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Abstract—This paper reports experimental result of a distance and position measurement method for autonomous
movement control of four-rotor helicopters (drones) that uses two spotlights and comparing with a red marker using case,
discuss the results of autonomous flight test evaluations. To conduct autonomous drone flights exceeding 10 m under
unstable GPS signal situations, such as under bridges or inside tunnels during periodic maintenance inspections, correct
self-positioning measurements are indispensable. This study proposes a simple method whereby autonomous drone
movement control can be performed over distances exceeding 10 m by using two high-power 100 V alternating current
spotlights set on the ground as infrared (IR) light sources. The spotlights are directed at the investigation target, such as the
cracked area of a bridge, and the intense light of the two spotlights provides reference points that enable the drone to
determine its correct position. In autonomous flight-testing in an enclosed corridor, our method provides capable of
determining the drone’s position at distances up to 15 m with a standard deviation of 0.31 m. Our proposed method would be
effective in situations where no skilled drone control operator is available and for flights requiring visual cue confirmations
under adverse outdoor conditions.

Keywords—Infrared spotlights, Four-rotor helicopter, Long distance measurements, Bridge/tunnel investigations.

l. INTRODUCTION

In this paper,a distance and position measurement method for autonomous movement control of four-rotor helicopters
(drones) that uses two spotlights and discuss the results of a related autonomous flight test evaluation. To achieve drone
flights in excess of 10 m under unstable global positioning system (GPS) signal situations, such as under bridges or inside
tunnels and buildings during periodic maintenance inspections, an easy and precise self-positioning measurement method is
indispensable for stable control [1,2]. This is because, even if a drone is human controlled, it is difficult for an operator to
manipulate the device in flight at distances in excess of 10 m using visual cues alone [3-12]. In those situations, other
supporting mechanisms are necessary for drone control and position measurements [3,4,13-26]. The aim of this study is to
propose a simple method whereby autonomous drone movement control can be performed over distances exceeding 10 m by
using two high-power 100 V alternating current (AC) spotlights set on the ground as infrared (IR) light sources (Fig. 1) and it
is comparing with the general method of using a red colored marker board attached to the drone. In our method, the
spotlights are directed at the investigation target position, such as the cracked area on the side of a bridge [2].

Since drone helicopters are seldom equipped with internal autonomous position controls, ground-based positioning systems
based on IR light sources, three-dimensional (3D) cameras, or GPS sensors are needed control their positions during flight
[10,11,22-28]. In the case of methods using IR or 3D cameras, the position measurement precision can be on the order of 1
mm, but these methods are normally restricted to indoor situations at distances less than 10 m [5,13]. On the other hand, if a
drone is being controlled in an outdoor situation, GPS signals can be used as long as there are limited numbers of obstacles in
the skyward and movement directions. However, when using a drone for periodic inspection under bridges or inside tunnels,
neither of the abovementioned two approaches can be adopted because distances tend to be excessive and GPS signal
reception under bridges or within tunnels is often unstable [2]. If a drone position is detected based on visual cues, cameras
can be used to measure its position. This is known as visual-servo control [26-29]. However, in situations where there are
numerous obstacles in the camera image, it is difficult for the controlling operator to ascertain a drone’s position based on
camera imagery alone, especially at distances in excess of 10 m from the starting point.
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FIGURE 1: Proposed distance measurement method for autonomous drone flights at distances in excess of
10 m using two high-power 100 VV AC spotlights set on the ground

1. METHODS

A basic overview of the proposed method is shown in Fig.2. Two high-power spotlights (Stage Evolution, PAR56SBG
equipped with 16 cm diameter Sylvania PAR56 300W halogen lamps, Sound House Corp.) were used to provide ground-
based IR light sources. A 320 x 240 pixel, 30 frame per second (fps) quarter video graphics array (QVGA) camera (Trek
2000, Ai-ball) mounted at the front of the drone was aligned in the direction of the two spotlights and controlled by using the
positions of those spotlights on the camera image based on the center of gravity (CoG) of two points using simple
proportional control. An IR filter (IR76, Fuji Filter, Fujifilm Corp.) was mounted on the front of the camera lens. The Ai-ball
wireless camera was selected due to the excessively large time delay of the drone's internal camera imagery and control
command transmissions (>around 100 msec). Since the Ai-ball camera was positioned at the front of the drone, the drone
moved in the backward direction when approaching to the target position. Drone control was provided by the ARDroneForP5
library (Y. Shigeo) control suite [30].

