
Navigating Actors in Mobile Sensor Actor Networks ∗

Ozcan Koc1 Chaiporn Jaikaeo2 Chien-Chung Shen1

1Computer and Information Sciences, University of Delaware, U.S.A.
2Computer Engineering, Kasetsart University, Thailand

koc@cis.udel.edu, fengchj@ku.ac.th, cshen@cis.udel.edu

ABSTRACT
Sensor actor networks (SANET) are composed of (mobile)
sensors and actors which coordinate via wireless commu-
nications to perform distributed sensing and acting tasks.
This paper investigates the issue of navigating mobile ac-
tors within a SANET in response to dynamic sensing events
so as to optimize specific networking performance and/or to
balance the actuation workload. In particular, we describe
a polynomial-time algorithm that computes an optimal po-
sition, in terms of the minimum average hop-count, in a
SANET of stationary sensors with complete location infor-
mation. We then extend the theoretical results to study on-
line scenarios and describe heuristic navigation algorithms
that continuously compute mobile actors’ trajectories by
having both the actors and the sensors participate in the
trajectory computation. Simulation results demonstrate the
effectiveness of the proposed navigation algorithms.

Categories and Subject Descriptors: C.2.2 [Computer-
Communication Networks]: Network Protocols

General Terms: Algorithms, Design, Performance.

1. INTRODUCTION
Sensor actor networks (SANET) are composed of sensors

and actors which coordinate via wireless communications to
perform distributed sensing and acting tasks [1]. Typically,
actors are mobile and navigate autonomously and continu-
ously within a SANET in response to dynamic sensing events
and actions. For instance, Fig. 1 depicts the deployment of
three mobile actors in a SANET, which navigate in a load-
balancing manner to cover deployed sensors in the terrain.
This paper addresses the issue of navigating mobile actors
in SANET, where sensors could be either stationary or mo-
bile, to optimize specific networking performance and/or to
balance the actuation workload.

We refer to the problem of autonomously navigating mo-
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Figure 1: Three actors in a (mobile) sensor actor
network navigate autonomously to react to asyn-
chronous events and balance the acting workload.

bile actors in SANET in response to changing topology,
changing actuation workload, and changing traffic demands
of asynchronous events, such that certain networking perfor-
mance metrics (such as delay and/or overhead of the commu-
nications between actors and sensors) are optimized, as the
mobile actor navigation problem. In [4], we investigated a
similar problem in the context of ‘partitioned’ mobile ad hoc
networks (MANET), where Mobile Access Points (MAPs)
navigate autonomously within each connected MANET par-
tition to serve as gateways to airborne relays in order to
communicate with nodes in other MANET partitions. In
contrast, this paper investigates the mobile actor navigation
problem in the context of SANET. Specifically, we describe
a polynomial-time algorithm that computes an optimal po-
sition, in terms of the minimum average hop-count, in a
SANET of stationary sensors with complete location infor-
mation. We then extend the theoretical results to study on-
line navigation scenarios in the context of mobile SANET
and describe heuristic navigation algorithms that continu-
ously compute mobile actors’ trajectories by having both
the actors and the sensors participate in the trajectory com-
putation. These algorithms differ in terms of assumptions
made regarding the availability of information, such as the
geographical location information and the wireless commu-
nication signal’s Angle-of-Arrival (AOA) information, at the
sensor and actors themselves. Furthermore, we also study
the performance of these navigation algorithms in the sce-
narios of sparse networks where actors and sensors are not
all connected.

Recently, the notion of sink mobility has been investigated
for sensor networks [3, 6, 5, 2]. The idea is to have sink
node(s) moving in the network to collect data from sensors.
Such schemes have been shown to reduce the energy spent in
relaying traffic and thus extend the lifetime of the network.
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In contrast to these efforts, our schemes navigate actors in
mobile sensor networks which do not take energy conserva-
tion into consideration.

The paper is organized as follows. Section 2 formulates
the mobile actor navigation problem. Section 3 first presents
a polynomial-time optimal navigation algorithm, and then
describes several heuristic navigation algorithms that make
different assumptions on the capability of the actors and the
sensors. Section 4 presents a simulation study of these algo-
rithms, including results of sparse network scenarios. Sec-
tion 5 concludes the paper.

2. ACTOR NAVIGATION PROBLEM
Due to the mobile nature of both actors and sensors, we

formulate the mobile actor navigation problem based on the
snapshots of the network topology. However, the proposed
navigation algorithms, to be described in Section 3, ‘contin-
uously’ navigate actors to their ‘current’ optimal positions.

