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Abstract. Inspection based on mobile autonomous robots can assume 
an important role in many industries. Instead of having fixed sensors, the 
concept of assembling the sensors on a mobile robot that performs the 
scanning and inspection through a defined path is cheaper, configurable 
and adaptable. This paper describes a mobile robot, equipped with sev­
eral gas sensors and a LIDAR device, that scans an established area by 
following a trajectory based on way-points searching for gas leakage and 
simultaneously avoid obstacles in the map. In other words, the robot 
follows the trajectory while the gas concentration is under a defined 
value and surrounding the obstacles. Otherwise, the autonomous robot 
starts the leakage search based on a search algorithm that allows to find 
the leakage position. The proposed methodology is verified in simula­
tion based on a model of the real robot. The search test performed in a 
simulation environment allows to validate the proposed methodology. 

Keywords: Algorithm gas search · Simulation · Autonomous mobile 
robot · LIDAR 

1 Introduction 

Check for 
updates 

Nowadays robots can be used in several contexts such as inspection of indus­
trial plants, search for environmental pollutant sources, explosives and drugs 
at airports and harbors. In the context of gas leakage, robots can be used for 
inspections in several structures, mainly in industrial plants, to prevent harm to 
humans and nature, and avoiding high financial losses [1]. The need of finding 
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the leak source without exposing humans to hazardous environments and access­
ing remote locations is what drives many researches in robotized leak detection 
[2]. 

In this context, robots can map any area while searching for predetermined 
levels of gases. In order to do this, the robot must be equipped with sensors with 
the ability to measure the gas emission, to locate itself, to plan the route to an 
objective point and to deviate from known and unknown obstacles. Developing a 
method that accomplishes these tasks can help industrial sectors avoid potential 
risks to workers. Therefore, the purpose of this work is to implement a method 
that meets these requirements through a simulation approach, to avoid possible 
failures in the real system. With the simulated environment, it is possible to test 
and validate the proposed gas search algorithms to perform the mentioned tasks, 
simulating adverse situations in the environment for virtual robot decision mak­
ing. The SimTwo simulator arises a friendly way to simulate a 3D environment, 
the mobile robot and the gas emission distribution from a source [3]. 

This work is structured as follows. After the introduction, a brief state of art 
is presented in Sect. 2. Then, in Sect. 3, the robot model is stated showing the 
similarities and differences between the real robot and the simulated one. The 
algorithms and the gas distribution model used in this work are explained in 
Sect. 4. The project results are shown in Sect. 5. The conclusion and future work 
are discussed in Sect. 6. 

2 State of Art 

Studies and development in mobile robotics have steadily increased over the 
years. Of all the possible tasks a mobile robot can do, having gas sensors is a great 
way to detect gas leakage, that is, robots with a "sense of smell" [4]. Detecting 
gas leakage can also be performed by more than one robot, as [5] demonstrates, 
by applying the Kalman filter it is possible to command five robots to find a 
certain concentration of gas. 

The gas detection response is directly influenced by the discrimination of 
the gases to be detected, then [6] demonstrates an approach that inserts an 
array of sensors into the mobile robots. In this sense, each sensor is responsi­
ble for identifying a specific type of gas, speeding up the identification process. 
Another approach of multiple sensors to discriminate gases can be seen in [7], 
that develop a system with sensors that together distinguish different concen­
trations of propane, acetone, and ethanol. In order to detect large scale gas, 
[8] applies the decentralized Gas Distribution Map (GDM) method. Generat­
ing a Hilbert map through probabilistic representations, it addresses the task 
of finding gas concentration in the multiple classes. In this way, it points to 
an alternative way to GDM to map an environment with measurements learned 
from the place. As the mobile robot advances into the environment, it is possible 
to automatically perform unsupervised learning through the system developed 
by [9]. In an on-the-fly way the system discriminates the gases present in the 
site, which can serve as an extra tool for rescue teams. 
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3 Robot Model 

In order to validate the approach and algorithms for the inspection and gas 
leakage detection, the structure of a real mobile robot already developed, will be 
simulated (seen in Fig. 1a). For further information about the robot, such as its 
localization system, the reader is referred to [10- 13]. The Hokuyo Laser Ranger 
Finder (LRF) was modeled in SimTwo and validated in [14]. This model, applied 
in this project, presents noise similar to the real device. In this way, it is possible 
to obtain results near to the real sensor. This transducer detects obstacles in 
two dimensions via Time of Flight technology. The real configuration setup was 
applied in simulation: number of laser beams, the laser position in the free space 
[x, y, z], its angle in the free space, the area coverage (180° semi circle with 3---400 
cm radius), sample period and the noise. In this way, the sensor area of coverage 
is illustrated in Fig. 1b. After the validation in simulation presented in this work, 
the robot will be tested in a real controlled scenario. 