To estimate the drone position, the spotlight positions were extracted from the camera image. An example image is shown in
the middle of the right side of Fig. 2(c). The green extracted image areas are approximately 10 pixels wide when the drone is
15 m away from the lights.
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FIGURE 2: Basic concept of drone 10+ m range position measurement method. (a) Two spotlights
(PAR56BSG, Stage Evolution) were used to provide IR light sources for in-flight drone position
measurements. (b) Using drone system (A.R.Drone 2.0). (c) Search light positions in the camera image. (d)
Using spot light.
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1. EXPERIMENT
3.1 Experiment 1: Condition of red fluorescent marker attached to drone facing rearward

Drone position estimations have been commonly performed via techniques such as IR light reflection marker(s) or red
marker(s) attached to the drone [3,4,10,13]. Marker positions are captured by camera(s) installed in the environment. The
conventional method used in Experiment 1 confirmed the stability of drone's position measurement by means of a single red
fluorescent marker attached to the rearward facing side (5065 fluorescent sheet red, Myst Corp.) (Fig. 3) of the drone during
a 15 m autonomous movement control experiment in an enclosed university corridor. The drone position was determined by
using the red fluorescent marker attached to the rearward facing side of the drone via the view from a fixed camera located
on the ground. The flight time was 50 sec. Various sized red fluorescent markers (100 x 100, 150 x 150, 200 x 200 mm) and
320 x 240 pixels, 30 fps fixed camera (C270, Logicool Corp.) were used for the position measurements in this experiment.

For the control method, when the CoG of the red fluorescent target marker (Fig. 4a) is (G,, G,) and the area is A in the fixed
camera image, the drone's movement roll and pitch speed commands Vy,,.mand » Viommana WeTe described as,

VZommand = YT(160 - Gx)
Vp

command — Yp

@

Where the meaning of VY, are constants.Simple proportional feedback was used in the experiment. Y, used the drone on a
10% constant forward movement setting. The y_feedback parameters were determined by 30 sec continuously measured
flight control experiments (N>100 times) in order to minimize the standard deviation (SD) of G,. The sign for parameter Y,
was changed when the drone approached the target distance of approximately 15 m (23 sec of flight time). The distance z
from the camera was calculated from the conversion function = g(A)~\/iK,, which had been previously measured by using a
geometric layout of the camera and Area A. The control command sending speed was approximately 100 msec since it is the
limit of communication speed (command sending) of the drone used in our experiment. The rotational (yaw) direction was
slightly changed (< 1°) after 50 sec of controlled flight and the height of the above from the ground was maintaining at
approximately 0.8 m via the drone control mechanism (G, was not used in the experiment). This type of visual servo system
has been adopted in many remote-control aircraft control procedures, including four-rotor drones [13-15].
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FIGURE 3: Experiment 1 setup for 15 m autonomous movement control experiment in an enclosed corridor
(conventional method) using various sized red fluorescent markers (100x100, 150x150, 200x200 mm)
attached to the drone facing rearward.
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FIGURE 4: Camera image axis definition and image processing examples in the case of (a) 200200 mm red
fluorescent color and (b) single, (c) IR light intensity of two spotlights when the drone was positioned 15 m
from the start position. The green areas show extracted red marker positions or IR luminance areas.