2.1 Single Actor in a SANET
Let V = {v1, . . . , vn} represent a set of sensors which have

a common transmission range R. Each vi is associated with
a (geographical) position −→p (vi) ∈ R2 (two-dimensional x-y
coordinate) on the ground, and a weight w(vi) ∈ R, where
R is used to denote the set of all real numbers. The network
topology is then represented by an undirected connectivity
graph G = (V, E), where E = {(u, v) | ∀u, v ∈ V , ‖−→p (u) −−→p (v)‖ ≤ R}. We assume that G is always connected. Let
dG(u, v) be the shortest path length in terms of hop count
between nodes u and v with respect to G. The mobile actor
navigation problem is to find a position −→p (c) ∈ R2 for the
actor c that minimizes the weighted average path length
between c and all the sensors in V . Formally, given G′ =
(V ′, E′), where V ′ = V ∪ {c} and E′ = {(u, v) | ∀u, v ∈ V ′,
‖−→p (u)−−→p (v)‖ ≤ R}, the problem is formulated to find the−→p (c) that minimizes

tV (c) =
X
v∈V

[w(v) · dG′(v, c)] , (1)

subject to ∃v ∈ V, ‖−→p (v)−−→p (c)‖ ≤ R (to ensure G′ is also
connected).

We can observe that, when the sensors’ weights are iden-
tical, −→p (c) will yield the lowest average hop count from c to
all the sensors. By using Figure 1 as an example, each sen-
sor can also be assigned a weight that is proportional to the
rate of event traffic–data packets destined to the actor–that
the sensor is generating. In this case, −→p (c) will minimize
the total number of transmissions required to forward event
data packets from event source sensors to actor c.

2.2 Multiple Actors in a SANET
We formulate the navigation problem with multiple ac-

tors as follows. Given the same definitions and assumptions
described above and a set of q actors, Vc = {c1, . . . , cq}, we
define an undirected graph G′ = (V ′, E′) where V ′ = V ∪Vc

and E′ = {(u, v) | ∀u, v ∈ V ′, ‖−→p (u) − −→p (v)‖ ≤ R}.
The problem is to find a set of q points, −→p (c1) ∈ R2, · · · ,−→p (cq) ∈ R2, for the q actors such that the following quantity
is minimized

X
v∈V

»
w(v) · min

c∈Vc

dG′(v, c)

–
, (2)

(a) (b)
Figure 2: Examples: (a) 3 sensors, their coverage,
and average connectivity. (b) There may be more
than one optimal point, and the ‘centroid’ of sensors
may not be inside any coverage area.

subject to ∀c ∈ Vc,∃v ∈ V, ‖−→p (v)−−→p (c)‖ ≤ R. This implies
that when the actors are located at these positions, they are
connected to all the sensors and the total weighted hop count
from all the sensors to their nearest actors (in terms of hop
count) is minimized.

2.3 Navigating Mobile Actors
To navigate an actor c to its proper location −→p (c) from

the formulations above, the actor follows a velocity function,−→v c(t), which is defined as:

−→p (c) = −→p (c)(0) +

Z t0

0

−→v c(t)dt, (3)

where −→p (c)(0) is the initial location of actor c, and t0 is the
convergence time preferred to be as small as possible. In

addition, −→v c(t)|t>t0 =
−→
0 , meaning that the actor stays at

the optimal location once it arrives there (assuming that the
topology and sensors’ weights are static).

Although the formulations are based on the given loca-
tions of sensors, an actor may not collect the complete in-
formation to compute its optimal position. Furthermore,
depending on the capabilities of sensors, they may or may
not be able to identify their own geographical locations in
the terrain. Section 3.2 describes our heuristic algorithms to
determine −→v c(t) in a distributed fashion, based on different
information available for sensors and actors.

3. ACTOR NAVIGATION ALGORITHMS
In this section, we first present an optimal algorithm, and

then describe several heuristic algorithms for the actor nav-
igation problem.

3.1 An Optimal Actor Navigation Algorithm
Before presenting the optimal algorithm, we present some

observations on the mathematical properties of the actor
navigation problem.

