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Abstract: Air pollution is one of the greatest risks for the health of people. In recent years, platforms
based on Unmanned Aerial Vehicles (UAVs) for the monitoring of pollution in the air have been
studied to deal with this problem, due to several advantages, such as low-costs, security, multitask
and ease of deployment. However, due to the limitations in the flying time of the UAVs, these
platforms could perform monitoring tasks poorly if the mission is not executed with an adequate
strategy and algorithm. Their application can be improved if the UAVs have the ability to perform
autonomous monitoring of the areas with a high concentration of the pollutant, or even to locate
the pollutant source. This work proposes an algorithm to locate an air pollutant’s source by using a
UAV. The algorithm has two components: (i) a metaheuristic technique is used to trace the increasing
gradient of the pollutant concentration, and (ii) a probabilistic component complements the method by
concentrating the search in the most promising areas in the targeted environment. The metaheuristic
technique has been selected from a simulation-based comparative analysis between some classical
techniques. The probabilistic component uses the Bayesian methodology to build and update a
probability map of the pollutant source location, with each new sensor information available, while
the UAV navigates in the environment. The proposed solution was tested experimentally with a
real quadrotor navigating in a virtual polluted environment. The results show the effectiveness and
robustness of the algorithm.
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1. Introduction

Air pollution is one of the major factors affecting the health of people, leading to one in nine
deaths worldwide [1]. Short-term and long-term health risks, attributed to exposure to air pollution,
are very critical, for example, breathing problems, cardiovascular diseases and lung cancer [2–5].

Platforms for monitoring air pollution have played an important role in dealing with the pollution
problem, where the Unmanned Aerial Vehicles (UAVs) appear to be one of the most disruptive tools
for air pollutant monitoring applications [6–11], showing great advantages with respect to common
methods like terrain stations or satellite imaging. These advantages include high spatial resolution,
low cost, security, flexibility, multitasking and ease of deployment [12].
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The UAV-based platforms are particularly useful due to their ability to monitor specific areas
that could be inaccessible or hazardous for humans, such as congested industrial buildings where the
pollutant release cannot be measured at ground levels.

Since the air pollutant monitoring using UAVs could be ineffective with an arbitrary exploration
of the spaces in the polluted environment, an algorithm, which guides the navigation of the vehicle
using online and historical measurements, could be a very useful tool. The location of the pollutant
source could be estimated, if the monitoring is concentrated in the most critical areas [13–16]. We
require an algorithm that, in the first place, detects the plume of the pollutant and then concentrates
the exploration in the most promising areas, where the UAV has estimated the source could be, using
online and historical measurements.

Release of pollutants into the atmosphere has several consequences for potentially many people
living in the proximity of its source. Air pollution does not affect only urban areas but also rural. In
urban areas, traditional methods of air pollution monitoring (fixed monitoring stations) are being
replaced with mobile crowdsensing sensors that are small enough to be carried around by users,
or installed in different vehicles [17]. However, this technique is not feasible for rural environments,
since the traffic of people and vehicles is scarce. This makes the use of the UAV to locate the air pollutant
source important, given its advantage of effectiveness and being able to reach poorly accessible
areas [18].

Correct application of the protective measures requires the quick location of the source. However,
the localization of the air pollutant concentration using a UAV is challenging, since the environment
is very complex. Most of the time, the search region is very large and the effectiveness in locating
the source depends not only on the motion of the UAV but also on the unknown and time varying
pollutant distribution.

The problem of the UAV-based pollutant source identification depends on two steps [19]:

1. The air pollutant plume localization and
2. The tracing of the pollutant plume towards the source.

The pollutant plume localization implies that the UAV navigates in the targeted environment
without useful information about the contaminant levels. A suitable approach could be to perform a
deterministic planned navigation in the environment until finding the air pollutant plume. However,
it becomes unfeasible in environments with an area much longer that the propagation of the plume,
and the limited autonomy of the UAV.

Once the plume is located, the UAV will be able to trace it towards the positions with the highest
concentration of the pollutant. Some UAV-based solutions for pollutant plume tracing have been
studied that are based mainly on gradient algorithms [13,20]. These algorithms require at least two
spatially separated measurements, which are often obtained by using multiple sensors on-board the
vehicle or by using multiple measurements separated in time and space with a single sensor.

The gradient-based techniques for plume tracing could be ineffective in a turbulent environment
given the too coarse sampling performed by the UAV, relative to the spatial and temporal rates of
change in the environment. In addition, some proposed strategies are based on the behavior used by
insects or bacteria for foraging or pheromone tracing [21,22], hence the naming of these algorithms
as bio-inspired [23,24]. However for biological entities (e.g., moths), the strategy of plume tracing
may not be based on olfactory sensor alone, but could be aided by vision, sight, auditory, and/or
tactile cues.

