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ABSTRACT

The process of evaluating the performance of chemical/gas plume tracing (CPT) algorithms is difficult because of
real-world environmental parameters (i.e. surrounding wind) that are beyond researchers’ control, therefore, a
CPT simulator can be useful. In this study, we design a modified Gaussian-meandering plume propagation model
that is enhanced with the realistic characteristics of plume propagation such as meandering, internal intermittency,
and vortices, which have not been modelled in the previous studies before. Subsequently, we use a computational
fluid dynamics (CFD) software to generate the three-dimensional (3D) wind vectors and study the impact of
quadrotor’s propellers, and then incorporating into the plume propagation design. On the whole, the study
presented a complete CPT simulator for quadrotor platform with the realistic characteristics of plume propagation.
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1.0 INTRODUCTION

Natural gas leak is a serious environmental disaster that is difficult to detect because natural gas is colorless and not
visible to human eyes. As such, it will be hard to prevent gas leaking when they occur. A recent case was reported in
California, United States, where 100,000 tons of methane gas was leaked into the atmosphere [1]. Such an incident
can worsen global warming and eventually affect the climate system. Additionally, natural gas contains harmful
chemicals and long-term exposure can cause health issues for residents living in the surrounding areas [2].

Autonomous quadrotors equipped with gas sensors can be programmed with algorithms to explore, track, and
identify natural gas leaks. These could be a potential solution to the gas leakage problem [3]. However, there are still
many challenges to overcome in order to apply autonomous quadrotors in the real world.

One of the main challenges is the design of chemical/gas plume tracing (CPT) algorithms. To overcome this, we can
look to biological vectors for inspiration. For instance, a male moth employs a three-dimensional (3D) CPT
technique by detecting and tracing pheromones from a female moth up to 11 km away. This CPT technique, which
involves two strategies — surge and cast — has been studied by scientists. Moths employ the surge strategy whenever
pheromones are detected; however, the plume of pheromones is nonlinear, turbulent, and chaotic. Eventually, the
tracing of the plume will be lost. Hence, the casting strategy comes into play. The casting strategy is an orthogonal
zigzag movement that slowly increases in oscillation amplitude until pheromones are detected. Subsequently, moths
alternate between surge and cast strategies until the target source is found. Unfortunately, the moths’ CPT technique
cannot be completely applied to quadrotors as the flying mechanisms of the technique and quadrotors are different
and hence, influence the chemical plume sensing process. Moths flap their wings to fly, generating low airflow
disturbance. In contrast, quadrotors have four fast spinning propellers that continuously push air downwards to
generate a resultant force that lifts the quadrotors upwards. This generates a strong airflow disturbance that affects
the chemical plume sensing process. Therefore, researchers have proposed various types of enhanced or modified
moth-inspired CPT techniques [4]-[6].

The performance of these proposed CPT techniques needs to be evaluated and compared. However, it is a
challenging task as the results of these techniques are heavily influenced by environmental parameters, such as
surrounding wind, humidity, and temperature. These environmental parameters are beyond researchers’ control,
especially in outdoor experiments, which extremely difficult to reproduce the same environmental parameters. In
fact, both indoor and outdoor experiments also encounter repeatability problems. For instance, a researcher may find
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it difficult to compare his proposed CPT technique with the CPT techniques of other researchers because
reproducing the same environmental parameters is not feasible. Hence, to overcome this, a CPT simulator is the
solution because the environmental parameters in a simulation can be easily reproduced.

Developing a CPT simulation model close to the real world also has its challenges. One of the main challenges is the
high complexity of chemical plume disperser modelling. Marjovi and Marques [7] pointed out three types of
chemical plume structure in various temporal scales: (1) Spatio-temporal variations with internal intermittency
(STV-II) model (see Fig. 1(a) in caption); it is adapted from the real instantaneous plume structure with internal
intermittency captured by planar laser-induced fluorescence technique of Crimaldi et al. [8]; (2) Spatio averaging
and temporal variations (SATV) of the chemical plume simulation model (see Fig. 1(b) in caption); and (3) Spatio-
temporal averaging (STA) of the chemical plume simulation model (see Fig. 1(c) in caption). STV-II model is still
under development by researchers, some of the characteristics of this model such as plume meandering, internal
intermittency, and vortices, have not been modelled in the previous studies before.