Suppose n circles (each denoting a wireless transmission
coverage area) are placed on a plane. The intersection of
these circles will create many distinct regions, where each re-
gion can be defined by a subset of circles covering it. Subject
to the minimization objective, the actor navigation problem
is to navigate actors to the optimal regions, in which ac-
tors incur the minimum average hop count to communicate
with sensors. We assume that the transmission range of sen-
sors are equal. Fig. 2(a) depicts a sample network with three
sensors (shown in black dots). In this figure, the three trans-
mission circles of the three sensors result in six intersection
points and eight regions. The region outside the sensor cov-
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ComputeBestRegions(V )
1 bestCost←∞
2 bestRegions← {}
3 for each u ∈ V
4 do for each v ∈ V
5 do if the circles of u and v intersect
6 then (i0, i1)← points where u and v intersect
7 updateBestRegions(i0, u, v)
8 updateBestRegions(i1, u, v)
9 return bestRegions

UpdateBestRegions(i, u, v)
1 R← {x|x ∈ V and x covers i} ∪ {u, v}
2 cost← average hop distance from a point in R
3 to all v ∈ V
4 if cost < bestCost
5 then bestCost← cost
6 bestRegions← {R}
7 else if cost = bestCost
8 then bestRegions← bestRegions ∪ {R}

Figure 3: Algorithms ComputeBestRegions and Up-
dateBestRegions

erage area is not connected to any sensor, and hence its av-
erage connectivity is∞. The (central) region that is created
by the intersection of all three circles has an average connec-
tivity 1, since all three sensors are reachable with one hop
communication. There are also three dark regions, where
only two sensors are one-hop reachable, and the third sen-
sor is reachable via 2-hop communication. So these regions
have an average connectivity of (1 + 1 + 2)/3 = 4/3. Three
light regions with horizontal lines are directly connected to
only one sensor, so that these three regions have an average
connectivity of (1 + 2 + 2)/3 = 5/3. Clearly, the (central)
region created by the intersection of all three circles is the
optimal region to position the actor.

(1) Mathematical Properties
Property 1: There may be more than one optimal region.
This property could be observed in Fig. 2(b).
Property 2: The centroid of the nodes may not be in one of
the optimal regions. This property could also be observed
in Fig. 2(b). In fact, the same figure also shows that the
centroid may not even be within the covered area.

(2) Identifying the Optimal Region(s)
By enumerating all regions in a given configuration, we are
able to evaluate the cost of placing an actor inside each re-
gion. However, due to the fact that an optimal region is al-
ways of a convex shape (with the proof given below), our al-
gorithm will not check for every single region but only those
that are likely formed by only convex arcs. The algorithm
is presented in Fig. 3. Its main routine, ComputeBestRe-

gions, takes a set of sensors with their locations and deter-
mines whether each pair of sensors have overlapping cover-
age. If so, the two intersection points are calculated. Each
intersection point, along with the two sensors, are used to
identify a region to be evaluated by the routine UpdateBe-

stRegions.
The routine UpdateBestRegions first constructs a set

of sensors, R, consisting of all sensors whose transmission

A

4

3

2

1

BA

Figure 4: Four regions 1–4 involving two arcs, A
and B: region 1 is inside A and outside B, region 2
is outside both A and B, region 3 is outside A and
inside B, and region 4 is inside both A and B

(a) (b)

Figure 5: Optimal regions are convex-shaped. a)
Two regions, R1 and R2, separated by an arc XY
whose origin is O. R1 is a non-convex region due to
the arc XY . b) Two imaginary circles C1 and C2,
with origins P1 and P2.

ranges cover the given intersection point, i. Now, by con-
sidering an area where two circles intersect, as shown in
Fig. 4, we can see that there are actually four regions in-
volved. However, the algorithm needs not evaluate them all
since it is known that an optimal region must be convex.
It suffices to evaluate only the region that is likely convex,
namely, the region covered by both circles (i.e., region 4 in
the picture). Therefore, the corresponding sensors, u and v,
are also included in the set R. We can then evaluate the
cost of this region by computing the average distance from
an imaginary point inside of R to all the sensors. This is
easily done by constructing a graph representing the sensors
and their connectivity on the plane, adding an imaginary
node which is connected to the sensors in the set R, and
performing a breadth-first search from the imaginary node.
If the region gives the best cost seen so far, it is recorded
along with its cost.

Once the algorithm has gone through every pair of sen-
sors, the set of best regions is returned. Since the algorithm
exhaustively evaluates all convex regions, and only convex
regions can be optimal, the algorithm correctly identifies the
optimal region(s).

(3) Finding a point inside an optimal region
For each optimal region found, we need to pick a point inside
it to place an actor. We propose a simple algorithm that
selects the centroid of the intersection points forming the
region. We will show that such the centroid really lies inside
the region by showing that the region is always convex.

