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Abstract— Use of ad hoc sensor networks as a decentralized
control system has been proposed for a variety of applications.
I propose a distributed sensor system to aid in path finding
and apply such a system to the problem of building evacuation.
In simulation, I design an ad hoc protocol to allow sensors
to cooperate in an attempt to find the best path to an exit
in a situation where paths may be blocked and the effective
physical topology is dynamically changing. Integrating this sensor
simulation with a pedestrian simulator, I show that when sensors
direct pedestrians to travel in the direction of the best path
to the exit, escape time is improved. Instructions from sensors
based on local exchange of data about changing conditions results
in performance close to the performance of decisions made by
pedestrians based on if they had global knowledge of physical
conditions before making their decisions.

I. INTRODUCTION

This paper addresses the problem of sensor networks and
effectors. By reducing the system behavior to simple opera-
tions that are executed by a great many sensing elements, I
show that the overall network design can quickly reconfigure
due to changing conditions.

I propose a method for solving the problem of redistributing
data throughout the network to those who need it without the
need to consult a central coordinator. I present the problem
of pathfinding and, more specifically, building evacuation as
an example application. Sensors spread throughout a building
communicate over wireless channels to determine the direction
of the nearest escape routes and reconfigure and redirect
evacuees in the event of changing pathways due to congestion
or disasters.

First, I present background on other wireless sensor net-
work applications used in the past and make note of their
architectures. Particular attention is given to other applications
in which wireless communication has facilitated path finding.
Section III examines methods of simple pathfinding through a
graph and applies these methods to path discovery and routing
through a building. Next, I implement a system that solves
this problem using a sensor network simulator combined with
a pedestrian simulator whose agents take instructions from the
sensor nodes. Finally, I propose future directions to examine
and test further interactions between sensors and effectors.

II. BACKGROUND

Increased capabilities, intelligence, and displays in sensor
nodes allows more complicated, fully-featured systems to be
implemented on a small hardware platform. Developers of

Smart Dust[1] pointed to the trends of “complete systems on
a chip, integrated low-power communication, and integrated
low-power transducers,” as forces that made intelligent net-
works of sensors possible.

Early proposed applications of ad hoc sensor networks
included environmental monitoring,[2], [3], which by their
nature lend themselves to a centralized architecture in which
data is aggregrated back to a base station where it is examined
and analyzed by inquirers.

Another application is traffic detection and control, us-
ing both inductive loop sensors[4], [5], microphones[6], or
cameras[7],[8] to detect unusual incidents or count cars. The
data from those sensors is aggregated back to a central
base station, either directly [7],[8], [6] or via multi-hop
protocols[5], which analyzes that data and sends signals to
the drivers by changing traffic lights or electronic signs.

Sensor networks have been used to solve robotic path-
planning problems, such as the pursuit-evasion game (PEG)
in which an autonomous pursuer attempts to catch an evading
agent. Solutions to the PEG are frequently based on centralized
architectures, using sensors that report back to a central map
builder and strategy planner, [9] and using sensors spread
throughout the field which report to a central base station
which actuates a camera to the evader’s location.[10] The
pathfinding application of Li, De Rose, and Rus[11] uses a
sensor network to direct a robot along the best path to a final
destination point with sensors in “danger” areas sending out
signals that the robots avoid moving towards.

My system specifically deals with providing instructions to
people and estimates blocked passageways by assuming that
sensors can count the number of pedestrians in a specific area.
Pedestrian-counting is an active field, and applications using
multiple types of sensors in consort, such as IR-sensors and
thermal sensors, have been explored in this space[12], as well
as the use of cameras[13], [14] to, in some cases, do a literal
“head count” of pedestrians.

III. PATHFINDING IN A GRAPH

Use of sensors as a decentralized control system mentioned
above are used for controlling robots or redirecting traffic. I am
interested in controlling and redirecting people and pedestrians
through a building using actuators such as intelligent signs. A
representation of the floorplan as a node-edge graph, such as
in figure 1, provides a way for the sensor nodes to understand
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Fig. 1. Left: The paths that users will be directed to in order to reach the exit
the fastest. Right: That layout as it corresponds to a graph, with individual
rooms maintaining their same label
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Fig. 2. A graph with an associated spanning tree rooted at the sink of that
graph.

the available pathways as well as allows us to analyze the
problem with greater rigor.

Let us first start with the most reduced form of an escape
scenario–finding a path between a source and sink in a graph.
If the graph, G, is fully connected and has n nodes, path
lengths may vary from two nodes (directly from the source to
the sink) to n nodes (a Hamiltonian path containing all nodes).
In a graph of n nodes, the longest-length path will be n − 1
steps.

Some simple analysis provides a starting point to count the
number of paths that exist to the sink. A graph G can be
represented as a spanning tree T rooted at the sink (Figure
2). In this tree, there are (n − 1) unique paths to the sink
from any other node. So one can say that the number of
unique paths to the sink is definitely Ω(n). All of the possible
paths can be enumerated by creating a spanning tree of nested
spanning trees. If there are (n − 1) unique paths to the sink
using the spanning tree rooted at the sink, then each of those
(n − 1) nodes in the spanning tree itself as a spanning tree
rooted at itself with (n − 2) unique paths to that node, and

so on. This gives an upper bound of O(n!) on the number
of unique paths to the sink in the graph. Clearly, exhaustively
searching through such a large number of possible paths is
time-consuming.