Air flow

Fig. 1. Chemical plume structure in various temporal scales: (a) Spatio-temporal variations with internal
intermittency (STV-II) model (adapted from [8]); (b) Spatio averaging and temporal variations (SATV) of the
chemical plume simulation model ; and (¢) Spatio-temporal averaging (STA) of the chemical plume simulation
model [7].

Another main challenge is to model the impact of the flying mechanisms of quadrotors, for instance, to simulate the
model of airflow disturbance generated by the propellers of quadrotors that affect the chemical sensing process. It is
a critical factor that affects CPT results and also presents a research gap that needs to be addressed.

Simulating real-world environmental wind speed and vectors from fluid dynamics aspects and then integrating them
into a CPT simulator is another challenge. In this case, we need a computational fluid dynamics (CFD) software to
compute the wind vectors in a 3D space. The CFD software, moreover, has to be integrable into the CPT simulator.

In this study, we proposed a modification of the Gaussian-meandering plume propagation with internal
intermittency modelling to simulate STV-II model (see Fig. 1). We also modelled the impact of the propellers of a
quadrotor through an airflow analysis study. In addition, we used open-source CFD software, TYCHO [35], to
generate an environment’s wind vectors in a 3D space and then integrate them into our CPT simulator. These
contributions can bring our 3D CPT simulator one step closer to real-world scenarios.

In the following sections of this paper, we discuss the significant related works and our proposed solutions in
Section 2.0 and Section 3.0 respectively. Subsequently, the validation of the simulation and experimental results are
discussed in Section 4.0, while the conclusion of our study is presented in Section 5.0.

2.0 RELATED WORKS

In the beginning, CPT simulation studies were mainly two-dimensional (2D) and graph-based representation [9]—
[12]. An example is shown in Fig. 2. This simple model of a 2D CPT simulator can prove the concept or preliminary
results of CPT algorithms such as chemotaxis, anemotaxis, and multi-robot solutions (e.g. particle swarm
optimization (PSO), and gas distribution mapping [13]-[15]). Thus, it laid an important foundation for CPT studies.
However, the simulator cannot provide accurate results because it does not include the real model of the robot; it
only presents robot by a dot or mark, for example, a black circle dot (see Fig. 2). Therefore, the complexity model of
a robot’s moving mechanism (e.g. the airflow disturbance generated by the robot’s movement) and the sensors’
mounting position (e.g. the bilateral sensing system; left and right sensors’ mounting position on the robot’s
structure) are neglected in this simple model.
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Subsequently, Hayes et al. [16] made an important milestone when they developed their CPT simulator in a
commercial robotics software, Webots, as shown in Fig. 3. They modelled a real-scale 3D robot model in their CPT
simulation. They simulated a robot with the real-scale model, a Moorebot of 24 cm in diameter in a 6.7 x 6.7 m test
field, and used the chemical plume propagation based on STA model in their CPT simulator. Some years later,
Cabrita et al. [17] developed a CPT simulator in an open-source platform, Player/Stage simulation framework, as
shown in Fig. 4. They simulated SATV model for the chemical plume propagation, however, they used a pre-
defined meandering modelling, which attributes to the invariant of spatial characteristic. In addition, they used a
commercial CFD software, ANSYS, to generate the wind vectors with obstacles in the test field; this was a
significant contribution that imported CFD wind vectors into a CPT simulator. Besides that, they also used a well-
known robot model, Roomba, in their CPT simulator. Khaliq [18] developed his CPT simulator in the most widely-
used open-source platform, Robotics Operating System (ROS), as shown in Fig. 5. They also used an open-source
CFD software, OpenFoam, to replace the commercial CFD software and simulated Spatio-temporal variations (STV)
model of chemical plume propagation in their CPT simulator.

A
Y |

—Chemical Plume ..
LI I -A.P-‘lVb--'ﬂ

Fig. 4. CPT simulation in Player/Stage simulation framework by Cabrita et al. [17].
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Fig. 5. CPT simulation in ROS platform by Khaliq et al. [18].

Fig. 6. CPT simulation in OpenMORA platform by Monroy et al. [19].

Fig. 7. CPT simulator with a quadrotor by Luo et al. [20].

As shown in Fig. 6, Monroy et al. [19] implemented a gas dispersion simulator in the OpenMORA platform with the
enrichment of olfaction supporting functions such as gas distribution map, wind map, and navigation functions. STV
model of chemical plume propagation was also adopted in their simulator. A subsequent study by Luo et al. [20]
demonstrated a 3D CPT simulator with a quadrotor, as shown in Fig. 7. And the main contribution was on the
aerodynamic olfactory effects of using numerical models. In another more recent study, Monroy et al. [21]
developed a 3D gas dispersion simulator for mobile robot olfaction in realistic environments. Their simulator is able
to support 3D computer-aided design (CAD) format files for simulating different environments and multiple sources
of gas dispersions in a simulation.