Consider Fig. 5(a). Suppose that the optimal region R1

is a non-convex region. Let A = {va1 ...vai} be the set of
circles forming R1 and B = {vb1 ...vbj } be the set of circles
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forming R2, where A,B ⊂ V . Clearly, dG(u, P1) = 1 and
dG(v, P2) = 1, ∀u ∈ A, v ∈ B. In other words, when placed
at P1, an actor can reach all the sensors in A in one hop.
And when placed at P2, an actor can reach all the sensors
in B in one hop.

Lemma 1. ∀u ∈ A, dG(u, P2) = 1

Proof. Suppose for a contradiction that Lemma 1 does
not hold. Then there exists at least one sensor u′ ∈ A whose
coordinate is O′ such that dG(u′, P2) > 1. Consider the
imaginary circles C1 and C2 with origins P1 and P2, respec-
tively, whose radii are identical to the range of u′. Clearly,
O′ should be inside of C1, but outside of C2, as shown in
Fig. 5(b). However, such a circle will intersect with R2 and
splits R2 into two regions, hence a contradiction.

Theorem 1. The optimal region is convex-shaped.

Proof. According to Lemma 1, moving an actor across
an arc from outside to inside (e.g., from P1 to P2) results
in a direct link to a new sensor while preserving direct con-
nectivity to the current set of sensors. The new direct link
always makes the total cost lower. Hence, an optimal region
cannot consist of a concave arc, so it must be convex.

Since the optimal region is convex-shaped, the centroid
of the intersection points, of the circles forming the optimal
region, is inside this convex-shape. Hence, the centroid can
be selected as an optimal place for the actor.
Running Time Analysis: Let G = (V, E) be the connec-
tivity1 graph of the network. Also, let n = |V | and m = |E|.

Running time of UpdateBestRegions: Line 1 runs in
Θ(n) time. As discussed earlier, line 2 can be done by per-
forming a BFS on the graph, which is known to have the
running time of Θ(m + n). Finally, lines 4–8 can easily be
implemented in O(n) time (although in practice, this would
be an almost constant operation). Therefore, the dominat-
ing factor is the cost calculation and hence the running time
of UpdateBestRegions is Θ(m + n).

Running time of ComputeBestRegions: This proce-
dure has a nested for loop and two calls to procedure Up-

dateBestRegions. Since the running time of UpdateBe-

stRegions is Θ(m + n) and the two calls are performed
sequentially, lines 7–8 run in Θ(m+n) time. Due to the two
nested for loops and the if block, we have a running time
of O(n2 × (m + n)) = O(n2m + n3). When m = O(n2), the
running time would be O(n4).

Finally, choosing a point inside one of the optimal regions
can be performed in O(n) time by computing the centroid
of the intersection points. As a result, our algorithm runs
in O(n2m + n3) overall time.

Of course, the optimal algorithm works in a static net-
work and is not directly applicable to a dynamic scenario.
In the simulations, we took snapshots of the network pe-
riodically, applied the optimal algorithm and computed the
average costs. In practice, optimal points in two consecutive
snapshots may be far away from each other, and the actor
may not be able to travel that distance on time. However,
the values obtained from the optimal algorithm gives a lower
bound on the average hop count.

1When the algorithm runs, the location, and hence the con-
nectivity, of the actor changes. Therefore, V and E are not
fixed. However, for any (V, E) pair the argument is still
valid.

3.2 Heuristic Actor Navigation Algorithms
We present several heuristic actor navigation algorithms

which utilize different information available at sensors and/or
actors. Regardless of the heuristics, each actor proactively
advertises routes to its (associated) sensors by periodically
flooding an Announce control packet. Each actor and sen-
sor is assigned a unique ID. To establish connectivity with an
actor, each sensor i maintains the following local variables.

• actorId i: holds the ID of the actor sensor i is cur-
rently associated with. actorId i is initially set to IN-
VALID ADDRESS.

• parent i: keeps track of the neighboring node via which
sensor i forwards events to its associated actor. parent i

is initially set to INVALID ADDRESS as well.

• hopsToActor i: denotes the distance, in terms of hop
count, to sensor i’s associated actor. hopsToActor i is
initially set to infinity.

• seqNoi: keeps track of the latest sequence number of
Announce control packets. seqNoi is initially set to
zero.

• weight i: denotes how much pull sensor i experiences
toward the associated actor. Since the goal of navigat-
ing actors is to minimize the amount of event traffic
forwarded, weight i is not fixed but depends on the rate
of event traffic generated by sensor i. Unless stated
otherwise, weighti is defined as

weight i = 1 + ρi, (4)

where ρi is proportional to the rate of event traffic
(e.g., in terms of average number of packets or bytes
per second) generated and forwarded by sensor i.

