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Abstract—Wireless sensor and actuator networks for 
environmental disaster scenarios are considered in this paper. 
Particularly, a WSAN network being able to detect and 
extinguish the fire in a burning wildland area is described. While 
the forest fire detection is a classical application for sensor 
networks, here this research area is extended, taking into account 
actuators and their ability to battle the fire. A network 
architecture is proposed, modelled and discussed. The extensive 
computer simulations are reported that were necessary to analyse 
the network performance. First, the model of the forest under 
fire is illustrated. Then, the sensor network that gathers the 
temperature readings is described. On their basis, a fire map is 
created and the network can automatically act: the actuators are 
sent to the chosen forest locations and they extinguish the fire 
there. The presented research results show the efficiency of fire-
fighting actions depending on the sensors density and the 
mobility of the actuators.  

Keywords-wireless sensor networks; actuators; environmental 
monitoring; forest fires; epidemics propagation 

I.  INTRODUCTION 
Wireless sensor networks (WSNs), being a popular research 

topic, are considered as a technical solution in large spectrum 
of applications: from surveillance and tracking of military units 
at battlefields, to street traffic supervision, controlling goods at 
storehouses and patients at hospitals. WSNs also fit in a natural 
way to many environmental operations, where there is a need 
to gather some data from a vast area. Having in mind recent 
accidents resulting from environmental disasters, like the death 
of a group of fire-fighters surrounded by fire in Catalonia, 
Spain in 2009 or the recent oil leakage in Gulf of Mexico, there 
is an obvious necessity of developing WSN technology that 
could help us in remote control and monitoring of areas under a 
risk of a sudden natural or provoked catastrophe.  

However, gathering the environmental data only is not 
sufficient. The WSN technology should be supported by an 
extra capability to react in a case of danger. This stands behind 
the idea of actuators (sometimes called actors): few but 
powerful additional nodes having possibilities to take decisions 
and perform some actions based on data gathered by sensors. 
Actuators can be also controlled by people, but in the basic 
concept they are reacting automatically, without unnecessary 
delays and risking human life in dangerous conditions.  

In this paper, an architecture of a wireless sensor and 
actuator network (WSAN) for wildland fire-fighting is 
proposed and investigated. A forest is monitored by a network 
that (a) gathers temperature data, (b) creates a map of the fire 
and (c) automatically reacts. The network reaction is realised 
by actuators (fire-fighters) that, in practice, can be humans or 
machines. In both cases, their actions are supported by the data 
collected by sensors. Thus, it is the sensor network that delivers 
the information where and when the fire-fighters should act.  

The main motivation of the presented research is to 
describe the network architecture and discuss its efficiency. 
Performing computer simulations, we show how the 
temperature data gathered by sensors can be used to make 
effective decisions about fighting with fire. Then, we analyse 
the precision of fire predictions and the correctness of the 
decisions where to send the actuators. We also address the 
issue of actuators mobility, showing how their speed affects the 
WSAN performance. Finally, we analyse the scenario where 
some additional sensors are deployed during the fire by 
operating actuators.  

While adapting well-known models to simulate the 
spreading of the fire and the temperature in the forest, the 
models have been merged with the theory of epidemics 
propagation in order to explain the fire parameters. The 
proposed system – actuators performing the actions based on a 
map created with the aid of sensor readings – is tested in forest 
fires, but it can be also applied in other environmental 
scenarios, like removing a pollution or performing a rescue 
action after an earthquake.  

The rest of the paper is organized as follows. In Section II, 
the related work from the area of WSANs is presented, as well 
as the forest fires modelling and measurements. The 
architecture of the proposed system is explained in Section III. 
Then, in Section IV, the simulation models used in this paper 
are addressed. Simulations results, showing the precision of fire 
predictions and efficiency of the system when battling the fire 
are presented in Section V. Finally, in Section VI, we provide 
conclusions and define further directions of studies.  