To the best of our knowledge, the above mentioned six reported studies [16]-[21] are the only CPT simulators based
on a 3D physics engine simulation framework with real-scale dimension of robot models found in the literature
(other studies of 2D or 3D graph and numerical-based CPT simulators were not considered in the comparison
because of their simplicity of modelling). Four of them [16]-[19] used the wheeled mobile robots, focusing mainly
on 2D CPT tracing with the constant height of the wheeled robot. Monroy et al. [21] considered more realistic
environments such as office building layout with multiple chemical plume sources in their simulator. Only Luo et al.
[20] used a quadrotor but their main focus was the aerodynamic olfactory effects with numerical models, but not the
meandering, internal intermittency, and vortices characteristics of chemical plume propagation model. Therefore,
the consequential interaction between robot movement mechanism and chemical plumes is still underdeveloped
because so far, only one reported study explored this [20].

All the CPT simulators in previous studies simulated only STV or SATV model of chemical plume propagation,
where some of the characteristics of STV-II model such as plume meandering, internal intermittency, and vortices
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have not been simulated in a 3D CPT simulator before and therefore, the main contribution of this study is to
simulate STV-II model of chemical plume propagation.

3.0 PROPOSED SOLUTIONS

In this section, we discuss our rationale behind the selected physics engine-based robotics simulation platform used
in our study and the modified Gaussian-meandering plume propagation with internal intermittency model in detail.
We then present our analysis of the airflow disturbances generated by the quadrotor’s propellers and the propellers’
impact on the chemical plume sensing process in the simulation. Subsequently, we present the integration of our
CPT simulator with an open-source CFD software, TYCHO, to simulate environment wind fields in a 3D space.
Lastly, we present the gas sensors’ modelling used in our CPT simulator.

3.1 Physics Engine- Based Robotics Simulation Framework for 3D CPT Simulation

Many physics engine-based robotics simulation frameworks, developed and maintained by open-source software
communities, are available online. Each framework has its own strengths and weaknesses. To choose a suitable
framework for our simulator, we compared them based on six criteria: type of license, type of physics engine,
robotics middleware support, extensibility, varieties of robot models, and documentation support. Among all the
choices, we chose the V-rep from Coppelia Robotics [22] because it fulfilled our requirements. V-rep is licensed
under the GNU General Public License (GNU GPL or GPL), a widely used free software license which guarantees
end users the freedom to run, study, share, and modify the software. It supports three types of physics engines —
Open Dynamics Engine (ODE), Bullet, and Vortex — and also integrable with a popular robotics middleware like
ROS and Sockets. In addition, it can be extended by C++ plugin and API and is able to provide a variety of robot
models, such as ground mobile robots (UGV), robotic arms, humanoid robots, and most importantly, aerial robots
(e.g. quadrotors). Last but not least, it also provides good documentation support.

3.2 Chemical Plume Propagation Models

The chemical plume propagation model is the core of a CPT simulator in determining the propagation in a 3D space.
A well-established model is the Gaussian gas dispersion model [23]-[25], which calculates the gas propagation’s
concentration at the particulate x- and y-coordinates. Equation (1) and Fig. 8 show the mathematical model and
illustration of the Gaussian gas dispersion model respectively. It is basically derived from two Gaussian
concentration profiles: one for the y-axis and another for the z-axis. It is worth mentioning that, if a gas is lighter
than atmospheric air, there will be a plume rise, Ah. Otherwise, it will be a plume drop. However, due to the high
consumption of both computer processing power and elapsed time, it would be unsuitable to implement this model
in a computational simulation.

Q —y? —(z—h? —(z+h?
_ Gl —mh 1
Ctoy.2) 2mo,0,u exp (20y2 eXp 20,2 +exp 20,2 @

C = Concentration at a given position

x =Downwind axis

y = Crosswind axis

z = Vertical direction

Q = Source emission rate

g, = Horizontal standard deviation of the emission distribution
o, = Vertical standard deviation of the emission distribution

u = Horizontal wind velocity along the plume centerline

h = High of the release

Here,
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Fig. 8. Gaussian gas dispersion mathematical model [23].

