, demonstrated that very sig-
nificant improvements were obtained, and that proposed
improvements to routing algorithm lead to algorithm that
perform very close to the performance of the shortest path
algorithm for all graph average degrees.

We propose to study further the reduction in the number
of internal nodes. For example, some graphs of regular na-
ture (for instance, square, triangular and hexagonal networks,
composed from regular squares, triangles and hexagons, re-
spectively) may declare all nodes as intermediate ones. One
approach that can be studied is as follows. Internal nodes
make a connected subgraph G1 of the initial network G. Let
Gi be the connected subgraph of internal nodes of the graph
Gi−1, for i = 2, 3, . . . , j , where j is the smallest number
such that Gj = Gj−1. The nodes in the final graph Gj may
be considered as a kind of kernel of the initial network G.
The kernel may consist of one or two nodes, or maybe a con-
vex polygon, or may have some other shape. A node in the
kernel may be elected as a leader by some criteria (e.g., the
leftmost node in a GPS based system). It is an interesting idea
to study the use of such “hierarchical” graph construction and
node division for efficient routing, broadcasting or reduction
operations. Reduction operation is a reverse broadcasting, in
which information from all nodes is collected at one node that
requested it, possibly in a processed form (for example, the
sum of all data, one per node).

We developed power aware routing algorithms with guar-
anteed delivery [14], by merging algorithms from [16] with
improved FACE algorithm. One of the problems associated
with dominating set definition used in this paper is their fixed
status in the absence of node mobility, causing more energy

consumption at internal nodes. We are investigating [20] an
alternate definition of dominating set, that will take node re-
maining battery level into consideration. This will enable
change of internal node status in favor of nodes with more
battery power.

The GFG algorithm, enhanced by shortcut procedure in
FACE mode, and applied on internal nodes, may be applied to
solve geocasting problem. In geocasting problem, a message
is to be sent from a node to all nodes within a region (e.g.,
circle). GFG may be used to route toward the center of the
geocasting region until a point inside the region is reached.
The algorithm then switches to flooding with retransmission
savings [18].

It is also an interesting problem to find another kind of
planar subgraphs which is denser than Gabriel graph (GG).
FACE routing algorithm may perform better if more faces and
edges are present in the subgraph. The new kind of subgraphs
needs also to be defined locally, without any message ex-
change. Delaunay triangulation (DT), for instance, is denser
subgraph but is not locally defined. GG is subgraph of DT.
It is well known [1] that GEDIR guarantees delivery in DTs,
thus DT is a good candidate for study. More precisely, to
include the largest possible portion of DT in the planar sub-
graph, which can be locally found. For instance, each triangle
in DT contains no other point from the set, which can be used
to include all such triangles whose all sides have size com-
parable to unit graph radius and therefore locally detectable.
Note that the circumscribed circle of that triangle should also
be of locally manageable size. Further improvements in the
algorithm performance could be obtained by following this
approach.
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