II. RELATED WORK 
Wireless sensor networks are considered in technical 

literature from more than 10 years with thousands of papers  
[1–3] and numerous books [4–6] published. The idea of 
actuators – more powerful nodes performing some actions on 



the basis of sensors data – is also common in recent years [7]. 
Concerning environmental and catastrophe-monitoring 
applications, recently published works concentrate rather on 
communication protocols [8], system modelling [9] or trial 
experiments [10]. When focusing on cooperation and 
coordination between network nodes, it is worth to mention 
papers [11–12], where an interesting, though very general 
algorithm optimising actuator operations is presented. First, the 
integer linear programming technique is used to group the 
sensors into sets connected with particular actuators. Finally, 
the actuators are cooperatively taking the decisions allocating 
the tasks among themselves. It is proposed that the actuators 
participate in an auction, offering themselves as task executors.  

Actuators can be also considered as robots acting with the 
aid of sensors data, thus, many solutions investigated in the 
literature concerning robotic systems are very appropriate here. 
E.g. in [13], a thorough overview on multi-robot coordination 
can be found. The authors concentrate on methods of 
intentional cooperation, where the robots work together with a 
common purpose, which is also the case of WSANs. In [14], a 
real-time situation with mobile actuators is analysed. The time 
delays in communication between actuators are taken into 
account and the conditions are shown under which the 
distributed task allocation solution outperforms the centralized 
one.  

When discussing the forest fires, it should be noted a very 
intensive research in modelling this phenomenon coming from 
cellular automata theory [15–16]. Two main classes of models 
were based on (a) self-organized criticality [17–19] and (b) 
percolation theory [20–22]. A well-known and common model 
from [22] was also used in the simulations presented in this 
paper.  

Forest fire detection was one of the first environmental 
applications considered for sensor networks. Due to obvious 
reasons, there are still not many real measurements in this field. 
A very valuable data concerning sensors survivability, velocity 
of the fire edge, temperature gradients, etc. can be found in 
[23]. By contrast, a report from a fully operational system 
supporting a group of fire-fighters during a week long 
campaign is included in [24].  

It should be also mentioned that so-called "fire-fighter 
problem" is an issue known in graph theory: the fire spreading 
in n-dimensional space must be blocked by a minimal number 
of fire-fighters. However, it is rather weakly related with real 
forest fires. The interested reader is referred to e.g. [25].  

III. NETWORK ARCHITECTURE 
In this paper, we propose an architecture of an entire system 

designed for wildland fire-fighting. The main goal of the 
system is to gather the air temperature data delivered by tiny 
sensors and, on its basis, make decisions where to send 
actuators (fire-fighters) in order to extinguish the fire. The 
system assumes that the controlled forest can be divided into a 
number of hexagonal sites, with a height of a single site equal 
to 30 m. Each forest site can be in one of three states: (a) there 
can be some trees there, (b) the site can be burning or (c) it can 
be burnt out to ashes. The system decisions are taken 
 

 

Fig. 1. A brief idea of the network architecture:  
sensors, actuators and base stations. 

repeatedly, once per a certain time step. This time step is  
assumed to be enough for a single actuator to extinguish the 
fire in one site (i.e. to change its state to ashes) and move to 
another one.  

In order to work properly, the system consists of three 
layers: sensors, base stations and actuators (see Fig. 1). They 
are briefly described in the three following sections.  

A. Wireless sensors 
Sensors are deployed in a forest before the fire occurs. 

Their main function is to measure the air temperature. In order 
to model the temperature T in the forest, we assumed that T 
depends only on the distance d to the nearest fire. This is based 
on the well-known fact that the temperature as a function of 
distance can be modelled as a diffusion process [26]. We 
assume that in each moment of time a steady state of 
temperature exists and the following relationship holds [27]: 

T = A / d + B,   (1) 

where A and B are constants to be determined. Furthermore, we 
assume that the temperature for two values of d is known, i.e.  
T (15m) = 90°C and T (150m) = 30°C. Thus, we can calculate 
the constants A and B and, consequently, the temperature for 
each distance d. Sensors located very close to the fire  
(d < 15 m) are burning and cannot send any data. On the other 
hand, sensors being more than 150 m from the fire report the 
ambient temperature equal 30°C. Thus, each sensor can 
accurately determine the distance to the closest fire, if only it is 
more than 15 m and less than 150 m away.  

While this model is very simple, creating a more realistic 
one is beyond the scope of this paper. We would like to note, 
that, if needed, the model can be very easily exchanged by 
another, more accurate one.  