This work proposes a metaheuristic algorithm for pollutant source localization using a UAV that
combines the gradient-based strategy and a probabilistic method. The gradient-based component
is used to trace the plume of the pollutant, while the probabilistic component helps to find the
pollutant plume, concentrating the efforts on searching areas with a higher probability of finding
the source location. The gradient-based component is a metaheuristic method that has been selected
from a simulation-based comparative analysis between some classical techniques. The probabilistic
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component is based on the work presented in Reference [25], which uses the Bayesian method to build
and update a probability map of the pollutant source location, with each new sensor information
available while the UAV navigates in the environment.

To test the proposed algorithm, the polluted environment was simulated using a model of particle
distribution including turbulence for wind effects. The experimental tests were performed using a
real quadrotor which added constraints related to movements and pollutant sensor measurements.
The results showed that the UAV was able to find the pollutant plume and trace it towards the source
location, even with high variation of the environment and movement constraints of the UAV.

The remaining content of this work is organized as follows. Section 2 describes the pollutant
distribution model that is used in the comparative analysis of the metaheuristic algorithms to trace
pollutant concentrations and to test the proposed solution of pollutant source localization. Section 3
presents the approach proposed to solve the pollutant source localization. Section 4 presents the
comparative analysis of classical metaheuristics to trace the plume of pollutant. Section 5 presents
the design of the algorithm to localize the pollutant source, using the metaheuristics selected in the
comparative analysis and including the probabilistic strategy. Section 6 presents the results of the
experimental test. Finally, the conclusions are drawn in Section 7.

2. Pollutant Distribution Model

The pollutant distribution used in this research is based on the model of the particles diffusion
presented in References [26,27], which is based on two assumptions:

1. Conservation of numbers of particles; and
2. The relation between the flux and the density.

Let ψ(X, t) denote the particle density of the pollutant at time t and position X = (x, y, z) ε R3.
The first condition is given by the following equation:

∂ψ

∂t
+O · #»

Γ = s (1)

where Γ(X, t) is the pollutant flux and s(X, t) is the source function.
The second condition is represented by the components of the flux Γ: diffusion and advection.

Diffusion is due to turbulence mixing of particles well modeled under the Fick’s Law:

ΓD = − #»

D
∂ψ

∂x
(2)

where
#»

D := (Dx, Dy, Dz) is the diffusion coefficient.
The advection component is the result of wind components, given by a linear equation:

ΓA = ψu (3)

where u(t) = (ux(t), uy(t), uz(t)) is the wind velocity vector.
Altogether, the complete model of pollutant is given as:

∂ψ

∂t
+∇ · (ψ #»u ) = ∇ · (D∇ψ) + s (4)

where D is the diagonal matrix D := diag(Dx, Dy, Dz).
Boundary conditions consider (x, y, z) as open dimensions and z = 0 represents the ground,

where depositions of pollutant take place, described with the boundary condition:

− usetψ− Dz
∂ψ

∂t
= −Wdepψ (5)
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where uset is the settling velocity for particles, due to gravity and Wdep is the deposition coefficient that
models the total flux of particles penetrating in the ground.

Noise components, of two natures, were included in the environment. First, the stochastic
behavior of real environment particle concentration is modeled by adding noise as a Gaussian
distribution component N(X, t) for each point X at time t. The second noise component is given
as puffs of pollutant formed by combinations of discrete releasings [28] from multiple sources, close to
the targeted environment.

3. Solution Approach

The proposed solution for the UAV-based source localization assumes the following conditions:

1. The targeted environment is limited to a rectangular area in the horizontal space;
2. There is only one source releasing the pollutant;
3. The UAV starts the mission in an arbitrary position on the targeted environment,

without information of the plume of pollutant;
4. The UAV has one sensor for the pollutant measurements;
5. It is possible to estimate the vector of the winds in the horizontal plane;
6. The variations of the winds do not affect considerably the control of positioning (navigation) of

the UAV;
7. The flying time of the vehicle and the capacity of memory and processing onboard of the vehicle

are limited.

Critical features to be considered in the design of the algorithm for the source localization are:

1. The algorithm generates waypoints to guide the UAV towards the pollutant source location;
2. Minimal distances among the waypoints generated by the algorithm are required, hereafter called

waypoints resolution. This property will help the UAV to use some strategy of path planning
and trajectory planning, to navigate among the waypoints, when the environment has obstacles.
Also, as the conventional GPS devices present low resolution, the UAV outdoor navigation could
be difficult if the waypoints generated by the algorithm are very close between them; and

3. The precise localization of the source could turn unfeasible in many times, or even the mission
can fail in reaching the pollutant plume. Despite this fact, given the captured pollutant and wind
information, the system must be able to provide the most probable areas of location of the source.