(a) Real robot. (b) LIDAR's area of coverage, 
modified from [15]. 

Fig. 1. Real structure of the mobile robot. 

The software used to create the simulation environment is the SimTwo [3]. 
This software presents a realistic model of the 3D environment, which represents 
the dynamic constraints that exist in the real environment. In this sense, with the 
environment created through the simulator, is possible to validate the approach 
for the detection and search of gas-emitting sources, and then, in a future stage 
of the work, to carry out the tests in real environment. 

4 Path Planning and Gas Search Algorithm 

To search for the gas leakage avoiding obstacles not only the gradient search algo­
rithm is needed but also a path planning. The path planning is used to reach 
the points that the gas search algorithm computed in an optimal way, without 
colliding with the obstacles. Binary Heap A* is utilized for the path planning, 
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based on [16]. First, the user elaborates an inspection trajectory for the robot 
by selecting way-points in the developed control application. After, the appli­
cation will interpolate a spline function with these points, as it can be seen in 
the next Section. The SimTwo simulator sends the robot pose and the gas con­
centration, [x, y, 0, z]Actual, to the application. The variables of communication 
between these processes are presented in Fig. 2. 

[X, y, a, Z]Actual [x, y, Z]Actunl 

Developed 
Si m two Control MATLAB 

Application 

[VL, VR] [x, Y1Tcuoget 

Fig. 2. System communication structure. 

With this information, and sampling the spline function, an algorithm 
{already presented in [17]), makes the robot follow the trajectory computed by 
the interpolation. The sampling criterion is performed by the Euclidean distance 
between points that belong to the curve. During all the process, the robot keeps 
measuring gas substances. In simulation, the system simulates the leak through 
a gas model. The gas concentration (Z) model for a constant diffusion can be 
seen in [18] 

M Ch)2 

Z(x, y) = · e-4:1J.t 
2 · J(7r · D · t) 

{1) 

given by Eq. (1) for the position of the robot (x, y). Where M represents the 
amount of substance deposited at time t = 0 at [xO, yO]; D is the diffusion 
constant; t the time and his J(x- x0)2 + (y- y0)2 , i.e, the Euclidean distance 
between the measure position [x, y], and [xO, yO] the gas peak position. 

As one can see, this model is time dependent, at each time the model repre­
sents another concentration value. However, the robot converges rapidly to the 
gas model peak position. Moreover, the diffusion is slow configured by parame­
ter D. Thus the time influence was discarded by choosing a constant value fort. 
Figure 3a denotes the concentration values in one dimension, for several values 
of D ·t. 

It is assumed an indoor environment so the influence ofthe wind is discarded. 
In future work, it will be addressed the wind disturbance as well as noise in gas 
acquisition. The simulated environment can be seen in Fig. 3b where the red 
cylinder is used to represent the gas leak. Hereupon, the SimTwo will simulate 
the gas sensors measurements by calculating the gas concentration at the actual 
robot position. Note that, the gas leak source is simulated assuming a depressur­
ized leakage, in this way, nothing will influence the shape of the distribution. If 
the concentration pass a certain threshold (defined by the user with range from 
0 to 100), the system will discard the user defined trajectory, and will start to 
seek for the gas source. 
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0·25 

(a) (b) 

Fig. 3. Figure (a) represents the gas model in one dimension for several D x t and x 
values. Figure (b) displays the simulation environment. 

The proposed algorithm for gas search is running on MATLAB and the com­
munication variables can be seen in Fig. 2 that uses UDP Ethernet datagrams. 
The application will send the robot pose and the concentration [x, y, (}, z]Actual 

to MATLAB that process the search algorithm for the leak localization. By this 
way, MATLAB sends the next position [x, y]Target with high probability of a 
higher concentration to probe. MATLAB was chosen to run the search tool, as 
it is easier to implement more complex algorithms. 

