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Abstract— This paper presents a comparison among different 
strategies to coordinate the use of heterogeneous wireless sensors 
aimed for area surveillance. The heterogeneity among the sensor 
nodes is related to their sensing and mobility capabilities. The 
goal of the strategies is to provide coordination among the 
different nodes, in order to make the wireless sensor network 
perform its missions with higher efficiency. Strategies combine 
advantages of bio-inspired and utility-based approaches to 
coordination. Simulations of scenarios with different 
characteristics were performed and the results are compared and 
analyzed. 

Keywords- heterogeneous wireless sensor networks; 
coordination strategies; unmanned aerial vehicle –carried sensors; 
area surveillance.  

I.  INTRODUCTION  
A number of studies describe the use of Wireless Sensor 

Networks (WSNs) to support different applications, from 
civilian to military ones [1]. Indeed, the usage of WSNs is 
coming to real world applications due to advances in MEMS, 
and especially in low power and battery-less technologies [2]. 
An interesting approach in WSN is the combination of 
different types of sensors in a single network. The different 
sensors can provide complementary data which are combined 
to provide the users with information with more aggregated 
value, as the example provided in [3]. Within this context, a 
new trend that is starting to be explored is the combination of 
static and mobile sensor nodes [4]. This approach allows the 
use of a number of cheap static sensors deployed on the ground 
or in fixed places and sensors that are carried by mobile 
autonomous robots like platforms. These platforms can be 
vehicles that move on the ground (UGVs) or Unmanned Aerial 
Vehicles (UAVs) that fly over a given area. Several 
applications can make use of such heterogeneous sensor 
networks, for instance: wild fire prevention and fighting, power 
transmission lines monitoring, border line control, and area 
surveillance.  The study presented in this paper focus on the 

combination of static sensors on the ground with UAV-carried 
ones, aiming at performing surveillance missions.  

Besides the promising benefits of the combination of 
sensors with different capabilities, a challenge emerges from 
this synergy concerning how their actions must be coordinated 
in order to achieve a high efficiency in using such a sensor 
network. A straightforward approach would be to try to apply 
techniques used in conventional WSNs, i.e. sensors with the 
same capabilities, generally static and equipped with the same 
sensing devices, such as [5]. Another pragmatic approach 
would employ techniques generally used in coordination of 
UGVs or UAVs to help organize the use of the network as a 
whole. However, due to the peculiarities of the different 
elements that compose the network, neither pure approach 
provides a suitable solution. Wireless sensor networks have 
severe restrictions in relation to energy consumption, and, due 
to this fact, algorithms to coordinate these systems are 
generally optimized considering such concern, trying to use as 
minimal data transmission among nodes as possible. This 
extreme limited usage of data exchange may not fit the needs 
of coordination mechanisms used by UGVs and UAVs. On the 
other hand, UGVs’ or UAVs’ coordination approaches 
generally use mechanisms that are richer in terms of semantics 
and data dissemination, but at the same time are more resource-
hungry, which makes them unsuitable to be used by the sensor 
nodes generally used in WSNs. This leads to the conclusion 
that mechanisms used for each kind of network, i.e. 
conventional WSNs and UGV/UAV networks, may not be 
combined in the same network.  

Observing this problem, proposals to combine techniques 
from both sides were proposed, generally focusing more in one 
of the sides, but adapting it to fit in the other, e.g. using bio-
inspired [6] and data centric [4] approaches. This paper 
presents a continuation of  the work presented in [6], proposing 
two additional coordination strategies that combine the 
advantages of already proposed bio-inspired and utility-based 
approaches. Simulations with different scenario setups are 
performed and allow the assessment of the pros and cons of the 
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proposed combined coordination strategies, when compared 
with the original ones. 

The remaining text is organized as follows: Section II 
presents the scenario description and the problem formulation, 
followed by Section III that provides a summary description of 
the two basic coordination strategies. In Section IV the 
proposed variations of the basic strategies are introduced. 
Section V presents the simulation setups and results, while 
Section VI discusses related work. Section VII presents the 
concluding remarks and directions for future work. 

II. APPLICATION SCENARIO PRESENTATION  
The application scenario investigated in the present work is 

area surveillance based on WSNs composed by static ground 
sensors and mobile sensors. The focus is on the coordination 
aspect, which refers to how these two types of sensors co-work 
in a unified system. This section presents the description and 
the basic assumptions in relation to the scenario and the 
surveillance system deployed on it.  

A. Scenario Description  
More formally the scenario is composed by a contiguous 

open area in which each element (sensors and targets) is 
located by its Cartesian coordinates, x and y. It is considered 
that just sensors and targets populate the area, i.e. there is no 
representation of obstacles nor other objects that are not 
considered relevant for the problem analysis.  

The dimensions of the area are represented in kilometers, 
thus much bigger in magnitude than the dimensions of the 
elements that populate it, which are measured in few meters. 
This assumption makes it reasonable to take the elements as 
their respective center point location coordinates, disregarding 
their dimensions.   