Every time interval ANNOUNCE INTERVAL, an actor
constructs an Announce control packet containing three
fields, actorId, seqNo, and hopsToActor, where actorId is set
to the actor’s own ID, seqNo is set to a new sequence num-
ber, and hopsToActor is set to 0. The actor then broadcasts
the Announce control packet to its neighbors. When sensor
i receives an Announce control packet (say, Ann), sensor i
accepts the packet if at least one of the following conditions
holds:

• actorId i =INVALID ADDRESS

• actorId i = Ann.actorId & seqNoi < Ann.seqNo

• Ann.hopsToActor + 1 < hopsToActor i

• No Announce packet has been received for longer
than 2× ANNOUNCE INTERVAL

These conditions imply that each sensor maintains connec-
tivity to the nearest reachable actor (in terms of hop count).
Once sensor i has accepted the Announce packet, sensor
i updates actorId i, seqNoi and hopsToActor i with values
Ann.actorId , Ann.seqNo and Ann.hopsToActor + 1, respec-
tively. The variable parent i is also set to the ID of the neigh-
bor from which the Announce packet was received. Sensor i
then increments the value in the field Ann.hopsToActor by 1
and rebroadcasts the packet. A sensor will not rebroadcast
Announce packets from other actors as long as the con-
nectivity to its current actor is shorter and still fresh. As
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a consequence, the amount of overhead from flooding An-

nounce packets is fixed regardless of the number of actors
existing in the network.

After each round of announcement, every sensor should
have its parent set to one of its neighboring sensor (except
sensors that are directly connected to an actor). For each
group of sensors associated with the same actor, their parent
define a shortest-path tree rooted at the actor.

3.2.1 Location-based Positioning (LP)
Our first algorithm assumes that both sensors and actors

obtain their current geographical coordinates (via GPS, for
instance). The LP algorithm requires sensors to broadcast
Hello packets every HELLO INTERVAL to establish and
maintain parent-child relationship. In addition, each sensor
i also maintains a child table, denoted by ctabi, to keep track
of its current children. Each entry in ctabi is a three-tuple:
〈c, w,−→p 〉, where c is the ID of a child sensor, −→p is a position
vector denoting the weighted centroid of the subtree rooted
at child c, and w is the total weight of the subtree. A Hello

packet consists of three fields: parent , weight , and position .
When sensor i broadcasts a Hello packet, h, sensor i uses
parenti for field h.parent . The value for field h.weight is
calculated as follows:

h.weight = weighti +
X

〈c,w,−→p 〉∈ctabi

w. (5)

And the value of field h.position is defined as:

h.position =
weighti ×−→p i +

P
〈c,w,−→p 〉∈ctabi

w ×−→p
h.weight

(6)

where −→p i is the current location of sensor i.
Upon hearing a Hello packet h from sensor i, sensor j

checks whether field h.parent matches its own ID. If not, the
packet is discarded. If yes, sensor j inserts/updates the table
ctabj with the entry 〈i, h.weight , h.position〉. The entry for
child sensor i in ctabj is removed when sensor j no longer
sees its own ID in Hello packets from sensor i, or has not
heard Hello packets from sensor i for a certain period of
time.

Although actors do not periodically broadcast Hello pack-
ets, they also maintain child tables in a similar manner.
Each actor, m, then computes its destination coordinates,−→p dest, as follows:

−→p dest =

P
〈c,w,−→p 〉∈ctabm

−→pP
〈c,w,−→p 〉∈ctabm

w
. (7)

Lemma 2. Given a static and connected SANET with one
actor, with a shortest-path tree rooted at the actor as defined
by the local variable parent, each node computes the weighted
centroid for the subtree rooted at itself.

Theorem 2. The actor running the LP algorithm cannot
stop at a position which is not the weighted centroid.

Proof. We use proof by contradiction to prove this the-
orem. Suppose that the actor running the LP algorithm
stops at position −→p which is not the centroid. The LP al-
gorithm constructs a shortest-path tree rooted at the actor.
With Lemma 2, each subtree rooted at one child of the ac-
tor computes its weighted centroid. The actor then receives
the computed weighted centroids from all its children, and
computes the weighted centroid of the entire tree. Since

we assumed the location of the actor is not at the centroid,
the computed centroid is different from position −→p . There-
fore, the actor will need to move to the computed centroid,
which contradicts the assumption. Therefore, the actor can-
not stop at a position that is not the centroid.

Theorem 3. The LP algorithm stops.