The temperature readings are then sent hop by hop through 
other sensors to one of base stations. Sensors should know their 
own positions – they can be programmed during the 
deployment process or a localization protocol may exist. 
Sensors can send data to other sensors and/or base stations only 
if they are considered as connected. It should be also noted 
that, during a forest fire, the network topology is reduced, step 
by step. Some nodes are burning and some of them are losing 
the connection with base stations when their neighbours are 
destroyed by fire.   

B. Base stations 
In the forest, there is also a certain number of base stations. 

They are supposed to be able to communicate freely with each 
other. Their processing abilities are also much larger than in 
case of sensors. Base stations gather the temperature readings 
delivered by the sensors. It is assumed that one of the base 
stations acts as a network centre and merges all the data 
together. On this basis, a map of the fire is created, according 
to the following rules.  

In each time step, for each site in the forest, the data from 
the sensors located closer than 150 m away is analysed. A site 
is regarded as under fire if and only if for each sensor Si located 
in the distance di ∈ < 15m, 150m > from the site, the measured 
temperature Ti suggests the fire is at the distance di or closer. 
Otherwise, the site is considered as covered by trees or ashes. 
These two states are distinguished from each other using the 
memory of the previous time step, as after the fire there can be 
only ashes, no trees. Finally, it is possible that the system 
cannot detect the state of a site, if there are no sensors closer 
than 150 m from it. The algorithm described above is 
additionally shown on a flow chart in Fig. 2.  

Obviously, the system can make a mistake judging the 
forest sites. As the rules are defined very conservatively, it is 
not possible that a burning site is considered as a tree or ashes, 
although, it can happen that its state cannot be identified. On 
the other hand, tree sites and, more frequently, ash sites can be 
incorrectly classified as being under fire.  

C. Actuators 
The third network layer consists of actuators. All actuators 

are equipped with powerful radio devices that can easily 
communicate with a base station from each point of the forest. 
They are machines (quad bikes or even small airplanes) able to 
move quickly through the forest and spread water onto specific 
locations. They can be also people, but here it is assumed that 
the decisions where to send them are taken automatically by the 
system. It should be noted that the actuators cannot move 
through the forest sites that are actually burning.  

In each time step, the system creates the fire map based on 
sensor readings. Then, each actuator is sent to a different 
burning site in order to extinguish the fire there and prevent its 
spreading to neighbour sites. The decision where to send the 
actuators are crucial for the system performance. Here, we 
adopt a simple, but well-justified strategy (described above), 
based on immunisation strategies from the theory of epidemics 
propagation. In the literature there are many examples of them, 
 

 

Fig. 2. The rules of creating the fire map. 

such as random strategies, techniques based on the highest 
node degree, based on graph partitioning, etc. A comparison of 
them can be found in [32]. 

The fire-fighters are always sent to the sites that are just 
burning and are located on the fire edge, i.e. can be easily 
accessed from the forest border going only through the sites 
with trees. Among these sites, the ones are chosen that have a 
maximum number of neighbour sites with trees, i.e. 
extinguishing the fire there will stop the fire spread in the most 
dangerous locations. 

This approach is similar to basic strategies for preventing 
the viruses or epidemics propagation in communication or 
social networks [32]. Considering the forest as a network, the 
sites can be regarded as nodes. In the forest before the fire, the 
degree of all the nodes (sites) is the same, equal 6, as the forest 
is modelled as a hexagonal grid. However, in case of fire, a 
node degree can be reduced. A burning site can spread the fire 
only to its neighbour sites with trees. Thus, the fire-fighting 
approach can be seen as an attempt to protect the nodes (sites) 
with the highest degree (having the large number of neighbour 
sites with trees).  

It can happen that, because of errors on the fire map, the 
fire-fighters are sent to a site without fire. We assume that such 
an action is wasted and has no effect.  

IV. SIMULATION MODEL 
With the aim of an analysis of the proposed system, a C++ 

computer tool was built, intended to simulate the situation in a 
forest being under fire. Each considered case was simulated at 
least 1.000 times, in order to obtain statistically reliable results. 
The simulator enables to model the fire spread in a forest and 
the performance of WSAN fire-fighting system. The models of 
the fire and fire-fighters actions are simplified and based on 
numerous assumptions, explained below. However, we believe 
that the models can show the fire-fighting system efficiency in 
two aspects: influence of the sensors readings accuracy and the 
impact of the actuators mobility.  