Targets are defined as non-authorized vehicles or persons, 
or groups of them, appearing in a non-deterministic fashion in 
the area. The appearance of targets is modeled as a Poisson 
distribution P(r), where r is the number of new targets that 
appear in the surveillance area at a given time t. A given target 
τi

k is of kind k and has an identifier i, which represents the 
order of its entrance in the surveillance area. There are K 
possible types of targets, so k = 1,…, K. The target type is 
constant during the time of its presence in the area. The targets 
are considered to move with a constant speed vτi, but different 
targets may have different speeds. Targets may also randomly 
change the direction of their movement. 

The area is monitored by a surveillance system composed 
by a number of unattended static ground sensor nodes and 
mobile sensor nodes carried by Unmanned Aerial Vehicles 
(UAVs). Details about the system are presented in the 
following subsection.   

B. Surveillance System  
The surveillance system is composed by two main types of 

sensors: static on ground and mobile in the air (UAV-carried, 
from now on just called “UAV”). There are G static ground 
sensor nodes spread on the area, which are individualized by an 
identifier sni, (i = 1,…, G). The ground sensor nodes are 

distributed according to a given distribution, which can be 
random or uniform following a defined pattern. N UAVs fly 
over the area, in a random or predefined movement pattern, and 
are identified by ui (i = 1,…, N). G, the number of ground 
sensor nodes, is assumed to be much bigger than N. The two 
groups of sensor nodes are further divided according to their 
sensing capabilities. The considered capabilities are the type of 
measurement that can be made and the sensing range. For the 
ground sensor nodes, the considered measurements are, for 
example, difference in the magnetic field, vibration, 
temperature, humidity, and acoustic signature. Examples for 
the UAV-carried sensors are visible light cameras, infrared 
cameras, and SAR/ISAR radars. The sensing range is a tunable 
parameter that remains constant for the ground sensor nodes, 
but may vary for the UAV-carried ones.  

The sensor nodes wirelessly communicate with one another 
within a given range, which is a tunable parameter. Due to the 
broadcast nature of wireless communications, all nodes in the 
range receive a message issued by a given node.  

The dynamics of the system works as follows: The ground 
sensor nodes are configured to detect possible targets, which is 
defined by a set of threshold levels of its measurements. When 
the acquired measurements reach a configured threshold level, 
a “match” with the detecting criteria is achieved. In the 
occurrence of a match, the sensor node issues an alarm, which 
is received by all nodes within the alarm issuer’s 
communication range.  

Alarms are single communication packets containing a 
timestamp, the position of the issuer node, and the type of the 
possible target. The two first components of the alarm allow its 
unique identification, avoiding alarm duplications. For the 
purposes of this work, each alarm indicates one target. Even in 
the case in which the indicated target is a group of persons or 
vehicles, they are handled as a unique entity by the system.  

Fig. 1 presents the main elements of the scenario and 
system description provided so far. 

 
Figure 1.  Overview of the application scenario. 
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In Fig. 1 it is possible to observe the occurrence of a 
detection of a possible target by a ground sensor node, which 
issues an alarm that is received by all other nodes in its 
communication range. One of these neighbors relays the alarm 
which is received by a UAV, characterizing the alarm 
delivering.  

By the occurrence of an alarm, the goal of the system is to 
allocate one of the UAVs, which are equipped with more 
sophisticated sensors, to fly towards the area where the alarm 
was issued, gather further information about the possible target, 
and confirm it as a target, i.e. an intruder or a threat. To 
perform this allocation, different strategies can be employed, 
which will be further discussed. However, it is possible to state 
that the alarm has to be delivered to at least one UAV in order 
to consider its occurrence to be known by the UAVs. 

C. Mobile Sensors’ Model  
As the mobile sensors present a larger complexity if 

compared to the static ones, this subsection is dedicated to the 
explanation of their model. There are two main subjects related 
to the mobile sensors that deserve special attention: the sensing 
device itself and the mobility related issues. These two aspects 
are considered in the present work as properties of the mobile 
platforms, the UAVs, and, thus, represented as components of 
the full state of the UAVs.  

The UAV instance i (denoted UAVi) has an internal state 
Si(t) at a given time “t”, which is composed by two 
components: Physical State and Engagement State. 

1) Physical State (PhS): including information about its 
current position pi(t)= (xi(t), yi(t)), speed (vi(t)), heading angle 
(ψi(t)), sensor devices type and status (ςji(t)), and energy 
resources (ei(t)).    

The kinematic model adopted in this work is similar to 
several others, in which the UAVs move along continuous 
trajectories with constant speed and with a constrained turning 
angle [7].  

The sensors that equip the UAVs are aimed to detect 
members of a set of possible target types and then analyze and 
track a selected subset of them. In case that a sensor, needed 
for analysis or tracking, is missing or does not match well with 
the type of target, poor results will be generated. The range of 
the detection as well as the analysis and tracking capabilities 
are tunable, according to the types of sensors that equip the 
UAVs in the fleet. This is done by the adjustment of the radius 
around the UAV that controls the range of the surveillance 
mission, in which it is able to detect and/or analyze/track a 
target, parameterized by rD for detection range and rA for 
analysis/tracking range. The points inside the circles formed by 
taking each of the ranges as radius are considered inside the 
detection or analysis areas, respectively. 