Farrell et al. [10] proposed a significant alternative that has been widely adopted by most CPT simulators, the
filament-based gas dispersion model, which is advantageous in both time- and memory-efficiency in computer
processing consumption. In this model, a set of filaments (i = 0, 1, 2, ..., n) is used to simulate gas propagation.
Each filament has its own attributes: position P;, and width R;,. For each time step ¢, the filaments’ attributes are
updated using equations (2) and (3). As expressed in equation (2), the position of the filaments is updated according
to the wind flow Vpi,t and an additional element, the Gaussian random factor &,. The Gaussian random factor,
inherited from the Gaussian gas dispersion model, was added to model the turbulence and chaotic nature of gas
propagation. The molecular diffusion is modelled in equation (3), where the width of the filament becomes wider
with time while concentration decreases and the filament growth rate is denoted by a constant value, y.

Pie= Pyt V;,l.'tAt + & (2)

14
Rit=Riyy+—=— 3
it ,t—1 2Ri,t—1 ()

In this study, we modified the filament-based gas dispersion model from a 2D dispersion to a 3D dispersion. For the
first implementation phase, we made two modifications. First, for the mathematical representation of 3D dispersion,
each filament was presented in a four by one matrix array as shown in equation (4), where the first three rows
represent the position of the filament in x-, y-, and z-coordinates and the last row is the width and odorant
concentration of the filament. It is important to note that P, ,was added with a plume rise, Ah (which assumes that

chemical plume is lighter than atmospheric air, i.e. methane). If the chemical plume is heavier than atmospheric air,
it will be plume drop instead, where Ah is a negative value. We then used a coloured heatmap with Hue colour value
to represent odorant concentration. Hue colour value ranges from 0 to 255, indicating a colour gradient from red
(highest concentration) to blue (lowest concentration). Hence, R; was interpolated to the range of Hue; colour value,
as stated in equation (5).

For this first implementation, we assumed constant wind vectors across the test field (dynamic wind vectors were
considered in a later implementation phase). The illustration for this implementation is shown in Fig. 9(a) and it can
be observed that the plume propagation is identical to STA model (see Fig. 1(c)).

Pxi,t / P"i,t—1+ in,cAt+ Ex \

Pyi,t _ Pyi,t—1+ Vyi,tAH' £y

Py, T Preat Vyy Mt+aht e, g
Lt—1

vi €{1,..,n}
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Fig. 9. The illustration of STA model. (a) Top view and (b) Isometric view.

We proceeded to the second implementation phase, which was to model the features of SATV model (see Fig. 1.
(b)). SATV model has an instantaneous plume boundary feature, where the plume propagation meanders gently
through the atmosphere, as shown in Fig. 10. This meandering feature (curving and winding in shape, like a snake
when it moves) is the key element of SATV model. To embrace this feature in our model, we adopted the
fluctuating plume dispersion model (FPM), proposed by Gifford, F. [26]. This model is scientifically proven and
widely recognized by researchers in their studies [27]-[31]. In this model, the Gaussian plume boundary can be
thought of as a series of plume segment, as shown in Fig. 11 (a) & (b). The position of a filament calculated by the
FPM is a result of two Gaussian distributions. As refer to Fig 11 (c): oc, determines the location of plume segment
centreline; op, defines the instantaneous boundary within the plume segment.

Based on this premise, we needed to modify equation (4) to compute the instantaneous plume meandering features,
by adding a parameter, plume segment Pseg, to determine the total number of plume segmentations in a plume
propagation. Each plume segment has two elements: oc and op, this means, these can be expressed as {(cycl, ozcl),
(oyc2, ozc2), (oyc3, ozc3), ... (ocycPseg, ozcPseg)} and {(oypl, ozpl), (oyp2, ozp2), (cyp3, ozp3), ... (cypPseg,
ozpPseg)}, were assigned by the concentration probability density function (PDF) that determined by meander ratio
(Yee et al. [28] correlated between meander ratio and its concentration PDF). These defined the center line and the
instantaneous boundary of plume segments. Subsequently, equations (6) and (7) will be computed filaments (i= 0, 1,
2,... n), for each iteration. Equation (6) determines the meandering features, according to the sequence of plume
segment of the filament’s travelling distance in the simulation. After that, meandering features to be substituted into
equation (7), to update all the filaments’ position with the influence of meandering feature. For the next iteration, a
new set of meandering features is generated again, hence, the dynamical meandering feature was modelled.
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Fig. 10. Gas dispersion model with instantaneous plume boundary [23]
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Fig. 11. a) Plume segments in Gaussian plume model; (b) Plume segments in fluctuating plume model; (c) standard

deviations of fluctuating plume model.
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Fig. 12. The illustration of SATV model at different simulation times.

