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 In this paper, we propose a novel control method for autonomous-odor-source localization 
using visual and odor sensing by micro air vehicles (MAVs). Our method is based on 
biomimetics, which enable highly autonomous localization. Our method does not need any 
instruction signals, including even global positioning system (GPS) signals. An 
experimenter simply blows a whistle, and the MAV will then start to hover, to seek an odor 
source, and to keep hovering near the source. The GPS-signal-free control based on visual 
sense enables indoor/underground use. Moreover, the MAV is light-weight (85 grams) and 
does not cause harm to others even if it accidentally falls. Experiments conducted in the 
real world were successful in enabling odor source localization using the MAV with a bio-
inspired searching method. The distance error of the localization was 63 cm, more accurate 
than the target distance of 120 cm for individual identification. Our odor source 
localization is the first step to a proof of concept for a danger warning system. These 
localization experiments were the first step to a proof of concept for a danger warning 
system to enable a safer and more secure society. 
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1. Introduction 

As the performance of sensors is improved and as the internet 
of things (IoT) is expanded, new social systems utilizing sensors 
are being designed to improve safety and security. Although odor 
sensing is one of the most important kinds of information for living 
things, the sensitivity of gas sensors in the past could not come 
close to that of a living thing, such as dogs, which can respond to 
a parts-per-trillion (ppt) odor [1]. Gas sensors with parts-per-
quadrillion (ppq) sensitivity have been reported [2]. As gas sensors 
are improved, new safety systems and disease-detection systems 
are being designed using gas sensors [2, 3]. 

This paper is an extension of work originally presented in 2016 
23rd International Conference on Mechatronics and Machine 
Vision in Practice (M2VIP 2016) [4]. We challenged to discover 
issues and consider countermeasures for constructing a danger 
warning system to enable a safer and more secure system utilizing 
autonomous odor source localization by experiments. The results 
of the experiments were mainly presented in the previous paper.  

Micro air vehicles (MAVs) are promising carriers of gas sensor 
devices in safety systems because these vehicles can move quickly 
enough to chase dubious characters and fly over pedestrians 
without any interference. In safety systems, plural MAVs will 
work in a coordinated manner and communicate with other 
systems such as security cameras and audience guide systems. If a 
MAV detects danger, the MAVs will give a warning of the danger 
using an alarm bell and/or notification to other security systems to 
call a security guard. While the MAVs need a lot of information, 
central control computer and network performance is limited. To 
enable robust control in complex situations, an autonomous-MAV-
control system is required. Therefore, we studied autonomous-
MAV control. 

Odor source localization has been studied widely for detecting 
explosives, for narcotics control, and for detecting gas leaks to 
ensure social safety and security [5–12]. Odor source localization 
using MAVs is a challenging task due to the non-uniform 
dispersion of odor, low sensitivity of commercially-available-gas 
sensors, and constraints of MAVs. Odor from its source is moved 
by the wind and is divided into many odor filaments. Localizing 
the source by following the concentration gradient of odor is 
difficult. In addition, MAV control is difficult due to unstable 
flight performance, low performance cameras for self-localization, 
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small payload, and limited flight time. Therefore, a robust control 
method for odor source localization is needed. Many algorithms 
for odor source localization have been proposed. The first 
algorithm uses geometric control such as spiral patterns [6]. The 
second one is based on Bayesian inference theory [8]. The third 
mimics biological models such as cells [14], bacteria [9], insects 
[15], moths [10, 11], and ants [12]. Insects and animals use their 
olfactory senses with ingenuity for collecting food, avoiding 
enemies, and finding mates [10]. In this study, a bio-inspired 
algorithm, specifically a bacterium model, was utilized to achieve 
stable odor source localization in difficult circumstances. We 
thought that simple and effective control of bacterium model is 
valid as the first step in biomimetic control for odor source 
localization. 

In addition, mobile robots—including MAVs—must have a 
self-localization method so that they can determine their position 
with respect to known locations in the environment in order to 
navigate effectively and to reach the goal region. For self-
localization, two methods have been proposed. One is vision-based 
control, and the other is global positioning system (GPS) based 
control [5]. The safety system has applicability to large facilities, 
such as sports stadiums, stations—including underground train 
stations—and airports. The aforementioned places may be out of 
reach of the GPS-based control. Therefore, we selected a method 
that is GPS signal free and that has vision-based self-localization. 
This approach enhances the independence of the MAV. 