The MATLAB implemented search algorithm is described as follows. Let 
[x, Y]Actual be the robot actual position and [x, Y]Previous the robot previ­
ous position. Consider d the previous direction took by the robot, defined 
by d = [ x, y] Actual - [ x, y] Previous and consider d the direction between the 
robot actual position and the position where was identified the higher gas con­
centration ([x, Y]Higher) and can be defined as d = [x, Y]Higher - [x, Y]Actual· 

Define ZPrevious, ZActual and ZHigher the gases concentrations at [x, Y]Previous, 

[x, Y]Actual and [x, Y]Higher, respectively. 
If ZPrevious :=; ZActual, the robot target position will be defined as 

[ ] _ { [x, Y]Actual + d, if ZHigher :=; ZActual; 
X' Y Target - [ ] d d- th . x, Y Actual+ + , o erw1se. 

(2) 

If Z Previous > Z Actual, the robot target position will be in the opposite 
direction, that means, if d is a horizontal movement then the new direction will be 
the opposite diagonal direction. In the same way, if d is a diagonal direction then 
the new direction will be the opposite horizontal direction. When the procedure 
take an opposite direction the choice to take right /left depends of the condition 
of ZHigher, that is, if ZHigher is greater (or lower) than the ZActual· In this way, 
soon after the robot quits the inspection trajectory, the robot will search for 
a direction with a greater gas concentration and will keep moving in the same 
direction until the gas concentration decreases. When this happens, it will search 
for the next direction where the gas concentration is higher, and so on. 
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The described algorithm takes the robot to a near location of the source. This 
algorithm makes no assumption of the exact gas model l and will generate a set 
of target points and gas concentration measures with increasing concentration 
values. 

5 Results 

Several tests were evaluated to validate the inspection route, the path planning, 
the obstacle avoidance system and the gas search algorithm (with and without 
the obstacles). In this sense, they will be presented in this Section in the follow­
ing order: Inspection route, Obstacle avoidance, Gas search algorithm without 
obstacles and Gas search combined with the first and second items. 

5.1 Inspection Route 

The user can select control way-points so that the control application can inter­
polate spline functions that pass through all the control points. Soon after, the 
control application samples the route, as the robot has a point following con­
troller. The sampling happens every 20cm. Thus, the path followed by the robot 
has a smooth performance and by this way a faithful representation to the orig­
inal spline. The sampling has a low pass characteristic as can be seen in Fig. 4 , 
especially by the white arrows indicators. 
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Fig. 4. Application screenshot of the planning trajectory inserted by way-points from 
the user. 

The robot's controller ia developed in such a way that whenever the robot 
gets near the actual point, the control application sends another point. It is 
repeated until the last point, where the robot follows a deceleration function to 
stop to the last point. As the controller is not on this scope of this work, the 
developed controller details can be seen in [11]. 
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5.2 Obstacle Avoidance 

Two scenarios were tested to prove the path planning algorithm developed for 
this work. In the first scenario, the robot is inserted near the origin [x, y] = 
[0.2, 0.2] and set to go to the point [x, y] = [5, 5]. Then, is added two obstacles 
blocking the direct path to the target. Note that, the path planning algorithm 
developed is based in Binary Heap A* method, that uses a proportionality con­
stant to generate sub optimal paths in less time [19]. Thus, it is difficult to 
predict if the robot will choose the shortest path. Figure 5a displays the first 
scenario. 

(a) First position. (b) Second position. 

Fig. 5. Path planning test scenario using a Binary Heap A*. The grid does not represent 
the map limitations. 

In another test, the robot is inserted a little farther to the right [x, y] = 
[0.5, 0.2], to force the robot to choose the right path, as the heuristic cost to 
reach the target point is lower. Bear in mind that the LIDAR model works 
from 3 cm to 400 cm. In this concept, the robot can not see obstacles beyond 
this range. Thus, the robot continues the right path until it sees the rightmost 
obstacle. Although, when it sees this obstacle, the heuristic cost to go back to 
the left path is still higher. Thus, the robot continues with the first path choice. 
Figure 5b presents this behaviour. Consider that the grid is just illustrative, it 
does not mean the maps limitations. 

Finally, in the second scenario, two more obstacles are placed to jam the 
path planning. As can be seen in Fig. 6, the robot is placed in [x, y] = [1.5, 0.2] 
to decrease even further the heuristic cost to the robot perform the right path. 
However, as the robot can not see beyond 400cm, the robot does not know the 
obstacles until they reach its range. In this test, the robot keeps going to the 
farthest path even though the left one was the shortest. Making the robot circle 
all the obstacles. 
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Fig. 6. Path planning test second scenario using a Binary Heap A*. The grid does not 
represent the map limitations. 