Let −→p m be the current position of actor m. The actual
velocity of the actor is periodically calculated as2:

−→v =

„ −→p dest −−→p m

‖−→p dest −−→p m‖
«
× actor SPEED (8)

Since the actor knows the exact location it is heading to, it
could also reduce its speed when approaching the destination
to avoid overshooting.

3.2.2 Direction-based Positioning (DP)
This algorithm assumes that every node in the network,

as well as the actor(s), are able to obtain the direction to-
ward all of its neighbors within its power range, using sig-
nal’s angle of arrival (AOA). The DP algorithm requires
nodes (except actors) to broadcast Hello packets every
HELLO INTERVAL to establish and maintain parent-child
relationship. In addition, each node i also maintains a child
table, denoted by ctabi, to keep track of its current chil-

dren. Each entry in ctabi is a three-tuple: 〈c, w,
−→
d 〉, where

c is the child ID and is unique across the table,
−→
d is a vec-

tor denoting the direction from child cid to the directional
centroid of the subtree rooted at the child cid , and w is
the total weight of the subtree. A Hello packet consists of

three fields: parent , weight , and
−−−−−−→
direction. When a node i is

broadcasting a Hello packet, h, it uses parenti for the field
h.parent . The value for the field h.weight is initialized as 1
or inter-partition traffic from node i, if node i does not have
any child; otherwise it is calculated based on its directions
toward its children and the ctab table. The value for the
field

−−−−−−−→
h.direction is initialized as

−→
0 if node i does not have

any child; otherwise it is calculated based on its directions
toward its children and the ctab table.

Upon hearing a Hello packet h from a node i, a node
j checks whether the field h.parent matches its own ID. If
not, the packet is discarded; otherwise, j inserts/updates

the table ctabj with the entry 〈i, h.weight ,
−−−−−−−→
h.direction〉. The

entry for a child node i in ctabj is removed when j no longer
sees its own ID in Hello packets from i, or has not heard
Hello packets from i for a certain period of time.

If node j is not the actor, it calculates the weight and
direction for its Hello packets as follows:

h.weight = weighti +
X

〈c,w,
−→
d 〉∈ctabi

w (9)

h.direction =

P
〈c,w,

−→
d 〉∈ctabi

w(−→r +
−→
d )

h.weight
(10)

where −→r is the direction from node j toward its child c.
Although actors do not broadcast periodic Hello packets,

they still maintain ctab tables and can calculate the direc-

tion vector
−−−−−−→
direction in a similar way. Each actor, m, then

2For convenience,
−→
0

||0|| is defined as
−→
0 .
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computes its velocity, −→v , as follows:

v =

−−−−−−→
direction

||−−−−−−→direction||
×MAX SPEED . (11)

3.2.3 Actor-Direction-based Positioning (ADP)
Although the DP algorithm exhibits similar behavior as

LP without location information, it still requires all the sen-
sors to have the AOA capability. However, rescue personals
in a disaster relief mission, for instance, may carry only small
PDAs or laptops which are relatively small devices and do
not have any AOA capability. ADP is intended to support
this situation by using AOA information at the actors only,
not at any sensor, thus operating in the most relaxed system
model. Similar to LP and DP, ADP relies on child tables
and periodic broadcasting of Hello packets to aggregate in-
formation from nodes to the actors. Since less information
is available, each child table entry is now a two-tuple: 〈c, w〉,
containing a child ID and its subtree’s weight. Each Hello

packet also has only two fields: parent and weight . However,
as actors are AOA capable, a child table entry maintained

by a actor is still in a three-tuple form: 〈c, w,
−→
d 〉, where

the field
−→
d is a unit vector representing the child’s angle of

arrival at the time the actor heard the last Hello from the
child. The values for the fields parent and weight are com-
puted in the same way as done in LP and DP. The direction
vector for a actor m is then calculated as follows:

−−−−−−→
directionm =

X
〈c,w,

−→
d 〉∈ctabm

w ×−→d , (12)

which, in turns, determines the actor’s velocity as computed
by Equation 11.

3.2.4 Traffic-based Positioning (TP)
TP is similar to DP and is developed for the same system

model, i.e., only actors are AOA capable, but no GPS. TP,
however, does not employ the periodic Hello broadcasting
but relies solely on inter-partition traffic generated by reg-
ular nodes. When a actor receives data packets requested
to be sent to other partitions, it keeps track of its immedi-
ate neighbors from which these data packets are forwarded,
as well as their AOAs, in the form of child table. Similar
to ADP, each child table entry is a two-tuple:〈c, w〉. How-
ever, the weight w no longer represents the total weight of
the child c’s subtree, but is determined by the amount of
inter-partition traffic received from c. In our experiments,
the average number of data bytes per time unit is used for
the weight, which is computed every regular time interval.
Each actor then calculates its moving direction and velocity
using (12) and (11), respectively. Since all the operations
are performed by actors, this algorithm is transparent to
the regular nodes. As a result, these nodes are not required
to maintain any child tables.