2. Micro-Air-Vehicle Platform 

2.1. Micro Air Vehicles  

The Phenox 2 (Phenox Lab, referred to as MAV in this article) 
MAVs were selected because they are light-weight, they have high 
computing performance for vision-based self-localization, and 
they can be extended by attaching odor sensors and enabling 
control program flexibility [13, 16]. Figure 1 shows the Phenox 2, 
which flies using four electric motors and has a diameter of 176 
mm. The specifications of the MAVs are summarized in Table I. 
The light-weight MAVs were designed so as not to cause harm to 
others even if they accidentally fall. One of them weighs 85 grams, 
including the odor sensor module, LiPo battery, and propeller 
guard. In some countries, there are regulations for drone whose 
weight is above standard (e.g. 200 grams in Japan). The MAV is 
lighter than the standard and easy to use. The controller chip is 
Zynq 7000 (Xilinx, XC7Z010), which consists of FPGA and dual-
core CPUs. The FPGA conducts fast image processing for 

controlling self-positioning. The CPUs are Cortex-A9 667 MHz 
dual-core CPUs based on the ARM architecture. One CPU (CPU1) 
is used for real-time operation such as low-level-flight control. The 
other (CPU0) runs an odor-source-localization program written in 
C language on the Ubuntu/Linux OS. 256 MB DDR3 memory and 
a 4 GB microSD card are mounted on the MAV for working 
memory and storage.  

 

The flight control relies on cameras, an onboard inertial 
measurement unit (IMU, 9-DOF), range sensor, microphone, and 
gas sensor. The front and bottom cameras are CMOS cameras with 
320×240 pixels, respectively. In this experiments, we use only 
bottom camera. The IMU consists of a three-axis accelerometer 
and a three-axis rotation rate sensor. In addition, a sonar sensor is 
used to control the altitude of the MAV. The MAV has a mounted 
microphone that receives a 3 kHz whistle signal blown by the 
experimenter. Communication is established using a Wi-Fi to send 
flight logs to the ground station. The MAV supports I2C 
communication to extend the hardware capabilities. We used I2C 
communication to connect to an odor sensor module board. 

Figure 2 shows  a block diagram of the MAV. The bottom 
camera mounted on the MAV collects image data. The front 
camera is unused for controlling the MAV. The FPGA conducts 
image processing of feature point detection based on the FAST 
algorithm [13, 20] and feature point description based on the 
BRIEF algorithm [21]. CPU1 calculates the current position based 
on the feature points for self-localization, and it notifies CPU0 of 
the current position. CPU0 determines the target position based on 

Figure 1. Photograph of the MAVs.
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Figure 2. Block diagram of MAV control system based on vision and 
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the current position and current odor concentration, and it notifies 
CPU1 of the target position. CPU1 calculates the parameters of the 
four motor drivers based on the current position, the target 
position, and information on the IMUs and range sensor. The 
FPGA controls the motor drivers to enable propellers to move the 
MAV. 

2.2. Odor sensor module board 

The odor sensor module board was designed for light-weight, 
low-power consumption. A photograph of the odor sensor module 
is shown in Figure 3. The gas sensor (Figaro Engineering, 
TGS8100) converts the concentration of odor to the current 
magnitude. We selected a MEMS-type gas sensor, which makes 
the sensor small and light-weight and enables it to have low-power 
consumption. A constant voltage is applied to the gas sensor. If 
hydrogen or alcohol is present, the resistance of the gas sensor is 
reduced, and the current flows more. For example, the current 
magnitude of 10 ppm ethanol is five times higher than that of clean 
air. The sensitivity of the commercially-available gas sensor is 
much lower than the nose of living things. For example, dogs can 
respond to a parts-per-trillion (ppt) odor [2].  Light-weight odor 
sensor modules with low-power consumption were fabricated 