5.3 Gas Search Algorithm Without Obstacles 

As explained in Sect. 4, the algorithm does not takes assumption on the gas 
model and its maximum concentration value, as in the real scenario this can not 
be predicted. In this way, the algorithm is tested without obstacles in just one 
scenario, because the main objective of this work is to validate the algorithm 
with the obstacle avoidance feature. The gas position model in this test can be 
seen in Fig. 10. 

Moreover, Fig. 7a illustrates the comparison between the path performed by 
the robot and the route made by the user in the application as well as the gas 
search algorithm points. 

(a) Comparison of the inspection route and {b) Path planning created in SimTwo. 
gas search algorithm. 

Fig. 7. Path planning test along with gas search algorithm without obstacles. 

Figure 7b presents the simulation result that was represented by Fig. 7a. Note 
that, when the robot abandons the inspection route and starts to search for the 
gas leak, the black plus symbols in Fig. 7a starts to appear in the plot (which 
are the points computed by the gas search algorithm), i.e, the robot follows the 
points sent by the gas search algorithm. Moreover, it is important to note the 
similarity between the path performed by the robot and the path generated by 
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the simulation. Little differences can be seen because of the spline sampling and 
the controller. In addition, as explained, the search algorithm behaviour makes 
the robot keep going until the gradient becomes negative, then it changes its 
direction. Finally, when it reaches the maximum point, it keeps circling the peak 
value. It was decided to not implement a stop point as the idea behind this work 
is to find the gas leak. Therefore, the robot keeps circling it. 

5.4 Gas Search with Obstacle A voidance 

Finally, two challenging scenarios were tested with the gas algorithm combined 
with the path planning. The first analysis is applied to obstacles in the same gas 
model position in the previous verification. Figure 8a displays the robot and the 
algorithms behaviour. In this concept, the inspection route is drawn (green line 
in Fig. 9) to the robot start the test. 

(a) Gas search algorithm with obstacles (b) Gas search algorithm with obstacles in 
first scenario test. the second scenario test. 

Fig. 8. Gas search test s with obstacles. 

As can be seen in Figs. 8a and 9, the robot could perform t he search with sev­
eral obstacles placed in the scenario. Moreover, note that the robot followed the 
gas search points smoothly (black plus symbols in Fig. 9). Additionally, when­
ever the gas search algorithm sent a point that the robot could not reach, the 
control application with the path planning, redirected the robot to the nearest 
point accessible. The robot with the algorithms converged to the peak without 
any problems. Figure 10 displays the gas model in the first test. 

In the second scenario the gas model position is changed to [x, y] = [2.5, 7] 
and the robot to [x,y] = [7.5,0.5]. Figures 8b and 11 displays the robot's path 
behaviour in the second scenario with the obstacles. 

As can be seen, during the second test, the robot could perform the search 
without colliding with any obstacles. The gas search algorithm behaviour is well 



348 J. Braun et al. 

Inspection Route 
Robot Trajectory 

+ Search Algorithm Way Poin 
+ Gas Emitter 

10 

Fig. 9. Inspection route, path performed by the robot and the algorithm search points 
in a flat plot during the first scenario. 

seen in the change of directions in the robot's path, represented by the yellow 
line in Fig. 8b. As explained in Sect. 4, the robot keeps moving in the direction 
that has a higher positive gradient and, when it becomes negative, it changes 
direction. Therefore, soon after the robot quits the inspection route (when the 
black plus symbols starts to appear), the robot keeps going north until the 
gradient becomes negative and then changes its direction, and this happens two 
more times, until the robot finds the gas leak and keeps circling it. 
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Fig. 10. Gas model in the first scenario in the combined test. 

10 

Again, the green line, which is the inspection route and the red line, which 
is the path performed by the robot, are similar (seen in Fig. ll ). This displays 
that the robot's controller is well adjusted. 
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Fig. 11. Inspection route, path performed by the robot and the algorithm search points 
in a flat plot during the second scenario. 

6 Conclusion and Future Works 

This work presented and validated through realistic simulation an autonomous 
mobile robot that could perform an inspection route selected by the user mear 
suring for gas substances. Moreover, if a certain gas threshold value passed, the 
robot would abandon the trajectory and search autonomously for the gas source, 
avoiding obstacles simultaneously. In addition, the gas model, the obstacle avoid­
ance system, path planning and data gathering techniques are presented. The gas 
search algorithm proved to be well suited for the indoor simulation environment, 
and combined with the obstacle avoidance algorithm, the tests showed promising 
results. Finally, the path similarity between the inspection route and the path 
performed by the robot are very similar, proving the controller is well adjusted 
in simulation. In future work, the idea is to test this in a real environment. 
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