Based on information about the type of target, the UAV 
itself, its sensor device types and status, and the weather 
conditions, it is possible to determine the feasibility to perform 
a given task related to a given target. This is expressed by θ 
(the applicability of a UAV to handle a target), which is 
computed using the information provided by the UAV instance 

i state, according to the capability to employ its sensor (j) to 
perform a given task over a certain type of target (k), in a 
specific time instant.  

( )
⎩
⎨
⎧ ⊂∈⋅

=
otherwise
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where ςj
i(t) is the sensor status, which varies over time in order 

to simulate damages imposed by aggression of enemies and/or 
natural degradation by its use, Wei,j(t) is a function that 
estimates the degradation in the measurements offered by a 
sensor of type (j) due to the weather conditions at time (t), and 
κj is the subset of all types of targets containing those that 
match the sensor type (j). Poor or not useful results offered by 
sensors that do not match or are not suitable for the type of 
target are mapped to a value equal to zero. 

2)  Engagement State (ES): according to the detected 
targets in the surveillance area and to the respective alarms 
issued, a UAV can be in one of the following states: idle, 
engaged, or busy. The first may occur when a UAV is idle and 
able to engage in performing a task over a target informed 
about by an alarm. The second occurs when a UAV is engaged 
in performing a task related to a target, but it is not performing 
it yet. The third occurs when a UAV is handling a given 
target, i.e. performing a task over it. The set of states is 
represented by: 

ES = {idle, engaged, busy}.           (2) 

D. Problem Statement  
The problem investigated in this study is how to provide a 

strategy to allocate the more suitable UAV to handle a given 
target detected in the surveillance area. This strategy might 
take into account the properties and actual conditions of the 
UAVs, i.e. the type of sensors that they carry and remaining 
resources, and the conditions in which they will be employed, 
i.e. the type of target that a given UAV will handle and the 
environmental conditions describing the place where the UAV 
will perform its task.  

A solution to the problem of assigning a UAV to a given 
target must consider not only what was stated above, but also 
the time factor to find an available UAV in the fleet that covers 
the area, and decide if that UAV is suitable or not to the 
mission. Considering this factor, there is a trade-off between 
the time to assign a UAV and the suitability of the assigned 
UAV to perform the handling of a given target. On one hand, a 
solution that would prioritize the timing requirement would just 
try to assign the mission to the first UAV that could be 
contacted or the one that would be closer to the target that 
triggered the alarm. On the other hand, a solution more careful 
about the quality of the mission performed by the UAV would 
try to select the best UAV, in despite of other UAVs that could 
be closer and would provide better timing performance.  

Another concern related to the problem of assigning a UAV 
to handle a given target is related to the usage of the sensor 
network on the ground to disseminate the alarms, searching for 
an available and suitable UAV to handle it. This dissemination 
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should use the resources in a rational way in order to avoid 
energy consumption due to unnecessary communication, but 
still achieving the desired behaviour of the system. This 
behaviour should provide an alarm assignment to the more 
suitable UAV and as close as possible to the alarm origin. 

III. BASIC COORDINATION STRATEGIES  
The proposal of this work is to perform a study about the 

efficiency of four different strategies to achieve coordination 
among heterogeneous sensor nodes performing surveillance 
missions, meeting the requirements that solve the problem and 
fit the scenario presented in Section II.  

In [6], two heuristic approaches that partially solve the 
problems are compared. However, as it was discussed in [6] 
and mentioned in Section II-D, there is still a trade-off that 
should be taken into account, which is not completely covered 
by those solutions. In order to address this issue, combined 
solutions using the two previous approaches are proposed. 
These new techniques will be presented in the next section, 
while the present one is dedicated to introduce a summary of 
the two basic ones, namely the pheromone- and the utility- 
based ones.  

A. Pheromone-based Heuristic 
Artificial pheromones are usually applied to distributed 

coordination by means of stigmergy, the indirect 
communication using environment cues [8]. In the approach 
presented in [6], shortly called heuristic-P, pheromones are 
used to guide the assignment of a UAV to a given target. When 
an alarm is issued by the detection of a target, the network of 
ground sensor nodes is responsible for selecting an appropriate 
UAV to respond to the alarm. This is performed by routing a 
given alarm to the UAV that has the strongest pheromone trace 
over the area. Having this information, the UAVs would base 
their future movement decisions in a way to respond to the 
received alarm. 