Measurements of air pollutants are imprecise and depend on sensor quality. The strategy here
presented uses these measurements in two approaches—the raw measurement of the sensor, which is
the measurement of the pollutant captured by the sensor, and the binary information of the sensor,
that is, the raw sensor data are processed to get detection or non-detection information. The two
approaches are processed in parallel, making the algorithm more robust.

To get binary information, which will be used by the probabilistic component, the air pollution
measurement is processed to define whether it is a detection or non-detection of the pollutant. In our
simulated environment, we set a fixed threshold—a value of the pollutant measurement higher than the
threshold is a detection, and a value under the threshold is a non-detection. Also, in a real environment,
to determine if a measurement is a detection or is not, the measurement scale of the sensor must
be considered.

The proposed approach combines two strategies; first, the metaheuristic technique helps to trace
the plume concentration towards the source, using the recent and instantaneous raw information of the
sensor. The second component is the probabilistic one, which allows our strategy to find the pollutant
plume and helps the metaheuristic technique to concentrate the search in areas where the source is
probably located. This component uses the binary historical information of the sensor and the wind
effects to create and update a probabilistic map of the source localization in the targeted environment.
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4. Plume Tracing Algorithm

Since the pollutant distribution could be considered as a variant function in space and time, where
the source represents the maximum of the function, many optimization algorithms can be adopted to
locate the maximum of the function. This research proposes the use of the metaheuristic approach.

Metaheuristic methods perform an interaction between local improvement procedures and
higher-level strategies to create a process capable of escaping from local optimum, while carrying out
a robust search of the solution space [29].

The classical metaheuristic techniques can be classified in population-based and trajectory-based
approaches. Population-based approaches, such as the genetic algorithms, ant colony, particle swarm
optimization, among others, use multiple agents to deal with the optimization problem. On the other
hand, trajectory-based strategies, such as simulated annealing and Tabu search, use a single agent
which evolves during the algorithm execution and traces out the path to the solution.

As the present work aims to solve pollutant plume localization by using a single UAV,
trajectory-based approaches are studied. Through a comparative study of some metaheuristics,
the most effective and efficient method will be defined, in order to solve the pollutant plume tracing
using a UAV under different conditions of the environment. Since the environment is variant and the
agent is energy-dependent and constrained to velocity in the movements, special consideration to the
metaheuristic algorithms design are required to reduce the reality gap. These considerations are:

• the UAV starts to navigate inside the pollutant plume;
• unlike a general operation of a metaheuristic, its implementation to trace the plume of pollutant

using a UAV is limited to explore new positions near to the current position of the vehicle, given
its constrains;

• the UAV cannot reach instantaneously the positions calculated by the algorithm, although it can
capture useful information while navigates towards those positions;

• continuous rotations of the UAV are undesirable, since it consumes energy, needed to explore
alternative spaces; and

• the number of the iterations for the search is limited by the UAV battery.

4.1. Metaheuristic Algorithms

The metaheuristics algorithms compared are Simulated Annealing (SA) [30], Tabu Search (TS) [29]
and an Improved Simulated Annealing strategy (ISA). Besides these methods, the greedy search
strategy (GS) is also implemented, which allows to define the lower bound of the performance for the
algorithms studied.

The metaheuristics use the pollutant measurements and the vehicle direction to compute a new
direction of movement, such that the UAV remains inside the plume and at the same time navigates
towards the source location.

All the studied metaheuristic algorithms follow the same general structure and use similar
parameters. An explanation of the SA structure is given and then, it is used to define the equations for
the other techniques.

The SA algorithm designed follows the increasing concentration of the pollutant, based on the
instantaneous information measured by the sensor in each position. Figure 1 shows the methodology.
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∆ψ ≥ ε update Tλ < Λ(T)

Source? Move in current
direction

Stop

no

no

yes
yes

no

yes

Figure 1. Simulated annealing algorithm.