The analog front-end (Texas Instruments, LMP91000) 
converts the current magnitude to voltage magnitude. The analog-
digital converter (Texas Instruments,  ADS1100) converts the 
voltage magnitude to a digital signal and transmits to MAV’s CPU 
through the I/O. The I/O consists of four pins. Two pins are used 
for I2C communication. The other two pins are used for a voltage 
supply at 3.3 volts. The linear regulator (Texas Instruments, 
LP5907MFX-1.8) converts the supply voltage (3.3 volts) to 
voltage for the heater of a gas sensor (1.8 volt).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the odor concentration increases, the magnitude of the 
current flow in the gas sensor and the output voltage of the analog 
front-end increase. Threshold output voltage VT for deciding how 
to finish the odor source localization is determined as follows: 

 VT = VI + 0.7 mV (1) 

Initial voltage VI was measured at the start of the experiment; 
namely, the VI means the voltage of the clean air. 

2.3. MAV arena  

Reproducible experimental conditions are required to compare 
different odor source localization methods. Figure 4 shows a real-

Figure 3. Photograph of odor sensor module.
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world experiment that was carried out in a 7 × 12 m training room 
without special lighting. A fabric (Asahi Kasei, Bemcot) sprayed 
with ethanol for disinfection (ethanol 76.9–81.4% v/v) was set on 
the top of a light stand as the odor source. Plural markers 30 cm in 
diameter were put into place to help the image feature extraction 
and to stabilize flight.  

The MAV was placed on the floor at a position 1.8 m away 
from the odor source. Two external cameras were set outside of the 
arena. One camera with a fisheye lens was placed on the floor to 
take a movie. After the experiment, the trajectory of the flight was 
calculated. Another camera with a normal lens was set on a tripod 
to take a movie of the experiment. No signals were sent to the 
MAV for controlling it. 

3. Bio-Inspired-Search Algorithm 

3.1. Algorithm 

We utilized a bio-inspired algorithm, specifically a bacterium 
model, to achieve stable odor source localization in difficult 
circumstances due to the limited power of the MAV’s onboard 
computer, the low image quality of the camera, and the low 
sensitivity of the gas sensor. 

The cells undergo chemotaxis to get close to acceptable 
circumstances [19]. Some bacteria, such as E. coli, have several 
flagella, which can rotate in two ways. One is counter-clockwise 
(CCW) rotation, which aligns the flagella into a single rotating 
bundle, causing the bacterium to swim in a straight line (Straight 
swim). The other is clockwise (CW) rotation that breaks the 
flagella bundle apart, causing the bacterium to tumble in place 
(Tumbling). The chemotaxis is controlled by switching the rotation 
depending on the concentration gradient.  

Figure 5 shows a pseudocode of the firmware for controlling 
the MAV. At the start of the experiment, the MAV was placed on 
the floor. The MAV started its takeoff after recognizing the whistle 
signal blown by the experimenter (pseudocode line 1). The 
cruising altitude was controlled to 1.2 m. After the whistle, the 
MAV flew autonomously, and the experimenter did not control the 
MAV. In addition, the MAV did not receive any external control 
signals, including a GPS signal. Next, the MAV hovered for eight 
seconds (line 2 and 3), and measured the initial odor concentration 
based on the output value of the analog-digital converter. The 
initial odor concentration determined the threshold odor 
concentration for finishing the odor source localization.  

Also, the MAV randomly decided the traveling direction (line 
5) from 360° to start odor source localization. If the odor 
concentration was less than the threshold, the processes of lines 7 
to 23 were repeated. In these processes, the target positions were 
updated based on the traveling direction. The value of Speed was 
constant. Next, the MAV measured the odor concentration (line 9). 
If the odor concentration decreased (line 10), the MAV turned back 
with a probability of 20% (lines 11–15) (tumbling). However, if 
the odor concentration did not decrease, the MAV went forward 
(lines 16-19) (straight swim). Please note that the traveling 
direction made a small change with a probability of 5% (line 17). 
If the MAV became likely to fly out of the arena based on self-
position localization using onboard camera and onboard CPUs, the 
MAV changed the traveling direction (line 20, 21) randomly from 
180°. The size of the arena was limited to 400×700 pixels in the 
MAV camera, which corresponds to about 3×6 m in real space. 
The MAV was controlled to travel to the target position (line 22). 

These processes were repeated every 80 ms (line 23). If the odor 
concentration exceeded the threshold, the MAV continued 
hovering in the position (line 24), and notified the experimenter 
that the MAV found the odor source. The flight time was defined 
as the search time duration from finishing the initial hovering in 
eight seconds to starting the hovering near the odor source. 