The decision about which UAV will handle a target 
indicated by an issued alarm will be taken thus by the ground 
sensor nodes, by routing the alarm in the direction that points 
to the UAV which has the strongest pheromone trace over that 
area of the network. This process does not consider any other 
condition, just the pheromone trace left by the UAVs, which is 
represented by a beacon message sent by them to the sensors 
on the ground. This means that the only parameter taken into 
account is how long time a UAV had passed by since that 
specific location was visited, and the strategy is to route the 
alarm into the direction that points to the UAVs that passed by 
that location more recently. An example of an alarm delivering 
via this mechanism is presented in Fig. 2. 

The pheromone traces in the nodes are represented by the 
numbers in the center of the circles representing the ground 
sensor nodes in Fig. 2. The smaller the number is, the stronger 
the pheromone. This translates the idea of the elapsed time past 
since a ground sensor node received the last pheromone beacon 
from a UAV. When a ground sensor node receives this 
pheromone beacon, it sends this information to its neighbors 
with a pheromone one step weaker (a number one unit greater 
than the one representing the node’s pheromone information). 

This is an indirect beacon that helps the other nodes to find the 
traces along which to route the alarms. Nodes that receive 
indirect beacons do not forward them. The symbol “∞” means 
that the node has no pheromone trace, i.e. the last beacon 
(directly from a UAV or indirectly from another ground node) 
was received a long time ago, above a given tunable threshold. 
The number representing the pheromone is periodically 
incremented, meaning that the pheromone trace becomes 
weaker when time elapses, until disappearing (becomes ∞). 

 
Figure 2.  Example of the Pheromone-based Heuristic. 

B. Utility-based Heuristic 
The utility-based heuristic, called heuristic-U, is based on a 

multi-attribute utility function that evaluates how suitable a 
UAV is to perform a given task over a given target, in order to 
respond the respective alarm that announces that target.   

Similarly to heuristic-P, when an alarm is issued by a 
ground sensor node, it is retransmitted until it arrives to the 
first UAV that is not engaged in the handling of any target. The 
first difference is that in this approach (U), there is no 
information driving the spread of the alarm over the network as 
in heuristic-P. The alarm is retransmitted in the network via a 
controlled broadcast until it is delivered to an available UAV. 
The controlled broadcast considers the probability that a node 
forwards the alarm, plus a random delay. The result of this 
mechanism is that if a node, that had decided to forward the 
alarm, hears that another node in the vicinity has done it before, 
will not proceed with the forwarding. When the alarm is 
received by a UAV, it confirms to the ground sensor node the 
reception, and a broadcast towards the direction from where the 
alarm came is sent. This broadcast is forwarded only by the 
nodes that had participated in the alarm forwarding and has no 
delay. This mechanism will stop the original alarm broadcast. 

By receiving an alarm, the UAV will share this alarm with 
all UAVs in its communication range, as well as its capability 
in handling that alarm. Like this, a negotiation takes place, in 
which the best UAV to handle the alarm takes its 
responsibility. This reduces the problem to the following 
maximization problem: 

    ( )))),(),((),((max)( ,,max jiikji
TSK
i

TSK ptpteCtUtU jj θ= .   (3) 

where C is the cost in terms of energy consumption required to 
take the UAV from the current position pi(t) to the target 
position pj reported in the alarm, based on the current energy 
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resource status (provided by ei(t)), and θ is the applicability of 
the sensor, as presented in Section II-C.  

The computation of the components of the utility defined in 
(3) carries a degree of uncertainty due to a possible imprecision 
in the measurements of weather conditions (in the calculation 
of θ) and the estimations related to the computation of C. This 
work proposes to model these uncertainties by translating them 
into a risk of a wrong estimation according to the model of 
“risk profiles” presented in [9], which models the behaviour of 
investors in the stock market using utility functions, and like 
this, the investors can be classified according to different risk 
profiles. 

The metaphor used to define heuristic-U is to associate the 
idea of risk profiles of the investors to profiles that can be 
assigned to the UAVs in the sense that they can be more or less 
prone to take risks when estimating their utility to handle a 
given target. The UAVs that have better resource conditions 
and more powerful capabilities are more likely to take risk in 
computing their utility, while those UAVs that are “weaker” in 
the sense of having less capabilities and lower resources are 
more likely to use a more conservative utility function. The 
choice of which type to use is based on threshold values of the 
considered capabilities. Equation (4) shows the version for the 
more risk tolerant UAVs, while (5) presents the one for those 
less risk tolerant.  The assumed valid interval for θ and C is [0, 
1], while for α it is (0, 1). 
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IV. ENHANCED COORDINATION STRATEGIES  
Due to the mentioned trade-off between time to assign a 

UAV and its suitability to respond a given alarm, in this paper 
two additional strategies are proposed, which are variations of 
the basic ones. Both try to address the target metrics, namely 
the time to assign a UAV and its suitability. However, as it will 
be discussed in the presentation of the experimental results, a 
remark is done about the network resource usage for all 
approaches.  

The first enhanced strategy is called “combined heuristic” 
or heuristic-Comb for short, which is a simple combination of 
the two basic heuristics. The second strategy elaborates more 
on the interaction among the sensors on the ground and the 
UAVs and on the information exchanged among them.  