According to Figure 1, when reading the contaminant concentration ψk and recovering the sample
ψk−1, taken at positions pk and pk−1 respectively, the gradient is calculated as follows:

∆ψ = ψk − ψk−1 (6)

If ∆ψ is greater than ε, defined according the sensor characteristic (avoiding the noise),
the direction of motion of the UAV is towards a higher contamination concentration. Otherwise,
the UAV moves in the wrong direction. However, since the system is stochastic, there is a probability
that the current direction will remain as the correct one. This probability is assigned as:

Λ(T) = e(∆ψ−ε)/T (7)

where T, called the current system temperature (initially assigned as T0), decreases at each iteration as:

T = T − ∆T (8)

where ∆T, is selected to maintain T greater than zero during the whole searching routine.
If λ (defined over the uniform probability distribution U(0, 1)) does not exceed the evaluation of

Λ(T) given by Equation (7), the UAV stays in the current direction. Figure 2 shows the behavior of
the proposed solution, where the squares (λ) below the curve of Λ means that the SA algorithm has
accepted the direction of decreasing concentration of the pollutant. These directions are evaded when
the execution time of the algorithm increments.

Besides, to compensate the stochastic behavior of the plume of pollutant, this approach allows the
UAV to avoid continuous heading.

Based on the structure shown in Figure 1, all the other strategies are described. The GS approach
does not allow movements of the UAV towards the negative gradient of the pollutant, instead it selects
a new random direction of movement. The TS approach disables the vehicle returning to the last
direction and disable also following the direction towards the lowest level of pollutant concentration
found. Finally, the ISA approach adds, in the calculus of the UAV direction, a component of the velocity
towards the positions of the higher concentration of pollutants found during the UAV navigation.
The following equations show the algorithm’s designs.
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Figure 2. Parametrization of the Simulated Annealing (SA) methodology.

Greedy Search:

pk+1 =

{
pk + θkν if ∆ψ ≥ ε

pk + κνζ if ∆ψ < ε
(9)

Simulated Annealing:

pk+1 =

{
pk + θkν if (∆ψ ≥ ε ∨ λ < Λ)

pk + κνζ if (∆ψ < ε)
(10)

Tabu Search:

pk+1 =

{
pk + θ′kν if ∆ψ ≥ ε

pk + κ′νζ if ∆ψ < ε
(11)

Improved Simulated Annealing:

pk+1 =

{
pk + θ′′k ν if (∆ψ ≥ ε ∨ λ < Λ)

pk + κ′′νζ if (∆ψ < ε)
(12)

where the parameters of the equations for the algorithms are:

pk, pk+1 = current and calculated positions of the vehicle;
θk = current vehicle velocity vector;
κ = new arbitrary velocity vector;
ν = waypoints resolution, which can be any real number, and its value will depend of the

resolution of the GPS used;
ζ < 1 = waypoints resolution of alternative movements of the UAV;
θ′k, κ′ = current and arbitrary velocities to avoid the directions of the Tabu list; and
θ′′k , κ′′ = current and arbitrary velocities to include the velocity component towards the position of

higher concentration of the contaminant.

A comparative analysis of the algorithms was carried out in a three-dimensional simulation of
pollutant distribution. Although the algorithms look similar, applied to a highly variant environment,
their solutions show big differences even if they share the same parameters ζ, ν and T.

4.2. Model of the UAV

To test the metaheuristic algorithms, it is used a model of a UAV represented as a single point in
the polluted environment, but considering critical features of a real vehicle:
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• the UAV has a limited battery charge; and
• the vehicle is restricted to move with a constant velocity v. This velocity is not affected by the

wind, but the UAV spends more energy to maintain v as constant.

The model of the battery consumption, which includes the energy used by unit of time for all
elements on-board the UAV, that is, motors, microprocessor and sensors, is given as follows:

Em = em ∗ (∆d/v) ∗ (1 + ηw) (13)

Ep = ep ∗ (∆d/v) (14)

b(t) = b(t− 1)− (Em + Ep) (15)

where b(t) is the battery state of charge at time t, Em is the energy consumption of the motors, which
depends on the vehicle velocity v, in the route ∆d, and varies according to the wind effects ηw, Ep is the
energy consumption of the platform, including the sensors and the microprocessor on-board the UAV,
considered constant over time, and em and ep are the coefficient of consumption of each component,
with em � ep. The scalar ηw is defined as:

ηw = sum{( #»v − #»w)} (16)

where #»v and #»w are the unitary vectors of the UAV velocity and the wind, respectively.

4.3. Performance Evaluation

The performance of the algorithms is evaluated with three indicators:

1. The energy consumption, which determines the efficiency of the algorithm to trace the pollutant
plume, following the shortest and smoothest path;

2. The average level of the pollutant measurements during the search, which defines the quality of
the algorithm for following always the direction towards the increasing pollutant concentration;
and

3. The distance to the real location of the source at the end of the simulation, which indeed is the
goal of the algorithms.