3.2.5 Random-based Positioning (RP)
The RP algorithm is not a real algorithm, but is included

for the comparison purpose. The algorithm requires neither
GPS nor AOA capability at the sensor, but assume that
GPS is available at actors and the knowledge on the terrain
boundary is provided. In RP, the actors navigate themselves
randomly using the random-waypoint mobility model.

Table 1: Network and protocol parameter settings

Network settings:
Simulation time 20 minutes
Terrain dimension 1500× 1500 m2

Number of nodes 150 and 60
Sensor distribution Random
Communication range ∼250 m
Channel bandwidth 2 Mbps
MAC protocol 802.11DCF
Sensor mobility Random waypoint
Sensor mobility speed 0.1–16 m/s
Mobility pause time 100 secs
Event traffic per source CBR @ 5×512 bytes/s
Number of traffic sources 5

Algorithm parameters:
HELLO INTERVAL 1 sec
ANNOUNCE INTERVAL 3 secs
actor speed 5 m/s

4. PERFORMANCE EVALUATION
We study the characteristics and evaluate the performance

of the proposed navigation algorithms using QualNet3. Twenty
random networks are generated with 150 sensors randomly
distributed over a terrain of 1500×1500 m2. Each sensor is
equipped with a radio transceiver which is capable of trans-
mitting signals up to approximately 250 meters over a 2
Mbps wireless channel, using the two-ray path loss model
without fading. We use IEEE 802.11DCF as the MAC layer
protocol, and IP as the network layer. Five out of the 150
sensors are randomly selected to serve as event generators,
each of which generates constant bit rate (CBR) traffic of
5 packets per second. The size of data payload was 512
bytes. Every sensor is assigned the same weight except for
the TP algorithm. In TP, weights are computed using the
method described in Section 3.2.4. All the experiments are
performed with a single actor which is initially placed at a
random location within the terrain. Event packets are for-
warded by intermediate sensors to the actor via their parent
(as described in Section 3). Therefore, no routing proto-
col is employed. The actor moves at the maximum speed
of 5 m/s and periodically floods an Announce packet ev-
ery 3 seconds. The Hello interval of 1 second is used by
those navigation algorithms where periodic Hello packets
are used. All the network and algorithm settings used in the
simulation study are summarized in Table 1, unless stated
otherwise.

We first look at the algorithmic aspect of the navigation
algorithms in terms of how much average hop count can be
reduced and how quickly they perform. For stationary sen-
sors, Fig. 6(a) presents the average hop count for all the
algorithms, including the optimal hop count obtained from
the optimal algorithm. All the algorithms, except RP, show
the similar behavior in terms of hop count reduction, which
is around 30% higher than the optimal hop count. We ob-
served that ADP takes a little longer time than the others
(except RP) to converge due to the fact that the actor does
not move straightly toward a particular location. When sen-

3Readers are encouraged to view three MPEG animations
produced by the proposed navigation algorithms located at
http://degas.cis.udel.edu/SANET07.
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Figure 6: Average hop count from the actor to all the other nodes over time from different algorithms, when
sensors are (a) stationary and (b) mobile (speed =10m/s). (c) Average hop count at different speeds.
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Figure 7: (a) Number of data packets transmitted per data packet received by the actor as a function of
mobility speed from different algorithms (b) Average delay (from sources to the actor) as a function of
mobility speed from different algorithms (c) Average delivery ratio (measured up to the actor) as a function
of mobility speed from different algorithms
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Figure 8: Performance of sparse networks. (a) Average hop count from the actor to all the sensors over time,
when sensors are stationary. (b) Average hop count from the actor to all the sensors over time, when sensors
are mobile. (c) Average hop count from the actor to all the sensors as a function of mobility speed.