A. Combined Heuristic  
The two strategies firstly introduced in [6] and summarized 

in Section III present complementary advantages from the 
system efficiency point of view, i.e. performance in time and in 
assignment of the most suitable UAV to handle an alarm. They 
also present different perspectives concerning the decision 
about the UAV assignment, as in heuristic-P the responsibility 

for the decision is completely assigned to the ground sensor 
nodes, while in heuristic-U this responsibility is completely 
transferred to the UAVs. Another difference between them is in 
the way the alarms are propagated and delivered. In the 
pheromone-based strategy, this mechanism makes part of the 
solution as a whole, while in the utility-based one a controlled 
broadcast mechanism is used. Even being controlled, this 
mechanism generates network flooding, which consumes more 
communication resources than the oriented communication 
performed when heuristic-P is used.   

Analyzing the informed decisions taken by the utility-based 
approach, it is possible to observe that it considers a larger 
number of factors if compared with the pheromone-based one, 
resulting in more suitable UAV assignments to handle alarms, 
as presented in [6].  

Aiming at combining the advantages of each of the basic 
heuristics, while overcoming their drawbacks, a merge of both 
heuristics was performed, resulting in heuristic-Comb. This 
heuristic works as explained in the sequence. 

The UAVs disseminate pheromones in the same way as in 
heuristic-P. When an alarm is issued, it follows the pheromone 
traces until it reaches the UAV indicated by the trace. When 
the alarm is delivered, instead of the UAV assuming the 
responsibility for handling the alarm, in the case it is idle, it 
tries to negotiate the alarm with other UAVs in the range in the 
same way it is done in heuristic-U. If the UAV is not idle, it 
checks if there are another UAVs in its range, and, if so, the 
alarm is considered delivered, and the UAV relays the alarm to 
other UAV(s). Only if the UAV does have any other one in its 
communication range it will refuse to take the alarm, and the 
alarm will continue to be handled in the ground sensor network 
towards the direction of other UAVs, as in the original 
pheromone-based strategy.  

The philosophy adopted in heuristic-Comp is to use the 
pheromone-based routing mechanism just as a resource 
efficient way to deliver the alarms to one UAV, which then 
will be responsible for disseminating the alarm among the 
other UAVs. Notice that, in this case, the responsibility for 
deciding about the final UAV assignment is completely left to 
the UAVs as a cooperating group, in the same way it is in 
heuristic-U.  

B. Active-Pheromone Heuristic  
In a similar way to heuristic-Comb, the Active Pheromone 

approach, or heuristic-AP for short, does also bring together the 
characteristics of both basic heuristics. However, the 
philosophy underlying this approach is different from the 
previous one, as it does not consider the pheromone strategy 
just as a message routing mechanism, but also as a decision 
strategy. 

The idea is to join the information provided by the 
pheromone traces and the utility evaluation in a different type 
of pheromone, which instead of just keeping track of the 
UAVs’ paths, also includes the suitability of the UAVs to 
handle a given target. The first advantage of this technique, in 
relation to the one purely based on pheromones or on utility 
evaluation, is that, while routing the alarms over the network, 
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the alarm will follow a trace of a UAV that is not only closer, 
but that also fits better to the requirements to handle a given 
target. In addition, it eliminates the need of explicit negotiation 
among the UAVs required in heuristic-U and heuristic-Comb, 
as the alarm will be naturally forwarded to the most suitable 
UAV. 

In order to implement this solution, the beacons sent by the 
UAVs to the sensor nodes on the ground will contain the 
values of ςj

i(t) (for the types of targets that the UAVs are 
capable to handle) and ei(t) by the time the UAV is passing by 
that area, besides the type of utility function that the UAV is 
using to evaluate its utility. These values will be used by the 
ground sensor node in order to compute the utility value of the 
UAVs that pass over the area, and also in the active pheromone 
computation. Like this, the applicability of a UAV to handle a 
given target (equation 1) will be computed for that UAV, 
assuming the values informed in the beacon. The same is valid 
for the computation of the final utility (equation 3), which in 
addition considers the type of utility function that was also 
informed in the beacon.  

The information provided by the active pheromones is 
almost “as is” in the heuristic-P, but with a normalization that 
brings the values to the same interval as the utility value.  

The computation of the active pheromone (AP) is 
performed as defined by the following equation:  

                       ( ) PUAP ⋅−−⋅= ββ 1                       (6) 

where β is a tuning factor that regulates the weight that should 
be given to the utility (term U) and to the distance to the UAV, 
determined by the term P, which represents the contribution of 
the pure pheromone. 

V. EXPERIMENTAL RESULTS 
Simulations of the two new strategies were performed using 

the ShoX simulator [10] and contrasted with the results 
provided by the original strategies. As one of the goals of this 
paper is to provide a discussion on the efficiency and 
applicability of each strategy, highlighting the benefits and 
drawbacks of each one, a number of simulation setups were 
defined in order to stress and assess the efficiency of each 
strategy under different conditions.  