Fig. 12 illustrates the second implementation, where the gas propagation meanders gently through the atmosphere at
different simulation times. The meandering feature of SATV model is clearly presented in the top view of Fig. 12,
from simulation time 30 seconds to 150 seconds, proving the time-variant of the model. At this point, we have
surpassed the previously reported study, the pre-defined meandering model [17], and introduced a new dynamical
meandering of SATV model.

STV-II model, a real instantaneous plume structure with internal intermittency, was captured by Crimaldi et al. [8]
with the use of planar laser-induced fluorescence technique. Their results demonstrated the following characteristics
of STV-II model: patchy, intermittent, random vortices, and time-variant. The principal cause of these
characteristics is the parcels of chemical substances that contain high concentrations of odorants released from a
source and spread into filaments by shearing in the turbulent air. These filaments stir around in eddies and
intermingle with the surrounding air and hence, chemical plumes become scattered in intermittent patches [32]. The
level of intermittent patches was determined by Reynolds number (Re), defined as the ratio of inertial forces to
viscous forces which consequently quantifies the relative importance of these two types of forces for the given flow
conditions. In short, a higher value of Re causes a stronger turbulent air and more severe intermittent patches of
plume structure.
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For the third implementation phase, we expressed STV-II model’s characteristics into three attributes: intermittency,
patch size, and random vortex. These attributes are the subset of each filament (i = 0, 1, 2, ..., n). It means that after
computing the meandering point and filaments’ position (using equations (6) and (7) in the second implementation),
we computed these attributes by using equations (8) and (9) in every iteration. For equation (8), we derived the
standard deviation of the attributes, which are proportionate to Re, with each having constant parameters a and b.
The initial conditions are assigned as follows: ps; -, € random(a,B), and rV; -, € {N(0,6,), N(Y,01), N(Y,01),
N(y,6w)}. Equation (9) shows each attribute varied from time to time and is influenced by Gaussian distribution €,
and &y respectively; these Gaussian distributions’ standard derivations were proportionated to Re. One of these two
attributes has its own subset elements, which is random vortex. It has four elements such as radius r;; and angle
degrees Oy, Oyiy, and O,;. These elements were used to compute the random vertices’ shape by using equation (10).

ops = a(Re)
oy = b(Re) (8)

(psi,t> _ (psi,t—l + sps)
Vi WVie-1 + &y

vi €{1,..,n}
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Fig. 13. illustrates the third implementation phase and the characteristics of STV-II model. To pinpoint these
characteristics, we highlighted two patches of particles, patch N and K, at different timings. The propagation of

patch N and K can be observed as gradually expanding their vortices’ shape by random factors from simulation time
11 seconds to 55 seconds.
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Fig. 13. The illustration of STV-II model’s characteristics: patchy, intermittent, random vortices, and time-variant at
different timings.

3.2 The Impact of The Model of Flying Mechanisms

Quadrotors use aerodynes approach to fly, whereby upwards lift is gained through multi-rotors and hence, strong
airflow disturbances are generated during flights. This has a big impact on the chemical plume sensing process; for
instance, blowing away chemical plumes before sensors can detect them.

To understand how generated airflow disturbances affect the sensing process, we conducted an airflow analysis by
using a 3D Model CFD software, SolidWorks’ flow simulation function [6]. From the simulation result as shown in
Fig. 14, the airflow pattern is represented by dash lines and the airflow direction is represented by arrows. We
discovered that there are four main air streams of air intake into four different propellers. Each airstream has three
regions such as air intake, airflow eddies, and air exhausts. First, the air intake region shows how surrounding air is
sucked into the propellers. Second, the airflow eddies region circulates airflow back into the propellers— it is only
formed during the altitude of the quadrotor is changing[33]. Lastly, the air exhaust region is where the air leaves the
system.