The following equation defines the utility to evaluate the methods:

UM = UEC + UPL + UDS (17)

where UM is the utility of the method M; UEC, UPL and UDS are the utilities of the energy consumption,
the average pollutant level and the distance to the source, respectively, given as follows:

UEC = ηec ∗ B (18)

UPL = ηpl ∗ Pa (19)

UDS = −ηds ∗ ds (20)

where ηec, ηpl and ηds (ηec > ηds > ηpl) are the weight of utility for each component, B is the remaining
battery of the UAV at the end of the mission, ds is the final distance of the UAV to the source and Pa is
the average of the pollutant captured during the mission.

4.4. Results of the Comparative Analysis

To evaluate the performance of the above algorithms, 100 simulation experiments were carried
out under two conditions of the environment. First, an environment with low and constant wind was
tested as shown in the example in Figure 3. Under these conditions, the algorithms reached the source
most of the times. An environment with highly-variant wind effects was also tested, as shown in the
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example in Figure 4. In this configuration, the GS maintained its average utility, the TS increased its
utility in about 12%, the SA increased its average utility in about 15% and the ISA average utility was
reduced in about 20%.

Figure 3. Example of simulation using different metaheuristics for plume tracing in environments with
constant winds.

Figure 4. Example of simulation using different metaheuristics for plume tracing in environments with
highly-variant wind effects.

According to the box-plot of the algorithm’s performance analysis, shown in Figures 3 and 4,
the ISA approach maintains a superior performance in the highly variant environments.

When introducing the component of velocity towards the positions with high levels of the
pollutant concentration, the basic simulated annealing methodology improved significantly. This fact
will be exploited in the next section for designing the final algorithm to localize the source of the
pollutant.

5. Pollutant Source Localization

The gradient-based metaheuristic demands that the UAV starts the navigation from inside the
pollutant plume or at least close to it. Otherwise, the UAV navigates in arbitrary directions. In addition,
when the UAV losses the direction with ascending gradient, a new direction is required in the tracing
process. These issues can be solved by integrating with the metaheuristic algorithm, a heuristic of
the source position, herein named h, calculated from a likelihood map of the location of the source
(Section 5.1). This component herein is called probabilistic.
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While the UAV uses the gradient-based technique (ISA) to find increasing concentration of the
pollutant, the heuristic h is introduced to adjust the directions calculated by the metaheuristic algorithm
to guide the search to the most promising regions of the pollutant concentrations.

To get the final design of the algorithm, joining the metaheuristic and the probabilistic approaches,
the problem of the localization of the pollutant source was reduced to two dimensions. This reduction
does not limit the potential of the development. Indeed, some insects like moths, limit their search
to the horizontal planes [22]. Besides, the air pollution propagation effect in the vertical direction
is much weaker than the horizontal direction [31], and the effects of the UAV presence in pollutant
measurements [6–8] will be weaker if the UAV only performs two dimensional trajectories. With this
simplification, the solution will require less processor capacity, that is, lower energy consumption,
allowing for the search to be extended to larger areas.

5.1. Likelihood Map for Source Localization

Following the work presented in Reference [25], a Likelihood Map for the Location of the Source
(LMLS) was created. This methodology assumes that the UAV can measure or estimate the pollutant
concentration and the wind velocity at its current position.

The LMLS construction is based on the Bayesian methodology. In this algorithm, the first step is
to create the LMLS representation, dividing in cells the targeted environment. Let us denote the X and
Z axis, according to the environment shown in Figure 5. Splitting the total area of the environment in
rectangular cells, with longitudes Lx and Lz, in the X and Z directions respectively, the m× n cellular
subdivisions can be obtained. The resulting cells are defined by the vector C = [C1, ..., CM], where
M = m× n, and the element Ci represents the position (xi, zi) of the center of the cell i.

X

ZO
[1, n]

[1, m]

.

.

.

.

.

cnm

…

…

…

…

cn+2

.

.

cnc1 c2

Figure 5. Cells representation of the splitted targeted area.

The goal of this step in the algorithm is to estimate a vector αi that represents the probability of
the source location at cell Ci ε C. In this work, a unique source is assumed to exist, that is, P(αi) = 1.