 The first experiment evaluates the efficiency of the 
different strategies in terms of the time needed to handle the 
targets and in the utility of the UAV assignments, in ideal 
runtime conditions. Basically the assumption that needs to hold 
such that the simulation can be considered in ideal conditions is 
that the network of ground sensor nodes is connected, i.e. 
network degree greater than 0 [11]. Considering a scenario of 
10 x 10 Km2 and ground sensor nodes with 350 meters 
communication range, randomly distributed in the area, the 
minimum number of nodes that provide a connected network is 
5000. This number is obtained by using:  

( )nredP
2

1)0( min
ρπ−−=>           (7) 

 

where P(dmin > 0) is the probability that the minimum degree of 
the network is higher than zero, “ρ” is the node density, “r” is 
the communication range, and “n” is the total number of nodes 
in the network.  

The formula presented in (7) determines the probability that 
a network of nodes randomly deployed with independent 
uniform probability (homogeneous Poisson point process in 
two dimensions, which generates a geometrical random graph) 
has a degree greater than zero, which means that each node in 
the network has at least one node via which it may 
communicate with any other node in the network [11].  

The network connectivity condition is important to hold; 
otherwise the performance of the strategies will degrade, due to 
islands of nodes that do not manage to forward an alarm, which 
is finally not delivered. This problem related to the degradation 
of the strategies’ performance will be further analysed.  

Six UAVs of three different types, equally distributed, 
patrol the area, flying at altitudes not higher than 250 meters 
and with speeds from 100 Km/h up to 120 Km/h. The UAVs 
have a communication range of 1.5 Km. Three different runs 
were simulated, with one, three, and five targets, which can be 
of five different types, randomly chosen. One hundred 
simulation runs for each number of targets were performed. 
The targets where set to move with speeds varying from 50 
Km/h up to 80 Km/h. Table I summarizes the most relevant 
basic simulation parameters, while Table II presents the 
parameters related to the utility calculation and to the tuning 
factor β for the heuristic-AP. 

TABLE I.  BASIC SIMULATION PARAMETERS 

Parameter  Value 
Scenario Area 10Km x 10Km 
Number of UAVs 6  
Types of UAVs (sensing capabilities) 3
UAV Speed 100Km/h – 120Km/h 
UAV Communication Range 1.5Km 
UAVs’ Flying Altitude 250m 
Number Ground Static Sensor Nodes 5000 
Ground Nodes Communication Range 350m 
Number of targets 1, 3 and 5 
Types of targets 5 
Target speed  50 Km/h – 80Km/h 

TABLE II.  ADDITIONAL SIMULATION PARAMETERS USED FOR 
STRATEGIES CONSIDERING UTILITY EVALUATION 

Parameter  Value 
UAVs’ Starting Energy Resources 90% – 100% 
UAVs’ Starting Sensors Status 70% – 90% 
Tuning Parameter (α) 0.5 
Tuning Parameter (β) 0.5 

 

Fig. 3 presents the results for the metric that evaluates the 
mean elapsed time to handle a target informed by an issued 
alarm for the set of runs with different numbers of targets. This 
represents the elapsed time from the alarm delivering until the 
UAV comes to the location where the alarm was issued. It is 
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possible to observe that the results for heuristic-Comb are very 
close to the ones achieved by heuristic-U. This is because, even 
with the advantage of using the pheromone-based routing to 
drive the alarms to find the nearest UAV, there is still the 
negotiation among the UAVs, which occurs in heuristic-U, in 
order to decide which UAV will handle the target. This 
negotiation may lead to a selection of a UAV that is not too 
close to the target, depending on the other parameters taken 
into account in the utility criteria. On the other hand, heuristic-
AP provides results slightly better in terms of timing, due to the 
fact that alarms are directly routed to the most suitable UAVs, 
eliminating the need of negotiations among them. However, it 
is important to notice that the results are not closer to the ones 
of the heuristic-P, because heuristic-AP does not consider only 
the pure pheromone trace, but also the utility information, as 
explained in Section IV-B, which may lead to the selection of a 
UAV that is not too close to the alarm issuer. 
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Figure 3.    Elapsed Time to handle the targets for the considered approaches. 
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Figure 4.    Normalized Utility for the considered approaches. 

The normalized results in terms of how suitable a UAV is 
to handle a given alarm are presented in Fig. 4. As the results 
presented above, a mean of the total number of runs for each 
number of targets is presented. These results evaluate the utility 
in employing a given UAV to handle the alarm. In this figure it 
is possible to observe that heuristic-Comb presents very similar 
results if compared to heuristic-U. On the other hand, heuristic-
PA presents an intermediate result between the two pure 
heuristics, being closer to each of them depending on the value 

of β. In the performed experiments, reported in the results 
presented in Fig. 4, the value of β used in (5) was set to 0.5.  
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Figure 5.    Normalized Utility for different values of β in heuristic-AP, 
compared with the two basic heuristics. 