 8

 10

 12

 14

 16

 18

 20

 22

 24

 26

 28

 0  5  10  15

S
ou

rc
e-

to
-M

A
P

 d
el

ay
 (

m
s)

Mobility Speed (m/s)

LTC
MDTC

DTC
RTC
TTC

 50

 55

 60

 65

 70

 75

 80

 85

 90

 95

 0  5  10  15

P
ac

ke
t d

el
iv

er
y 

ra
tio

 (
%

)

Mobility Speed (m/s)

LTC
MDTC

DTC
RTC
TTC

-50

 0

 50

 100

 150

 200

 0  5  10  15D
at

a 
pk

ts
 tr

an
sm

itt
ed

 p
er

 d
at

a 
pk

t r
ec

ei
ve

d

Mobility Speed (m/s)

LTC
MDTC

DTC
RTC
TTC

(a) (b) (c)

Figure 9: Performance of sparse networks. (a) Average delay (from event sources to the actor) as a function
of mobility speed. (b) Average event delivery ratio as a function of mobility speed. (c) Number of event
packets transmitted per event packet received by the actor as a function of mobility speed.
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sors are moving at the maximum speed of 10 m/s, LP and
DP perform very close and yield the best results, while RP,
as expected, yields the worst results, as shown in Fig. 6(b).
ADP and TP performs very similar, although ADP performs
a little better than TP, since TP does not aggregate posi-
tion information. Differences from the optimal hop count
are also smaller. For RP, however, the hop count fluctuates
from time to time because the actor navigates randomly in
the terrain without focus. We also like to emphasize the
fact that our algorithms, except the baseline algorithm RP,
are pretty stable. As can be observed from Fig, 6(a) and
6(b), after a short time interval, algorithms produce almost
no fluctuation, suggesting that the algorithms converge to a
near optimal position in a stable manner. Fig. 6(c) shows
the effect of mobility on the average hop count.

We also study application-related aspect of the algorithms
and evaluate their performance in terms of handling event
traffic. In addition to varying sensors’ mobility speeds, the
following three metrics are measured and shown with 95%
confidence intervals:

• Number of event packets transmitted per event
packet received: The average ratio of the number of
event packets transmitted versus the number of event
packets successfully arriving at the actor. This mea-
sure shows how efficient an algorithm is in terms of
forwarding event packets. The lower the number the
more efficient the algorithm.

• Source-to-actor delay: the average amount of time
it takes to forward an event packet from its source to
the actor.

• Packet delivery ratio: The average ratio of the num-
ber of non-duplicate event packets successfully deliv-
ered to the actor versus the number of packets sup-
posely to be received.

Fig. 7(a) presents the number of event packets transmit-
ted per event packet received at the actor. As expected,
RP yields the highest data transmissions because the actor
moves randomly and does not attempt to move closer to
the event sources or to the center of the network. All the
other algorithms perform equally on this aspect. Fig. 7(b)
presents the average packet delay from the event sources to
the actor. Clearly, RP yields the highest delay, and other al-
gorithms perform closely, since packet’s delay is determined
by the number of hops used to forward the packet. However,
TP outperforms in terms of packet delay since it is the only
traffic-driven algorithm that does not use periodic Hello

packets. As a result, the channel is less congested and the
delay is reduced. It is worth noting that, with mobility, the
average delay and the number of data transmissions decrease
as nodes become closer to each other on average when they
move around the terrain. Hence, less hops are required to
forward event packets.

Fig. 7(c) present the ratio of packets arriving successfully
at the actor. Unlike the other two metrics, this metric de-
pends mostly on the actor’s movement, rather than its loca-
tion. When the network is static, LP and ADP are shown to
perform the best due to the fact that the actor stays mostly
still once it has arrived at a near-optimal position in the
terrain, resulting in the most stable connectivity to all the
sensors. DP on the other hand relies only on the direction
information, and hence the aggregated direction information

can change even if the nodes are stationary (due to actor’s
own mobility) resulting in worse results. RP yields the worst
performance since the actor keeps moving all the time. As
the route between each sensor and the actor is refreshed
at a fixed time interval (3 seconds in our experiments), the
maintenance of connectivity to the actor is not adaptive to
mobility. Therefore, the decreasing of delivery ratio can be
observed as mobility increases, and the performance of all
the algorithms, except RP’s, becomes more and more simi-
lar.

Furthermore, we evaluate the performance of the proposed
navigation algorithms in sparser networks, where we use the
same set of parameters as summarized in Table 1 except the
number of sensors, 60. We observe from Figs. 8 and 9 that
these algorithms perform very similarly in both dense and
sparse networks.

5. CONCLUSION
The paper investigates the mobile actor navigation prob-

lem and proposes several algorithms that aim to continu-
ously navigate actors to appropriate locations within a mo-
bile sensor network. These algorithms assume the availabil-
ity of different information at sensors and actors. We com-
pare the performance of these algorithms on aspects such
as average hop distance from sensors to their associated ac-
tors, event packet delivery ratio, and event packet delay.
Simulation results show the effectiveness of these navigation
algorithms.
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