Finding a single shortest path in a graph is not difficult,
as one can just use Dijkstra’s algorithm. However, quickly
rerouting and finding a new path in the event that an edge
is removed presents a challenge due to the large number of
different possible paths in the graph; one wants to avoid the
need to re-calculate an algorithm such as all-pairs shortest
path, which has a cost of O(n3). Even just rerunning Dijkstra’s
algorithm has a cost of O(n2) and, even in the best case, a
runtime of O(m + nlogn) using a Fibonacci heap[15]. Our
goal is to see if one can recover from a failure in a graph.

IV. USING AD HOC NETWORK PROTOCOLS TO ROUTE

PEOPLE, NOT PACKETS

I argue that routing people through a physical network is
analagous to routing data in an ad hoc network, and thus the
protocols for maintaining the physical paths will be similar. In
a simplified case, one could make the assumption that packet
hops are comparable to distance [11] when determining the
distance to the exit from a node. Some early explorations of
sensor network protocols assumed fixed-radius communication
so that one could infer distance between two communication
nodes or other geometric properties.[16], [17] In reality, radio
transmission is a much more complex phenomenon which
experiences fading, differences in signal strength based on
obstacles, and asymmetric channel behavior between two
points. Furthermore, radio communication between the nodes
does not mean that there is a physical connection between
two locations of those sensors. Empirical experiences with
mote deployments in buildings [18] indicate that motes not
physically connected to each other are still likely to have
network connectivity and that the communication network is
a much more highly connected network than the network of
the physical floorplan.

Because using RF connectivity to infer physical topology
is unreliable, my solution is to provide knowledge of the
geographical layout to each sensor and allow the sensor to
infer its own position within that map. The sensor node can
then make decisions accordingly based on any additional data
it receives from other sensors. I assume that sensors are able to
detect conditions such as crowding in a corridor or a blocked
passageway and can adjust their calculations about distance
and routes based on this information.

Each sensor node is only aware of conditions in its imme-
diate area and its estimated distance to the exit. It depends
on data from the surrounding sensor nodes to get more
information about the region. Ideally, the more sensor nodes
that exist, the finer-grain and more distributed the dynamic
path-data will become.

For simplicity’s sake, I use a reactive protocol based on the
Destination-Sequenced Distance Vector (DSDV) [19] protocol.
For a single-resource/exit building evacuation scenario, DSDV
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Fig. 3. Left: The network communication relationships (double-arrowed
lines) and path to the exit (single-arrowed lines) before a blockage is detected.
Right: The new network communication relationships and new path to the
exit after a blockage is detected.

is a more effective method of communication and coordi-
nation. My implementation is not a pure DSDV protocol,
as DSDV concerns itself primarily with network routing. I
am concerned with geographical routing, so what I have
created is a modified protocol based on DSDV that determines
communication routes based on the physical layout of the
sensors, in this case a Geographical-DSDV.

The model for the actions of the individual motes in
simulation is as follows: at each node on the map, there is
a single mote with sensors on each edge. Motes forward on
their inferred distance to the exit based on the results from
their sensors on each edge and distance data they receive from
their neighbors. No wireless node need know the entire path
between it and the exit, only the number of hops from there to
the exit and which link will lead that way. Knowledge of the
entire path is distributed. In the event that conditions change
due to a blocked passageway, the mote that senses the blocked
passageway recalculates its distance estimate to the exit node
which is forwarded on to its neighbors, which update their
information and make decisions about which mote to direct
pedestrians towards. Continued network communication be-
tween the two sensors connected by that blocked passageway
is still possible.

An example of this process of reconfiguration is in Figure
3. The motes between node A and exit at node D direct
pedestrians to the next step along the way to the destination.
However, when there is a physical blockage between node
B and node C, the network will reconfigure to set up new
communication relationships between motes at nodes E and F
and direct pedestrians down the new path.

It is important to show that the system can reconfigure
itself efficiently. Because the system uses DSDV as its routing
protocol, the number of messages sent per node is inextricably
linked to the amount of time it takes for the system to recover
from any changes. The number of messages per node that
occur during an event is a reflection of the speed with which
the system reacts. Network communication is the dominating
factor in power consumption, rather than power consumed by
the CPU.[20]

To measure network performance, I created a simulation
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Fig. 4. Number of messages per node needed to recover from a detected
physical blockage, according to graph size.

in the TinyOS simulator, TOSSIM[21], induced a “blocked
passageway” detected by the sensing elements of a simulated
mote, and measure the number of messages per node required
for the motes to reconfigure themselves. As can be seen in
figure 4, the number of messages to recover from a blocked
passageway remains relatively steady, even as the size of the
graph doubles from 10 to 20 nodes. This indicated that a
dynamic system in which sensor nodes needed to efficient
route around physical blockages was a practical solution.