Fig. 5 presents additional results obtained varying β in 
heuristic-AP, compared with the original basic heuristics. The 
greater the value of β (0.8 in the performed simulations), the 
closer the results of heuristic-PA are to those of heuristic-U, 
while they are closer to heuristic-P when β has smaller values 
(0.2 in the performed simulations).  

A. Results Under System Degradation  
As mentioned above, an important condition for a proper 

operation of the proposed strategies is the guarantee of the 
network connectivity. However, it is important to know how 
the system behaves under degraded conditions. Aiming at this 
analysis, additional simulations were performed, considering 
different levels of probability that the ground sensor network is 
connected, by varying the total number of nodes.  

Table III presents the number of nodes used in each 
simulation (first column), its percentage in relation to the ideal 
number of nodes (second column), and the corresponding 
probability of the network being fully connected (P(dmin > 0)), 
computed using (7). The ideal number of nodes is the one that 
provides P(dmin > 0) equal to 1, which means that the network 
has 100% of probability of being connected. For the parameters 
described in Table I for the area of the scenario and ground 
nodes communication range, this number is 5000, which was 
used in the simulations above. In Table III, this number 
represents 100% of nodes, as a reference for the other numbers 
of nodes shown in the table.  

The results obtained show that, when the number of sensor 
nodes goes somewhere below 2000, the efficiency of the 
system drops dramatically, and it is even possible to say that it 
does not work. This is possible to explain due to the very low 
probability of the network being connected. In fact, what 
happens is that there are “islands” of a few nodes spread in the 
area. For this reason, Table III does not show values below 
1500 sensor nodes, and even this value is left only as reference, 
as the probability of the network being connected for this 
number of nodes is really small.  
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TABLE III.  NUMBER OF NODE AND THEIR RESPECTIVES P(dmin > 0) 

Number of Nodes % P(dmin > 0) 
5000 100 1.0 
4500 90 0.999863268 
4000 80 0.999168572 
3500 70 0.995031912 
3000 60 0.971209180 
2500 50 0.846539727 
2250 45 0,675534269 
2100 42 0,521033789 
2000 40 0.401629927 
1500 30 0.009203929 

 
On the other hand, it is possible to observe, in the data 

presented in Table III, that even with a reduced number of 
nodes, if compared with the ideal number of 5000 sensor 
nodes, the probability of the network to be connected is still 
high, being very close to 1. This happens for values above 
3000 sensor nodes, or 60% of the ideal number of 5000 nodes. 
Indeed, in average, the simulation results presented for all 
approaches for values between 3000 and 5000 nodes were 
almost the same as presented above. For this reason, in this 
subsection the most interesting interval captured by four values 
2000, 2100, 2250 and 2500 are used to characterize the system 
degradation, which will be then compared with the reference 
ideal value.  

The metric associated to the time needed to handle an alarm 
is important However, for the comparisons presented for the 
degraded system evaluation, the focus is concentrated on the 
utility values, as it provides a better visualization of the 
difference among the results.  
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Figure 6.    Normalized Utility of heuristic-U for the considered number of 

sensor nodes. 

Fig. 6 provides the results for heuristic-U in the simulations 
considering the degraded system. It is possible to observe that 
the approach is robust and provides fairly good results even 
with a reduced number of ground nodes. It is the case, for 
instance, for 2500 nodes, or 50% of the ideal number of nodes. 
When the number of nodes goes below 2500 the performance 

really starts to decrease, but, considering the reduced number 
of nodes, these results are not too bad.  
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Figure 7.    Normalized Utility of heuristic-P for the considered number of 

sensor nodes. 

Fig. 7 presents the results obtained by heuristic-P. In these 
results, it is possible to see a great decrease in the efficiency for 
the last two values of nodes, i.e. 2100 and 2000. This is an 
indication that the heuristic is sensitive to a large reduction of 
the network connectivity, because, for the other two values, 
namely 2250 and 2500 (which provide higher probabilities of 
the network being connected, respectively 0.675 and 0.846), 
the degradation is not too accentuated. 
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Figure 8.    Normalized Utility of heuristic-Comb for the considered number 

of sensor nodes. 

Results for the Combined and Active-Pheromone 
Heuristics are presented in Fig. 8 and Fig. 9, respectively. It is 
possible to observe that, as they are based on the same 
pheromone routing mechanism as heuristic-P, they present the 
same sensitivity to accentuated decreases in the network 
connectivity, due to the decrease in the number of nodes.  

159



0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

1 2 3 4 5
Number of Alarms

N
or

m
al

iz
ed

 U
til

ity

heuristic-AP-5000 heuristic-AP-2500 heuristic-AP-2250
heuristic-AP-2100 heuristic-AP-2000

 
Figure 9.    Normalized Utility of heuristic-AP for the considered number of 

sensor nodes. 