Let Ai be the event of a source being located in cell Ci when the UAV, which is on cell Cj, detects
(event Dj(tq)) or not (event D̄j(tq)) the pollutant at time tq. Note that the sensor information is
binary, which is defined by using a threshold, and with this information define a vector of events,
e.g., B(tq−1) = {Dj1(tq−1), D̄j2(tq−2), ..., Djq(t0)} of detection and non-detection events from t0 to
tq−1. Let {α(tq−1) = P(Ai|B(tq−1))}M

i=1 represent the LMLS based on detection and non-detection
events B(tq−1) between time t0 and tq−1. The aim is to update the probabilities in A using the events
in B. Figure 6 summarizes how to update αi recursively, including the historical events and the
Bayesian methodology.
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In Figure 6, to update αi, the detection D and non-detection D̄ events are included as follows:

P(Ai|B(tq−1), Dj(tq)) = Mαi(tq−1)βij(t0, tq) (21)

P(Ai|B(tq−1), D̄j(tq)) =
αi(tq−1)γij(t0, tq)M

ΣM
i=1γij(t0, tq)

(22)

where

βij(t0, tq) =
1
q

Σq−l
l=0Sij(tl , tq) (23)

γij(t0, tq) = Πq−1
l=0 [1− µSij(tl , tq)] (24)

Sij(tl , tq) =
e
(xj−xi−vx(tl ,tq))2

2(tq−tl )σ
2
x e

(zj−zi−vz(tl ,tq))2

2(tq−tl )σ
2
z

2π(tq − tl)σxσz
LxLz

(25)

and
V(tl , tq) = Σq−1

i=l U(Puav(ti))dt (26)

where U(Puav(ti)) herein represents the wind velocity measured by the UAV at the time ti and µ is
the probability of detecting pollutant in cell Cj given that there is a detectable pollutant in that cell.
Further explanations are presented in Reference [25], including the deductions of each equation and
the optimization of the numerical processing.

Start
αi(t0) = 1/M

UAV in cj
Read pollutant and wind

D?

Update αi =
P(Ai|B(tq−1), Dj(tq))

Update αi =
P(Ai|B(tq−1), D̄j(tq))

Add [D(tq)] to B

Next UAV movement
tq+1

yes

no

Figure 6. Updating methodology of the LMLS.

5.2. Integrated Algorithm

Figure 7 shows the complete proposed algorithm, which integrates the heuristic, calculated on
the base of the LMLS, to the metaheuristic algorithm. Processes in red are performed at each time tq

and those filled with blue run at time tk, with tq << tk.
In the algorithm, the first step is to get the initial heuristic (h0) of the location of the source in the

environment. This is solved by using the LMLS calculated with an initial deterministic navigation
of the UAV. The heuristic h(tk) of the source location is the position with the highest probability in
the LMLS at time tk. The next steps guide the algorithm to use h obtained from LMLS, which is



Appl. Sci. 2019, 9, 3712 12 of 18

continuously updated according to new binary sensor information and the Bayesian methodology
previously presented.

The metaheuristic process loop calculates the positions to move the UAV among the waypoints
pk. To verify increasing concentration of pollutant, between the positions pk−1 and pk, the historical
information captured in ψk = {ψ(t) : p(t) ε (pk−1, pk)} is used.

The path planning algorithm will help in the navigation of the UAV to reach each waypoint pk
calculated in the metaheuristic loop. This algorithm will grant the finding of the shortest path among
the waypoints but avoiding any possible obstacles in dynamic unknown terrains. In addition, the path
planning algorithm will depend on partial information of the environment and the obstacle detection
sensors in at least one direction, however this approach goes beyond the scope of this work, where
the experiments were limited to obstacle-free environment, and the path planning calculates direct
trajectories among the positions pk.

To estimate the source location, at each time tq, the historical information of concentration
measurements is used. The centroid of the three positions with the highest concentration of pollutant
represents the source location. If insignificant concentrations are found in the whole searching process
or the procedure stops when the initial deterministic navigation has not finished, the source position is
defined using the LMLS, as the cell with the higher probability.

The algorithm conditions to stop include—low battery of the UAV, very high concentration of
pollutant found, maximum number of waypoints set by the user and emergency stopping. Regardless
of the stopping condition and time, the proposed method will always return the most probable
source location.

Start

Get initial
heuristic h0

Read ψ(tq) in
p(tq) to update

the LMLS

Calculate
the source

position s(tq)

Path planning
to next

position pk

Move to pk
and get ψk

Get dir.
using h(tk)

High
ψk

dir.?
or

λ < Λ

Update T

Maintain
current dir.

Stop

Stop?

no

yes

yes

no

no

Figure 7. Pollutant source localization algorithm.