3.2. Comparison in simulation 

The bio-inspired algorithm and random-walk algorithms for 
MAV’s control were compared in a simulation. The time required 
for odor source localization varied significantly and randomly. 
Therefore, many trials were required for studying the algorithms. 
Computer simulations, enabling results to be obtained in a short 
time, were useful.  

In the simulation, the flight area of the MAV was 5×5 m, and 
the speed was 0.4 m/s. The distance between the MAV and the 
odor source was set to 1.8 m. We assumed the MAV could detect 
an odor concentration within 150 cm of the odor source and that 
the device succeeded in the odor source localization if it 
approached within 63 cm of the odor source. These values of the 
distances were determined experimentally. 

The bio-inspired algorithm is shown in Figure 5. The random-
walk algorithm is based on the bio-inspired algorithm excluding 
the “Go backward” process (tumble in place). A total of 19 trials 
were conducted for each algorithm. 

The simulation results are shown in Figure 6. The results show 
the search time based on the bio-inspired algorithm was shorter. 
The median time required for odor source localization was 17 
seconds in the bio-inspired algorithm and 36 seconds in the 
random-walk algorithm, respectively. The search time based on 
the bio-inspired algorithm was as much as 47% shorter than that 
based on the random-walk algorithm. The efficient bio-inspired 
algorithm was utilized for a real-robot search using the MAV.  

1 MAV waits for the whistle
2 MAV hovers
3 MAV waits 8 seconds
4 MAV measures the initial odor concentration
5 traveling direction ← random
6 while (Concentration of odor is lower than threshold)
7 target_x_position += Speed * Sin(traveling direction)
8 target_y_position += Speed * Cos(traveling direction)
9 MAV gets odor concentration
10 if (Concentration of odor decreased) 
11 // Tumbling
12                          if (random < 20%)
13 // Go backward
14 traveling direction += 135º–225º
15 else
16 // Straight swim
17 if (random < 5%)
18 // Change pathway
19 traveling direction += -45º–45º
20 if (MAV_position == outside)
21 traveling direction ← random
22 lead MAV to (target_x_position, target_y_position)
23 MAV waits 80 msec
24 MAV continues hovering 

Figure 5. Pseudocode of MAV firmware to detect odor source.
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4. Results 

The results of the experiments are shown in Table II. In the four 
experiments, the MAV succeeded in finding the odor source. In the 
5th experiments, the MAV flied away from arena. The median 
distance of the MAV from the odor source was 63 cm. The median 
flight time required for searching the odor source was 35 seconds.  

The results of the first trial are described in detail using Figures 
7 to 9. The trajectory of the MAV is shown in Figure 7. The actual 
position was calculated using the recorded movie taken by the 
external camera with fisheye lens. The MAV took off from the 
placed position with various inclination angles due to deviation 
from the center of gravity in the MAV. The start position shows 
the position in which search began after taking off and hovering 
for 8 seconds. The MAV moved from position 1→2→3→4→5 
and hovered, which shows that the MAV found the odor source. 
Figure 8 shows the time variation in the trajectory of the MAV. 
From 8.2 to 15.5 seconds, the MAV flew over the horizon of the 
external camera. Figures 8-(c) and (d) show the target position set 
by the MAV autonomously and the current position recognized by 
the MAV. At 5.7 seconds, the MAV finished hovering and started 
to search for the odor source.  

 

 
Figure 8 shows the actual position, target position, and current 

position. The actual position in Figure 8-(a) and (b) was calculated 
from the footage taken by the external camera. The target position 
and current position in Figure 8-(c) and (d) were logged by the 
MAV. Figure 8 shows that the actual position, target position, and 
current position were attuned to each other. 

Figure 9 shows the variation in time of the output voltage of 
the analog front-end, which indicates the odor concentration. The 
initial voltage VI at the start of the odor source localization, namely 
the voltage of the clean air, was 919.3 mV. Therefore, the threshold 
voltage VT for finishing the search was set to 920.0 mV. Figure 9 
shows the time of the MAV turn. The MAV operated the change 
pathway three times and the go backward three times. At 40.2 
seconds, the output voltage exceeded the threshold voltage VT and 
notified the MAV to finish searching and started hovering. 