For the fourth implementation phase, we incorporated the airflow patterns of quadrotors in our CPT simulation. The
airflow vectors of the quadrotor’s airflow disturbances were modelled in the CPT simulation and applied within the
approximated boundary of the quadrotors’ airflow patterns. Fig. 15 shows the comparison between the without and
with propeller’s impact model (one of the propellers’ impacts on the plume filaments is simulated in Fig. 15). As
seen in the left column of Fig. 15 (without propeller’s impact model), during the simulation time between 1 and 3
seconds, plume filaments pass above the quadrotors and hence, the gas sensor detects nothing. In contrast, the right
column of Fig. 15 (with propeller’s impact model) shows some of the chemical plume filaments being sucked into
the propeller’s airflow zone. At this moment, the gas sensor detects the filaments. Taking a closer look at simulation
time from 0.1 to 0.6 seconds, where the altitude of the quadrotor is increasing (see Fig. 16), we can see the effect of
airflow eddies. During the simulation time from 0.1 to 0.2 seconds, the highlighted plume filaments are sucked into
the propeller. Between the simulation times of 0.3 and 0.5 seconds, some of the highlighted plume filaments are
affected by the airflow eddies, circulating back to the propeller again, while the rest of the plume filaments leave the
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propeller system. Finally, those circulated plume filaments pass through the propeller for the second time and then
leave the propeller system at simulation time 0.6 seconds.

damia e T

. i i SRS e 4 L8
Fig. 14. Simulation result of airflow analysis of a quadrotor.

Simulation

Time (Scconds) ‘Without propellers’ impact ‘With propellers’ impact

Fig. 15. Comparison between the without and with propeller’s impact model.
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Fig. 16. Propeller’s impact model for airflow eddies.

33 Integration with Computational Fluid Dynamics (CFD)

For the fifth implementation phase, we needed to simulate the realistic effect of environment windbreaks on the
chemical plume propagation. A CFD software had to be used to compute every single airflow vector in the 3D space
of interest. It is a numerical approach, which iteratively solves the conservation equations for mass, momentum, and
energy in a finite volume of fluid dynamics problems. Therefore, the accurate airflow vectors computed by the CFD
software can be substituted into the wind parameters (Vyi;, Vyi;, and V;;) in equation (7) to simulate the realistic
chemical plume propagation, especially if there are obstacle blocks in the space of interest. For instance, a tree, a
building block, or even a small hill, increases the complexity of the airflow vectors and plume propagation. With the
use of the CFD software, the complicated airflow vectors can be calculated [34].

We chose open-source CFD software, TYCHO [35], which is a 3D compressible hydrodynamics written in C and
parallelized with OpenMP, and a Lagrangian remapped version of Piecewise Parabolic method. One of the
advantages of TYCHO is that it offers a simulation of gas-obstacle interaction with obstacles in wind-streams and
advection of marker fields. In addition, momenta and their direction on obstacle-surfaces, thermal diffusion, and
viscosity can be studied in the simulation [36].

For this integration, TYCHO generated a static windbreaks scenario of airflow vectors with a resolution of 375,000
data points in a 125 m’® of a 3D space (see Fig. 17). All these airflow vectors were exported to a data file and then
imported into our CPT simulation. Thus, the wind parameters (Vy s, Vy,is, and Vi) in equation (7) were substituted
by the imported airflow vectors. Finally, the plume propagation that reflects the windbreaks results of TYCHO with
one obstacle block and two obstacle blocks are shown in Fig. 18 and Fig. 19 respectively.

GlyphVector Magnitude
2.455e+01

F18.411

12.274

6.1369
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Fig. 18. 3D plume propagation reflects the windbreaks with single obstacle block.
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Fig. 19. 3D plume propagation reflects the windbreaks with two obstacle blocks.

3.4 MOX Sensors Modelling

For the last implementation phase, we modelled the gas sensors used in our CPT simulator. We used the
semiconductor metal-oxide (MOX) gas sensors, commonly used in industries, because of their high sensitivity and
fast response time in gas sensing. The sensor has a fast response in detecting gas but requires a very long recovery
time after the exposure of the target gas [37], [38]. It takes around 15 to 70 seconds for the sensor to return to the
baseline level after the target gas is removed [39].

We referred to the sensor models proposed by Khaliq et al. [18], such as filament-based concentration calculation
and sensor response generation, to model the sensors in our CPT simulator. It is worth mentioning that we set the
rise time parameter, tr, at 15 seconds and decay time parameter, td, at 70 seconds for the rise and decay time model
as stated in equations (11) [18] and (12) [18]. This is to model the sensor’s response closer to the real-world MOX
sensor, especially since the long recovery time of MOX sensors has a significant impact on the performance of CPT
algorithms. If we neglected this in our simulator, the performance of the CPT algorithms cannot be fairly evaluated.
The overall illustration of our CPT simulator is shown in Fig. 20, where the graphs of gas sensors’ reading are
shown on top of the simulator.
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fe=ay+ (A —a)fi
Here,
fi = Filtered output (1D
a = Smoothing factor

y; = Input sensor response
dt

T+ dt (12)