A. Forest under fire 
In the considered scenario, a forest (1260 × 832 m2) was 

divided into 42 × 32 hexagonal sites, with a height of a single 
site equal 30 m (Fig. 3a). In real situations, the rate of spread of 
the fire depends on many factors, like terrain topography, type 
of trees, recent rainfall and wind velocity. In this work, we 
adopted a fire model presented in [22].  

Each forest site can be in one of three states: (a) there can 
be some trees there, (b) the site can be burning or (c) it can be 
burnt out to ashes. It is assumed that the fire is spreading in 
discrete time steps, equal to the steps adopted by the WSAN 
system. In each step, a site with trees will start to burn with an 
ignition probability PI for each of its burning neighbour sites. 
Also, in each time step, a site with fire will turn into ashes with 
a burning probability PB. Finally, all sites with ashes remain in 
this state until the end of the simulation.  

B

This model is very similar to a SIR (Susceptible, Infected, 
and Removed) model in epidemics [28]. Each of these three 
modes could be related with the proposed (a), (b) or (c) states, 
respectively. The probabilities PI and PB depict the evolution of 
the fire (epidemic). The largest is the P

B

I, the faster is the speed 
of the fire. The smallest is the PBB, the more neighbour trees 
adjacent to a burning tree will be affected.  

A threshold of an epidemic is a value, evaluated as a 
combination of the probabilities PI and PB, that shows if the 
epidemic will spread or disappear. This value is evaluated 
taking into account the topology of the network [28]. In very 
homogeneous networks, such as the topology described in this 
paper, the threshold value could be easily approximated as 1 
divided by the average node degree D (D = 6, in this paper). 
Taking into account this value, we can select different P

B

I and 
PBB.  In this paper, we have selected PI / PB >> 1 / D, in order to 
simulate a fire that spreads quickly across the whole network.  
Thus, we accepted P

B

I = 0.5 and PBB = 0.4.  

We also extended this 3-state model with an additional 
mechanism describing a phenomena of small wooden branches 
spreading the fire on long distances when travelling with the 
wind. Each tree site located on a distance d from a burning site 
will start to burn with a following probability [29]:   

d
B eAP ⋅= ,   (2) 

where A is a constant dependent on the weather conditions, 
humidity and fuel (trees) type. In the reported experiments, we 
chose such a value of A that the average number of effective 
burning branches was equal to 5 in each simulated scenario.  

In general, each simulation case starts from an ignition of a 
single tree in the middle of the forest. Then, the fire in evolving 
according to the rules described above. An example of the fire 
spreading process is shown in Fig. 3b–d. 

B. WSAN system parameters 
In the forest, there is a sensor network deployed, gathering 

the temperature data. The network consists of a certain number 
of sensors (from 50 to 500 nodes) located randomly, according 
to 2-dimensional uniform distribution, and remaining static 
 

 

Fig. 3. a) The forest is divided into a grid of hexes: each hex represents  
a forest site. b–d) The fire is spreading, the steps 1, 2 and 6 are shown. Each 

forest site can be in one of three states: with trees (green dots), under fire (red 
ones) or covered by ashes (grey). 

during the network operation. Also, there are four base stations 
located in the four forest corners. The sensors transmission 
parameters are based on typical MICAz sensor motes [30] 
working in 2.4 GHz frequency band. Their radio power and 
sensitivity are equal to 0 and –95 dBm, respectively. The path 
loss for each sensor-sensor or sensor-base station pair is 
calculated according to the attenuation in vegetation model 
published by International Telecommunication Union [31]. A 
medium-dense vegetation, covering 15% of the area, is 
assumed. Wireless channel fadings are represented by a log-
normal random variable with a standard deviation of 3.5 dB, as 
suggested in [7] on the basis of WSN measurements for 
outdoor environments. Thus, each pair of nodes is considered 
as connected if their path loss modified by the channel fading is 
lower than 95 dB. The sensor nodes that have connection 
(direct or multi-hop) with one of the base stations can 
eventually send their data there.  