5.3. Inclusion of the Heuristic

According to Figure 7, the heuristic h(tk) influences the calculation of the next position pk+1,
when the UAV losses the direction of the increasing pollutant concentration and λ ≥ Λ. For this
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condition, the current direction of the vehicle θk is influenced by the direction to the heuristic position
h(tk) as follows:

pk+1 = pk + θh(tk)
1

[ψk]
γ + β (27)

where:

pk, pk+1 = current and calculated positions of the vehicle;
γ = a real number that means the waypoints resolution, defined according to the UAV

capacity and the environment dimension. High values of γ remains at large distances
among the calculated waypoints pk. Conditions of a large targeted environment and low
GPS resolution of the UAV will require high γ values;

β = a real random vector that means the deviation parameter, which allows small deviations,
from the calculated waypoint pk, to compensate the stochastic behavior of the system.
Low values of β are recommended;

θh(tk)
= a real vector that means the direction of the current position of the UAV to the most

probable region of the source location, obtained from the LMLS; and
[ψk] = a real number that represents the average of historical pollutant information captured

from pk−1 to pk. This parameter helps to establish smaller steps of movements of the UAV
in regions with high concentrations of the pollutant.

To complete the algorithm, if the UAV found a direction of increasing pollutant concentration or
λ < Λ, the vehicle decides to follow this direction, and the position is calculated as follows:

pk+1 = pk + θk
1

[ψk]
γ + β (28)

where θk is the vector of the current direction of the UAV, and as in the previous case, the average of
the measurements in [ψk] avoids abandoning the areas with high concentrations of pollutant.

6. Experiments and Results

Instead of using only a pure simulation testbed, the proposed strategy was tested with a real UAV
navigating in a two-dimensional simulated polluted environment. The physical UAV in the simulated
environment added constraints related to autonomy, velocity and inaccurate movements of the UAV,
the last one producing irregular measurements of the pollutant. In a later stage of this research, we
intend to test the algorithms with UAVs flying in real polluted scenarios.

In order to measure the performance of the algorithm, the distance from the real source location
to the source location position estimated by the algorithm is considered.

6.1. Experiment Design

Figure 8 presents the overall indoor experimental test environment. This system consists of a
quadrotor Qball (Quanser) with a QuaRC-powered Gumstix embedded computer onboard, for the
real-time control of the vehicle [32,33]. Because the lack of GPS signals indoors, a network of 24
Opti-Track cameras is adopted for providing position and orientation information to the UAV’s
embedded computer and a ground station for command allocation and real-time data display.

The area available for experimentation is a 2 m× 2 m space, at a constant altitude 0.7 m. The global
positioning is based on the following coordinates: X = [0, 2] m and Z = [0, 2] m.

The positioning of the quadrotor is controlled through the Gumstix computer on-board of the
quadrotor, using data of the IMU and the Opti-track Visual system and a Kalman filter to correct the
position and orientation of the UAV. The quadrotor is constrained to the maximum linear velocities
of vx = 0.15 m/s and vz = 0.15 m/s. For heading the velocity is limited to (15 ∗ pi/180) rad/s. A
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simulated polluted environment with high advection was used, according to the dispersion model of
pollutants previously explained, including dispersion, wind effects and stochastic noises.

Figure 8. Indoor experimental test environment.

The cyber-sensors onboard the UAV captures the pollutant and wind vector in the physical
position of the UAV. In the real application, the wind vector must be estimated, that is, the magnitude
and the direction. The dynamic of a real environment have been included in the model used in the
experiments, as explained in Section 2.

The fixed initial position of the quadrotor for any mission is at (Z, X) = (100, 100) cm. Given the
limited testing area, the numbers of waypoints were restricted to a maximum of 30 for each experiment.
The vehicle starts performing a deterministic navigation to get the initial heuristic position and then
the metaheuristic algorithm guides the vehicle while the LMLS is updated and used by the UAV to
follow the most promising position of the source location.

The parameters selected for the LMLS of the experiments were: Lx = 10 cm, Lz = 10 cm, σ2
x =

10
cm2

s
, σ2

z = 10 cm2

s and the probability µ = 0.95.

6.2. Experiments

Three experiments were performed to analyze the effectiveness and robustness of the proposed
algorithm. Figures 9 and 10 show the results of the experiments 1 and 2, respectively. In both
experiments, the UAV starts with a deterministic navigation from the point P0 to P1 and uses the
information of the binary sensor and winds effects to construct and update the LMLS, which was
initiated as uniform. In these trajectories, the binary sensor did not detect the pollutant concentrations,
but the information is useful to generate the initial heuristic position of the source h0.

From the position P1, the UAV is guided by the proposed strategy combining the metaheuristic
component, to trace the increasing direction of the pollutant concentration, and the probabilistic
component which helps the UAV to remain in the areas with high probability to find the
pollutant source.