Here,
dt = Time interval
7 = Time constant

The overall concept of the CPT simulator is shown in Fig. 21 [40], the overall idea of integration between the gas
dispersion simulator and MRO simulator is adopted and modified from Ali Khaliq et al [41]. The CPT simulator
allows users to define their inputs: the robot model, wind flow vectors from CFD software, and environment models
such as obstacles, walls, and layout. As the simulator started, gas dispersion simulator will generate the chemical/gas
filaments and its propagation. Quadrotor propellers modelling will take effects to those chemical/gas filaments that
near to it, for example, sucks in or blow away the filaments. Subsequently, sensors modelling will be updated
according to the contact between sensors and filaments. Lastly, the sensors’ responses will be inputted to mobile
robot olfaction (MRO) algorithm, for controlling the tracing actions. Users can program different MRO algorithms
to evaluate the performance of the algorithms.
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Fig. 20. The overall illustration of the CPT simulator
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Fig. 21. The block diagram of the CPT simulator [40]
3.5 Chemical Plume Tracing Algorithm

In this paper, Moths’ olfactory tracking strategy (also known as Zigzag algorithm), is used to complete the CPT [42].
When the chemical plume is detected, moth will track closely to the chemical plume along the wind direction with
stereo sniffing: left- or right- forward tracing. This action is called the upwind surge. However, the pattern of
chemical plume is nonlinearity, therefore the moth might lose track of the chemical plume during the surging
behavior. For this reason, whenever the moth failed to track the chemical plume, it will perform zigzag movement
orthogonal to the wind direction and slowly increases its zigzag wavelength after each iteration. This action is called
casting, as shown in Fig. 22. Once, the moth is back on the track, it performs upwind surge again. The process of
switching upwind surge and zigzag casting would continue until the chemical source is located.

Wind Direction

Surge
Surge

Chemical Plume

A
Va!
Cast ‘,,:
Source
Fig. 22. Moths’ olfactory tracking strategy

4.0 EXPERIMENTAL RESULTS AND DISCUSSIONS

To validate the performance of our CPT simulator, we conducted two types of experiment: (a) the comparison of the
responses of the sensors between simulation and real-world environment; and (b) the comparison of the CPT
trajectory paths between simulation models of STA, SATV, and STV-II with real-world. The first type of
experiment is to prove that the responses of the sensors of the simulation are in an agreement with real-world. The
second type of experiment is to validate the CPT trajectory paths of these three simulation models with real-
experiment, to verify which model is closer to reality.

4.1 The Comparison of the Sensors Responses between the Simulation and Real-World

We conducted an experiment with three different sensing scenarios. The chemical plume generator was located at
different orientations, 45°, 0°, and -45° (see Fig. 23) to study the sensors’ responses in each scenario. For the real-
world experiment setup, we built a chemical plume generator, as shown in Fig. 24(a), and developed a quadrotor-
based CPT robot equipped with four gas sensors at different configurations, such as back-left, front-left, front-right,
and back-right sensors (see Fig 24(b)). Subsequently, we compared the sensing scenarios in both the experiment and
simulation.
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Fig. 23. (a) Experiment scenario A: 45° degree angle (right-hand side) to quadrotor; (b) Experiment scenario B: 0°
degree angle (center) to quadrotor; and (c) Experiment scenario C: -45° degree angle (left-hand side) to quadrotor.

Odour/Gas Plume

(a)

(b)

Fig. 24. The experiment setup. (a) Chemical plume generator and (b) Quadrotor armed with four gas sensors.

Based on Fig. 25, the simulation results of the sensing ratio (in between the four gas sensors) are approximate to the
experimental results, under a condition that the simulation sensing models have been tuned and calibrated in prior.
In particular, simulation scenario (a) shows that the front-right sensor detected the highest chemical plume
concentration or parts per million (PPM), the front-left sensor detected the second highest PPM, the back-right
sensor detected low PPM, and the back-left sensor detected nothing. Likewise, in experiment scenario (a), the
sensing ratio was approximate to the one in the simulation. The only difference was that the back-left sensor in the
experiment detected a very low PPM because real-world sensors are oversensitive and have a linearity error at a
particular range of sensing. The sensing ratio in the simulation and experiment was similar for both scenarios (b)

and (c), with the exception of the oversensitivity of the real-world sensor.
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Fig. 25. The comparison of results between experiment and simulation