V. EVALUATING PERFORMANCE

To understand how effective a sensor network simulation is
in solving a problem such as building evacuation, I create a
model of sensor interactions with physical agents, bridging
the world of sensor simulations and the world of physical
simulations, specifically pedestrian simulations.

The field of pedestrian simulation is a very lively one, in-
cluding applications to evaluate the effects of escape panic[22]
and dealing with large crowds over large outdoor areas.[23]
For my purposes, I created a simply pedestrian simulator
based on Helbing’s escape panic simulator[22], specifically
focused on the issue of the delays caused by pedestrian crowds
attempting to escape through a doorway. As can be seen
in figure 5, pedestrian crowding through a doorway causes
delays as the movement of pedestrians is constrained by
other pedestrians also attempting to escape through taht same
doorway.

I integrated a simple pedestrian simulation with the TinyOS
simulator. Pedestrians are seeded in the nodes–representing
rooms–in the graph with the goal to reach the destination node.
Without the aid of the motes in the TinyOS simulator, the
pedestrians choose the exit from a node over an edge to the
next node that represented the best path to the destination. If
too many pedestrians crowd that exit from the node onto the
next edge, the pedestrian considers that exit “blocked” and
choose a random exit for a few steps, seeking an alternate



Fig. 5. A simulation of pedestrians escaping through a room in the Panic
simulator.
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Fig. 6. A comparison of the mean escape times for the Movement Simulator
in the stand-alone case and mote-augmented case for uniform distributed
pedestrians

path. With the aid of the motes, when an exit is blocked by
too many pedestrians, the motes find a new alternative path
for the pedestrian to take and direct him in that new direction.
Pedestrians take instructions from the intelligent, dynamically-
changing motes which are looking for the best path to the
destination node and paths that bypass the crowds.

I ran several simulations of escape scenarios. To get an
idea of how escape times with the pedestrians’ knowledge
augmented by the motes compared to the stand-alone case,
I kept the number of nodes fixed at 15 while increasing the
initial number of pedestrians. I ran these simulations with both
uniform and power law distribution of pedestrians among the
nodes.

The first set of experiments examines the results of pedes-
trian escape performance for the case of uniform distributed
pedestrians (Figure 6). The results are stark. As one can
see, the performance in the mote-augmented case results in
consistently improved performance. The mote-augmented case
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Fig. 7. A comparison of mean escape times for the Movement Simulator
in the standalone case and mote-augmented case for power law-distributed
pedestrians

is compared to the “Global Knowledge” case in which each
pedestrian, when faced with a decision, chooses the fastest
route to the exit at that given moment. Note that this is not a
global optimum, simply the result if every pedestrian makes
what would be the “best” decision whenever the pedestrian is
presented with a choice. One can see that the decisions pro-
vided by the motes–facing issues such as delay, dropped pack-
ets, and decisions marking a path as “blocked” based only on
the existence of more than 10 pedestrians in a queue–compares
quite well when compared to the “Global Knowledge” case,
which faces none of the communication issues and makes
more accurate estimations of delay with respect to reaching
the exit. In the latter case, the pedestrian has all knowledge of
the conditions in the entire layout at the moment the pedestrian
makes the decision about where to turn. As a baseline, this is
compared to the mean escape time when pedestrians escape at
their maximum possible bandwidth. In the case of power-law
distributed pedestrians, in which there is more crowding, the
results also reflect a consistent improvement (Figure 7), and
the results show a striking improvement, given that the effects
of crowding are felt much more acutely in the case of power-
law distributed pedestrians versus the uniform distributed case.
In the power law distributed case, variance appears to collapse
with the augmentated instructions (Figure 8), indicating that
crowding relief–and thus less random behavior–contributes to
the improved performance.

VI. CONCLUSION

Augmenting the decisions of pedestrians with dynamic
instructions provided in response to changing conditions pro-
vides a distinct advantage over the static instructions “posted”
instructions that one might find in a typical building evacuation
scenario. Using just a simple network protocol to repair breaks
in a spanning tree, the system can function effectively and
has performance quite close to an “ideal” system in which all
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Fig. 8. A comparison of mean escape time variance for the Movement
Simulator in the standalone case and mote-augmented case for power law-
distributed pedestrians

agents had enough information at any given moment to make
the best possible decision.

Certainly this provides a compelling case for experiments
using physical deployments, rather that simple simulation.
Potential applications other than the physical world involve
traffic flow management or crowd flow management, such
as in an amusement park. These latter two examples cre-
ate more complicated issues because while the example of
building evacuation is an inherently “damped system”–agents
leave the system, never to return–traffic and pedestrian flow
has agents entering the system as well as leaving. Such a
dynamic system could be explored with more full-featured
simulations. In addition, this simulation does not account for
communication or other interactions between the pedestrians
as well. Since matters of crowd control and escape panic has a
large psychological component, work needs to be done exam-
ining how sensor networks can influence the decision-making
and communication processes of individuals–particularly when
changing instructions from sensor nodes provide instructions
that could be seen as contradictory when observed over a fixed
time interval.
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