The accepted transmission parameters are chosen to be very 
representative for wireless sensor technology. MICAz motes 
are one of the most popular sensors commercially available and 
commonly used in measurements. Concerning the connectivity 
model, the parameters that could represent a typical 
Mediterranean forest are adopted. Though, we would like to 
mention that in more dense vegetation, the sensors transmission 
range is expected to be shorter. As a result, many nodes could 
be not connected, especially if their number would be low, e.g. 
only 50–150 sensors in the whole forest.  

For the purpose of these investigations, let us accept that we 
have six actuators in the network. The number of actuators is 
chosen on the basis of some initial tests. If the actuators 
number was much lower, e.g. two or three, their fire-fighting 
efforts would be not sufficient, even with perfect knowledge 
about the forest fire. On the other hand, for a significantly 
larger number of actuators, the whole fire would be very short 
and the effects of precision of fire predictions would not be 
clearly visible on simulation results. 



 
Fig. 4. A percentage of correct system decisions and saved tree sites  

in the scenario when the mobility of the actuators is unlimited.  

Let us also assume that the actuators cannot act during the 
first 10 time steps of the fire spreading. It is motivated by the 
fact that the system needs some time for taking the decision 
about starting the fire-fighting operation and the actuators must 
reach the forest border (they can act or be stationed in another 
area). 

V. RESULTS 
A general analysis showing how the system efficiency 

depends on the number of sensors is presented in Fig. 4. Here, 
it is assumed that the actuators can move freely between sites, 
having unlimited speed. When the number of sensors increases 
and approaches 500, the ratio of correct system decisions (the 
cases when the actuators are sent to the sites that are really 
burning) reaches 95%. As a consequence, the number of saved 
trees also increases and exceeds 40%. However, even 350 
sensors (84% of correct decisions) are enough to save 40% of 
the forest. The next 150 sensors does not improve the 
efficiency of the fire-fighting actions.  

It should be noted that, concerning the transmission power 
and propagation model described in Section IV.B, the sensors 
connectivity becomes an issue only if the number of nodes is 
very low. Even for 100 sensors, 99.6% of them, on average, are 
connected (directly or in multi-hop way) with one of the sinks. 

The results taking into account limited mobility of the actuators 
are depicted in Fig. 5. The percentage of saved forest sites as a 
function of number of sensors is shown for 4 cases. In each 
time step, the actuators can move 3, 5, 10 and 20 sites 
respectively. Thus, when making the decisions where to send 
the actuators, the WSAN system may consider only a subgroup 
of burning sites: these ones located in the vicinity of actuators. 
Moreover, when their speed is limited, the actuators cannot 
move quickly between different burning regions. These factors 
degrade seriously the system efficiency. On the other hand, the 
actuators mobility limited to 10 sites per time step is clearly 
enough to obtain good results. Higher mobility values give no 
performance improvement.  

 

Fig. 5. A percentage of saved tree sites  
in the cases with limited actuators mobility. 

Finally, we consider a scenario where the actuators may 
deploy additional sensors during their fire-fighting actions, i.e. 
after the fire has started. The actuators, during their movement 
through the forest deploy some extra nodes, but only at 
locations where there are no other sensors closer than 50 
meters. Thus, the additional sensors are filling the gaps in the 
sensor network coverage. The new sensors are usually 
deployed very close to the fire, as they are put on the actuators 
paths.  

The scenario with sensors deployed by actuators is 
compared with the one where the deployment takes place only 
prior to the fire in Fig. 6. The additional sensors clearly give a 
certain improvement, but the final number of sensors used in 
the network also increases. However, if the WSAN network is 
planned for the larger forest area, e.g. hundreds of square 
kilometres, it is really advantageous to decrease the initial 
sensors density. The extra sensors will be deployed only in a 
region touched by fire which is hopefully significantly less than 
the whole forest area.  

VI. CONCLUSIONS 
Wireless sensor and actuator networks have capabilities not 

only to detect a danger in environmental applications, but also 
to react appropriately. In this paper, we proposed an 
architecture of a WSAN system designed to cope with wildland 
fires. The system monitors a forest gathering the temperature 
data, creates the fire map and automatically reacts sending the 
actuators to extinguish the fire at the crucial burning sites. We 
modelled the whole system consisting of sensors, actuators and 
base stations and explained the cooperation between the system 
elements. Also, we modelled the fire spreading in the forest. 
On this basis, we analysed the system performance. It was 
shown how the system efficiency was dependent of the sensors 
density and the actuators mobility. Moreover, we indicated the 
optimal values of these parameters.  