The deviation distance of 63 cm means this localization method 
can achieve personal identification because the distance was lower 
than the personal space of 120 cm [17]. Most people feel 
discomfort, annoyance, or some level of anxiety when someone or 
something else encroaches on their personal space. In addition, the 
deviation distance allows for people to escape from danger found 
by a MAV. Our results are the first step towards improving social 
safety and security systems. The reasons for the deviation between 
the odor source and the position specified by the MAV can be 
stated as follows: (1) Odor diffusion by the wind; (2) A searching 
algorithm that terminates the search if the odor concentration 
exceeds a threshold and does not find the position with highest 
odor concentration; and (3) Utilization of a proportional and 
derivative (PD) control method that excludes integration (I) 
control. 

In this experiment, the deviation between the target position 
and current position, which depends on the travelling direction, 
was observed. For example, Figure 8-(d) shows that if target 
position y was larger than the current position y, the deviation 
increased. The reason is that the estimated center of gravity in the 
MAV is located behind the ideal position, i.e., the device is weight 
biased. Therefore, forward moving, which decreases the current 
position, is slower than backward moving. 

Figure 6. Simulation results of odor-source-localization time based on the 
control of bio-inspired algorithm and random-walk algorithm.
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 The search time in the real-MAV-experiment results was 
longer than that in the simulation results. The reason for that was 
presumed to be the simulation assuming that the velocity of the 
MAV was constant, whereas the real-MAV-experiment took 
sufficient time to turn around due to the PD control. 

5. Discussion 

The issues obtained by this experiment for constructing a 
danger warning system to enable a safer and more secure society 
with MAVs are summarizes below: 

• Vision sensing 

• MAV’s balancing 

• Odor sensing 

• Swarm control 

In the vision sensing, we used the markers. In the actual safety 
system, the markers often blocked by pedestrians. Therefore, more 
robust self-positioning method will be required. Dynamic 
detection method of crowd was reported [22]. In addition, the 5th 
experiment was failed by flying away from arena. This reason was 
the MAV lost the self-positioning estimation. The arena was 
illuminated by a strong afternoon sun. The bottom camera did not 
take photo of marker. The sun is thought to have disturbed 
photography of the pattern of the marker by the bottom camera of 
the MAV. Therefore, cameras with a larger dynamic range are 
required. A CMOS imaging array with wide dynamic range pixels 
was proposed [23]. It is necessary to examine the control method 
of the wide dynamic range camera for the MAVs. 

Figure 9. Time – output voltage plot. The odor concentration was measured 
by the gas sensor and converted to the output voltage using the 
analog front-end.
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In the MAV’s balancing, the MAV was attached self-produced 
odor sensor module and adjusted the balance by battery position. 
However, it was difficult to achieve a balance it as if the speed was 
different depending on the direction of movement. Therefore, 
improvement in exercise performance of MAVs is required. 

In the odor sensing, the size of the arena was 7 × 12 m. In the 
actual system, the size will be much larger (e.g. 100,000 square 
meters in sports stadium). Therefore, ultra-sensitive odor sensors 
will be required. Gas sensors with parts-per-quadrillion (ppq) 
sensitivity have been reported [3]. 

In the swarm control, in large covered areas without any 
omission and robust exploration, swarm flight will be required. 

In the future, we will improve the location accuracy of the odor 
source localization using person recognition and increase the 
amount of information collected to enable MAVs to search for 
suspects using their built-in cameras [18]. 

6. Conclusion 

Localization of odor source using a MAV with vision and gas 
sensing was achieved. The MAV used vision and odor localization 
with ingenuity and succeeded in localizing odor sources like living 
things can. Our approach does not even require GPS-based control. 
The location accuracy of odor source localization based on a bio-
inspired localization method was 63 cm, enabling individual 
identification. The MAV was controlled with highly 
autonomously. An experimenter just blows a whistle, and the 
MAV starts to hover, to seek odor sources, and to keep hovering 
during flight near the odor source. The MAV is light-weight and 
does not cause harm to others even if it accidentally falls. These 
localization experiments were the first step to a proof of concept 
for a danger warning system. These results will be applied to the 
system to enable a safer and more secure society. 
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