B. Discussion  
In the first results presented in this section, it was possible 

to assess that the heuristic-AP works best in relation to the 
trade-off between time to handle alarms and provided utility in 
ideal runtime conditions. In the degraded system evaluation, as 
it was expected, all heuristics based on the pheromone routing 
mechanism, including heuristic-AP, presented a greater 
sensitivity in relation to the decreased network connectivity 
when compared with the pure utility-based approach. This 
result makes sense, as the pheromone routing efficiency 
depends on the existence of links and thus connectivity among 
the nodes needed to forward the messages in the right 
directions. On the other hand, the flooding mechanism used by 
heuristic-U broadcasts alarm messages in all directions, which 
makes it more robust against missing links among the nodes.  

Moreover, heuristic-AP presented the most uniform 
behavior in all simulation scenarios (all different numbers of 
targets, and in both ideal and degraded conditions) if compared 
with the other approaches. Besides, it has the flexibility to be 
executed more like one basic strategy or another, depending on 
the desired tuning.  

This paper does not directly analyze resource consumption, 
but it is possible to state that heuristic-U consumes more 
network resources than the other heuristics, due to the 
broadcast mechanism to forward alarms. So, it is very likely 
that a system running heuristic-U will come to a degraded 
situation faster than if running one of the other heuristics, due 
to energy depletion of the ground sensor nodes. On the other 
hand, the heuristics using the pheromone paradigm to deliver 
alarm messages will deplete the energy of the nodes more 
slowly and will take more time to come to bad network 
connectivity conditions.  

It is noteworthy to say that, in the simulations in which the 
heuristics use the utility-based negotiation, the UAVs have to 
use long range communication, in order to reach a greater 
number of UAVs needed to perform a high quality negotiation. 
This communication requires more resources if compared with 
the short range communication used in the heuristics that do 

not use the explicit UAV negotiation mechanism, i.e. heuristic-
P and heuristic-AP. 

An important aspect that should be highlighted is that the 
number of nodes presented in the results reflects the needs for a 
random distribution, as mentioned above. Under this type of 
distribution, there is a real need of a great number of nodes, as 
deeply discussed in [11]. However, if other types of node 
distribution are taken into account, fewer nodes are needed to 
maintain the network connectivity, as presented in [12]. This 
means that it is possible to drastically decrease the number of 
nodes without compromising the efficiency of the presented 
strategies, by using more efficient node distributions. In this 
work the random distribution was used in order to keep the 
generality of the analysis, as this type of distribution represents 
an upper bound in terms of number of nodes that are needed. 

VI. RELATED WORK  
The AWARE project is presented in [4]. This project aims 

at integrating a sensor network of resource constrained ground 
nodes with mobile sensors (on the ground – UGVs – and 
carried by UAVs). The coordination among the nodes is done 
by the use of two concepts, groups and channels, based on the 
data-centric paradigm to establish communication among the 
nodes. The first concept is used to group nodes according to the 
phenomena of interest that have to the monitored, which makes 
possible to determine which sensor will be involved in a given 
task. Channels provide means for data aggregation and a way 
for the users to modify the network configuration by changing 
the type of information requested by them. This approach 
provides an implicit coordination among the different nodes 
that compose the network. It is possible to make a parallel 
between our work and AWARE in relation, for instance, to the 
concept of the channels and the pheromone routing 
mechanism.   

Collaborative Microdrones [13] is a project that aims at 
developing a system of collaborative UAVs, wirelessly 
networked, to provide aerial imaging. Their focus is in the 
coordination of flight formations that allow a UAV-fleet to 
provide a desired view of a surveyed area, by fusing data 
collected by the members of such a fleet. The cooperation 
among the UAVs is based on more static information if 
compared with our proposal, as they use predefined areas and 
waypoints that have to be visited by the UAVs, instead of 
alarms that dynamically occur as in the scenario considered in 
our proposal. 

VII. CONCLUSIONS AND FUTURE WORK  
This paper presented an analysis of different coordination 

strategies among wireless sensors on the ground and UAV-
carried sensors relaying on ad hoc communication. The main 
goal of the proposed approach is to provide coordination 
among the mentioned network nodes with low timing 
overheads, but achieving good results in terms of the alarm 
handling. Two new coordination strategies, heuristic-Comb and 
heuristic-AP, are introduced, using previous work of the group 
in strategies based on pheromones and utility functions 
evaluation. Simulations results were provided and discussed, 
including cases of degraded system conditions.  
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As future work, additional collaboration behaviors are 
being formulated, such as a way to use the UAVs’ pheromone 
beacon messages to pass more information to the ground 
sensor network, for instance an update status of other UAVs 
together with the information of the UAV that is sending the 
beacon. This could improve the context awareness of the whole 
network. Other utility functions are also being evaluated, in 
which the information about the UAV and target position is not 
considered, leaving this information only in the pheromone 
mechanism. Another ongoing work is the study of overhead in 
terms of resource usage imposed by each approach. As 
discussed in the paper, the way the alarms are forwarded in the 
different strategies, using broadcast in the heuristic-U and 
pheromone-based routing in the other ones, gives a strong 
indication that the first strategy consumes much more resources 
then the others. Further studies will be performed to 
characterize and quantify this resource usage.  
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