 

Fig. 6. Two scenarios compared: the sensors are deployed only prior to the fire 
or also during the fire. The values in square boxes indicate the average 

number of additionally deployed sensors. 

The results presented in this paper were obtained for a set 
of specific parameters and with some assumptions simplifying 
the fire spreading and gathering temperature data by sensors. 
While these results give a solid insight and better 
understanding of sensors-actuators cooperation, the real 
efficiency of WSAN fire-fighting system strongly depends on 
environmental parameters (pyrolytic properties of the wood, 
moisture, wind velocity) and characteristics of the actuators 
(number of fire-fighters, their efficiency, etc). Further work is 
still needed in this research area. We plan to continue this 
topic, investigating more realistic fire spreading models 
(including the direction of the wind, humidity, terrain 
diversity), different fire intensities and capabilities of the fire-
fighting actuators.   

ACKNOWLEDGMENT 
This work has been partially supported by Polish Ministry 

of Science and Higher Education (grant no. 179/N-
COST/2008/0), the Spanish Science and Innovation Ministry 
(TRION TEC2009-10724) and the Government of Catalonia 
(DURSI SGR-1202).  

REFERENCES 
[1] I.F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, "A survey 

on sensor networks," IEEE Communications Magazine, vol. 40, no. 8, 
pp. 102-114, August 2002.  

[2] C.-Y. Chong, and S.P. Kumar, "Sensor networks: evolution, 
opportunities, and challenges," Proceedings of IEEE, vol. 91, no. 8, pp. 
1247-1256, August 2003.  

[3] D. Culler, D. Estrin, and M. Srivastava, "Overview of sensor networks," 
IEEE Computer, vol. 37, no. 8, pp. 41-49, August 2004. 

[4] H. Karl and A. Willig, Protocols and Architectures for Wireless Sensor 
Networks. John Wiley & Sons, 2005.  

[5] I. Stojmenovic (ed.), Handbook of Sensor Networks. Algorithms and 
Architectures. John Wiley & Sons, 2005. 

[6] K. Sohraby, D. Minoli, and T. Znati, Wireless Sensor Networks. 
Technology, Protocols, and Applications, John Wiley & Sons, 2007. 

[7] R. Verdone, D. Dardari, G. Mazzini, and A. Conti, Wireless Sensor and 
Actuator Networks. Technologies, Analysis and Design, Academic 
Press, 2008. 

[8] A.T. Erman, L. Van Hoesel, P. Havinga, and J. Wu, "Enabling mobility 
in heterogeneous wireless sensor networks cooperating with UAVs for 
mission-critical management," IEEE Wireless Communications, vol. 15, 
no. 6, pp. 38-46, December 2008.  

[9] M. Cantoni, E. Weyer, Y Li, S.K. Ooi, I. Mareels, and M. Ryan, 
"Control of Large-Scale Irrigation Networks," Proceedings of the IEEE, 
vol. 95, no. 1, pp.  75-91, January 2007.  

[10] T. Wark, C. Crossman, P. Valencia, D. Swain, G. Bishop-Hurley, and R. 
Handcock, "Sensor and Actuator Networks: Protecting Environmentally 
Sensitive Areas," IEEE Pervasive Computing, vol. 8, no. 1, pp. 30-36, 
January-March 2009.  

[11] T. Melodia, D. Pompili, V.C. Gungor, and I.F. Akyildiz, 
"Communication and Coordination in Wireless Sensor and Actor 
Networks," IEEE Transactions on Mobile Computing, vol. 6, no. 10, pp. 
1116-1129, October 2007. 

[12] T. Melodia, D. Pompili, and I.F. Akyildiz, "Handling Mobility in 
Wireless Sensor and Actor Networks," IEEE Transactions on Mobile 
Computing, vol. 9, no. 2, pp. 160-173, February 2010. 

[13] B.P. Gerkey, and M.J. Mataric, "A Formal Analysis and Taxonomy of 
Task Allocation in Multi-Robot Systems," The International Journal of 
Robotics Research, vol. 23, no. 9, pp. 939-954, September 2004. 