In the experiment 1, the pollutant is released in the position (Z, X) = (180, 180) cm and the
algorithm calculates the source position at (Z, X) = (179.1, 180.1) cm. In the experiment 2, the pollutant
is released in the position (Z, X) = (20, 180) cm and the algorithm determines the source position at
(Z, X) = (20.29, 180.7) cm.
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Figure 11 shows experiment 3. In this experiment, the winds effects were increased, mimicking
more complex environment. The pollutant was released in the position (Z, X) = (170, 50) cm and the
algorithm calculated the source position at (Z, X) = (168.2, 45.62) cm.

As shown, the algorithm has high effectiveness. In addition, the parameters of the algorithm have
not been changed for the different experiments, that is, the algorithm is robust.

Figure 9. Experiment 1. Mission for the pollutant source localization. At the left is the source localization
mission using the Qball. At the right are the LMLS updated at the times [105.4, 112.6, 122.3, 122.9, 126.1, 139.3]
seconds (left to right and top to bottom).

Figure 10. Experiment 2. Mission for the pollutant source localization with different source position.
At the left is the source localization mission using the Qball. At the right are the Likelihood Map for
the Location of the Source (LMLS) updated at the times [104.9, 111.1, 121.7, 126.7, 126.4, 142.3] seconds
(left to right and top to bottom).

Figure 11. Experiment 3. Mission for the pollutant source localization with high wind effects. At the
left are the LMLS updated at the times [123.44, 127.04, 136.64, 137.44, 146.04, 158.44] seconds (left to
right and top to bottom).

The real UAV showed high variation in the path while the vehicle was driven among the
waypoints. Despite this fact, the vehicle was able to approach very close to the source.
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The source location was estimated on each time, using the information of the visited positions
and the heuristic calculated from the LMLS. This is useful for applications in environments where the
source position is not reachable by the UAV but could be estimated by the algorithm.

The waypoints resolution was set to 30 cm, given the environment and vehicle dimensions. This
restriction complicates the searching since when the metaheuristic algorithm finds the direction of the
positive gradient of pollutant, it follows this direction to calculate the new waypoint with the defined
resolution and the vehicle has high probabilities of leaving the plume of pollutant. On the other hand,
this minimum resolution is useful since a path planning algorithm can be used to operate the UAV in
an environment with static or dynamic obstacles.

As the algorithm was based on two independent approaches, the minimum waypoints resolution
was outperformed successfully. The heuristic position aided maintaining the exploration in the most
promising areas while the metaheuristic facilitated the exploration the increasing gradient of pollutants
in these areas.

The algorithm implementation requires the tuning of some parameters. The calculus of the LMLS
includes the parameters: Lx, Lz, σx, σz and µ. To select Lx and Lz, a trade-off between an accurate
heuristic and low computational cost should be considered. The parameters σx and σz allow the tuning
of the convergence velocity of the likelihood probability distribution in the map. The parameter µ can
be estimated by evaluating the sensor reliability in the pollutant measurement.

In addition, as explained before, the information of the sensor for the LMLS updating is binary.
This information is obtained by passing the raw measurement of the sensor through a defined threshold.
The threshold must be sufficiently high to evade the noise levels but without getting an insensitive
binary sensor. Also, the wind vector is required to be estimated in each position but, as the method is
probabilistic, a mean approximation of these effects over the environment is enough.

On the part of the metaheuristic algorithm, the parameters T0, ∆T and ε must be adequately set.
The temperature parameters T0 and ∆T are selected such that temperature T must be maintained
greater than zero and also its quick decrement must be avoided. The parameter ε helps us to
analyze whether the vehicle has found increasing pollutant gradients avoiding the noise levels.
The analysis of the pollutant targeted and the sensor used would be indispensable for the gradient
increasing definition.

7. Conclusions

This work presents an algorithm for pollutant source localization using a UAV, which takes
advantages of the greedy-based metaheuristic to trace the pollutant plume and the Bayesian
methodology to create a probabilistic map of the source location. A comparative analysis of some
metaheuristic methods allowed us to define the most effective approach for tracing the pollutant
plume. To complement this strategy, the probabilistic component provided a heuristic position which
helped us to reduce the searching area each time to the most probable position of the source location.

Instead of using only a pure simulated experimental testbed, the algorithm was tested using a
real UAV navigating in a virtual polluted environment with high turbulence. This hybrid environment
adds the real constraints of the navigation of the UAV and the sensing of the pollutant. The results
showed the effectiveness and robustness of the proposed algorithm. The design of the proposed
strategy is general and can be adapted to localize any air pollutant source. The next step in this
research is the testing of the algorithm with a physical UAV flying in a real polluted environment.
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