4.2 The Comparison of the Chemical Plume Tracing Trajectory Paths Between Simulation Models Of
STA, SATV, STV-II And Real-World

The performance of CPT trajectory path towards chemical plume source is heavily influenced by the characteristics
of chemical plume propagation such as meandering, internal intermittency, and vortices. These characteristics hinder
the CPT performance, in this case, the distance overhead and elapsed time will be increased and causes CPT
trajectory path will be more curving and twisting. Distance overhead is defined as the total travelled distance divided
by the distance of the shortest path to the source. A smaller distance overhead value indicates better performance.
Similarly, a shorter elapsed time indicates better performance. The comparison of the CPT trajectory path between
real-world and simulation models can indicate which simulation model is closer to reality.

Fig. 26, Fig. 27, and Fig. 28 show the trajectory paths of simulation models of STA, SATV, and STV-II. The results
show that STA model has lowest distance overhead and elapsed time, 1.823 and 463.9 seconds, respectively (see Fig.
31). To justify these results, we can observe from Fig. 26, the trajectory paths of STA model has the smallest
fluctuation, where the standard deviation ¢ of 0.123. The main reason for getting a smooth trajectory path because
of the idealistic of the modelling, which is too even-distributed in its propagation. However, it is unlikely in a
realistic scenario.

SATV model has distance overhead of 2.355 and elapsed time of 678.6 seconds. The CPT performance of SATV
model is poorer than STA model because of the meandering feature of SATV model, which has increased the
fluctuation of trajectory paths with standard deviation o of 0.2508 (see Fig. 27), and causes difficulties in the tracing
process.

The last simulation model of STV-II, the fluctuation of trajectory paths has increased the standard deviation ¢ to
0.3433 (see Fig. 28) because of its internal intermittency and vortices features. These two features cause higher

18
Malaysian Journal of Computer Science. Visual Informatics Special Issue, 2019



A Chemical/Gas Plume Tracing Robot Simulator For Quadrotor Platforms: A Modified Gaussian-Meandering Plume
Propagation Model (Special Issue 2019). pp 1-24

chances of losing track of the chemical plumes, thus causes bigger fluctuation of trajectory path; both distance

overhead and elapsed time have increased to 3.42 and 886.3 seconds, respectively.
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Fig. 26. The trajectory paths of STA simulation model
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Fig. 27. The trajectory paths of SATV simulation model
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Fig. 28. The trajectory paths of STV-II simulation model

To validate the simulation models, we conducted the real-world experiment with our quadrotor-based CPT robot, as
shown in Fig 29, the quadrotor is equipped with four gas sensors: back-left, front-left, front-right, and back-right
sensors. We put an image marker on top of quadrotor, for the purpose of the indoor image processing based
positioning system. As compared with simulation results, as shown in Fig 30 and 31, STV-II model has closer
results to real-world, which is under the controlled environment (the indoor experiment as shown in Fig 29). This
can be observed from the standard deviation ¢ of the trajectory paths (see Fig. 28 and Fig. 30), has an error
percentage of 12.95%, and the error percentage for distance overhead and elapsed time are 16.17% and 10.97% (see
Fig. 31).
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Fig. 29. The real-experiment setup
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Fig. 31. The CPT performance of simulation models of STV-II, SATV, STA and real-experiment

5.0 CONCLUSIONS

In this study, we developed a CPT robot simulator with quadrotor platform and implemented a modified Gaussian-
meandering plume propagation enhanced with the realistic characteristics of plume propagation such as meandering,
internal intermittency, and vortices. This model was integrated with an open-source CFD software, TYCHO, to
simulate the realistic effect of the environment windbreaks (with obstacles) on the chemical plume propagation. We
also modelled the impact of a quadrotor’s propellers during CPT. Lastly, we find out that STV-II model has closer
results to real-world which is under the controlled environment (the indoor experiment as shown in Fig 29). The
limitations of this project are that we are not able to validate that the exacts propagation of these proposed models
because it is only can be proved by using a wind tunnel. In addition, changes in the parameters of the experiment
environment (such as outdoor environment, different filament dispersion rates, different wind speeds and
dynamically changes in turbulent wind direction) have not been validated in this project. For future work, we will
use a wind tunnel to validate our proposed models and also testing with different parameters of experiment
environments. Furthermore, we will also consider a more realistic environment such as outdoor experiment, time-
variant wind flows, and dynamics obstacles that can influence wind vectors.
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