[14] B.J. Moore, and K.M. Passino, "Distributed Task Assignment for Mobile 
Agents," IEEE Transactions on Automatic Control, vol. 52, no. 4, pp. 
749-753, April 2007.  

[15] J.A.M.S. Duarte, "Fire spread in natural fuel: computational aspects," In: 
D. Stauffer, Editor, Annual Reviews of Computational Physics, World 
Scientific, Singapore 1997. 

[16] A. Hunt, "A New Conceptual Model for Forest Fires Based on 
Percolation Theory," Complexity, vol. 13, no. 3, pp. 12-17, January 
2008.  

[17] B. Drossel, and F. Schwabl, "Self-Organized Critical Forest-Fire 
Model," Physical Review Letters, vol. 69, no. 11, pp. 1629-1632, 
September 1992.  

[18] G. Pruessner, and H.J. Jensen, "Efficient algorithm for the forest fire 
model," Physical Review E, vol. 70, no. 6, December 2004.  

[19] R. Zinck, and V. Grimm, "Unifying wildfire models from ecology and 
statistical physics," The American Naturalist, vol. 174, no. 5, pp. E170-
E185, November 2009.  

[20] G. MacKay, and N. Jan, "Forest fires as critical phenomena", Journal of 
Physics A: Mathematical and General, vol. 17, no. 14, pp. L757-L760, 
January 1984.  

[21] C.L. Henley, "Statics of a 'self-organized' percolation model," Physical 
Review Letters, vol. 71, no. 17, pp. 2741-2744, October 1993. 

[22] J-D. Bancal, R. Pastor-Satorras, "Steady-State Dynamics of the Forest 
Fire Model on Complex Networks," The European Physical Journal B, 
vol. 76, no. 1, pp. 109-121, July 2010.  

[23] D.M. Doolin, and N. Sitar, "Wireless sensors for wildfire monitoring," 
Proceedings of SPIE Symposium on Smart Structures and Materials, pp. 
477-484, March 2005.  

[24] C. Hartung, R. Han, C. Seielstad, and S. Holbrook, "FireWxNet: A 
Multi-Tiered Portable Wireless System for Monitoring Weather 
Conditions in Wildland Fire Environments," Proceedings of the 4th 
International Conference on Mobile Systems, Applications, and Services 
(MobiSys 2006), pp. 28-41, June 2006. 

[25] E. Anshelevich, D. Chakrabarty, A. Hate, and C. Swamy, 
"Approximability of the Firefighter Problem: Computing Cuts over 
Time," Proceedings of the 20th International Symposium on Algorithms 
and Computation, pp. 974-983, December 2009.  

[26] H. Margenau, and G.M. Murphy, The Mathematics of Physics and 
Chemistry. Van Nostrand, New York 1943. 

[27] J. Crank, The Mathematics of Diffusion. Second Edition. Oxford 
University Press, New York 1975.  

[28] D. Chakrabarti, Y. Wang, C. Wang, J. Leskovec, and C. Faloutsos, 
"Epidemic thresholds in real networks," ACM Transactions on 



Information and System Security, vol. 10. no. 4, pp. 13:1-13:26, January 
2008.  

[29] B. Porterie, N. Zekri, J-P Clerc, and J-C Loraud, "Modeling forest fire 
spread and spotting process with small world networks", Combustion 
and Flame, vol. 149, no. 1-2, pp. 63-78, April 2007.  

[30] MICAz CC2420 2.4 GHz IEEE 802.15.4/ZigBee-ready RF Transceiver 
specification, available at: http://focus.ti.com/lit/ds/symlink/cc2420.pdf 

[31] Recommendation ITU-R P.833-6, "Attenuation in vegetation," ITU 
Recommendations, Geneva, 2007. 

[32] Y. Chen, G. Paul, S. Havlin, F. Liljeros, and H.E. Stanley, "Finding a 
better immunization strategy," Physical Review Letters, vol. 101, no. 5, 
July 2008.  

 


	WSAN Architecture for Wildland Fire-Fighting
	I.  Introduction
	II. Related Work
	III. Network Architecture
	A. Wireless sensors
	B. Base stations
	C. Actuators

	IV. Simulation Model
	A. Forest under fire
	B. WSAN system parameters

	V. Results
	VI. Conclusions
	Acknowledgment
	References