3.2  Experiment 2 and 3: Conditions for single or two IR spotlights positioned on the ground

In the following experiments, which were conducted to evaluate our proposed method, the spotlights(s) were used to measure

the position of the drone instead of a red marker. The position of the drone could be calculated from the CoG of a "single"

spotlight position X; = (x4, y;)and spotlight luminance Area A on the camera image (Fig. 4b). The horizontal and vertical

position (x-y axis) of the drone is X7 and the distance z from the camera is calculated from the conversion function z =
o

g(A)~ 7 which had been previously measured by using the geometric layout of the camera and Area A.

However, the drone position could also be calculated from the CoG positions of two spotlights X; = (x4,y1)X; = (X3,¥2) On
the camera image (Fig. 4c). X, = (X7 + X3)/2 represents the horizontal and vertical position (x-y axes) of the drone. The
rotation 6 in the x-y plane was calculated from tan® = (y, —y;)/(X, —x1), and the distance z from the camera was
calculated from 1 = |x; — X7| and the conversion function z = f(1), which had been previously measured using the geometric
layout of the camera and the markers.

In Experiments 2 and 3, the two drone position measurement methods mentioned above were compared. The experimental
setup is shown in Fig. 5. Here, the measurement stability of the distance z in cases when a single spotlight is used
(Experiment 2) and cases when two spotlights are used (Experiment 3) is evaluated as the drone is traveling to a target 15 m
away (0,15) and returning to the start position (0,0). In the single spotlight case (Experiment 2), the spotlight was positioned
at (0, —5). The green dot represents the start position and the two yellow dots are the spotlight position. In Experiment 3, the
two spotlights were positioned at (—0.5, —5) and (0.5, —5) m relative to the drone flight start position of (0,0).

As with Experiment 1, the QVGA camera attached in the front of the drone was used for real-time position information
measurement and control was performed based on the position and area of the target object (spotlight image) in the camera
image within a 100 msec period.
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FIGURE 5: 15 m autonomous movement control distance experimental setup using single (Experiment 2)
and two (Experiment 3) spotlights in an enclosed corridor

xT+xg

When the center of the two spotlight positions is x; = = (G, Gy), the drone's movement roll and pitch speed

commands V.o mand » Vermmana  Were same with Eq. (1). Simple proportional feedback was used in the experiment. They,
used the 10% constant forward movement settings of the drone. The y,feedback parameters were determined using the same
procedure as Experiment 1. The sign of parameter y, was changed when the drone reached the target distance of
approximately 15 m (approximately 23 sec flight time).

3.3  Experiment 4: 15 m range round trip movement using two IR spotlights

In Experiment 4, the drone performed a 50 sec control task of traveling 15 m down an enclosed corridor and returning to the
original position (Fig. 4) while using the two spotlights for feedback control.

V. RESULTS AND DISCUSSION

Figure 6 shows the distance measurement results of a comparison between the red fluorescent marker and different colored
markers (100 x 100 (blue), 150 x 150 (red), 200 x 200 (green) mm) when the fixed camera (C270, Logicool) was used
during 15 m round trip movements in the corridor (Experiment 1 condition). The black line is the theoretical position
determined by measuring from the two spotlight positions (Experiment 2 and 3 conditions). We found that the standard
deviation (SD) of the estimated distance could be decreased by increasing the size of the red fluorescent marker. For
example, in the timing of Period A (from 16 to 17 sec) of Fig. 6, the average and SD was as shown in Table 1. The real
distance in Area A is approximately 10 m, and the estimated distances could be correctly measured by increasing the red
marker area from 100 x 100 to 200 x 200 mm. Additionally, the SD could be decreased by increasing the red marker area.
However, when the real distance increased to Area B (approximately 15 m, travel time from 20 to 25 sec), the estimation
distances and SD began fluctuating and could not be stabilized because the red marker area appeared smaller than 10 dots in
the camera view (Fig. 4b). As a result, the distance estimation process did not work well (Table 1). To estimate the distance
by extracting the red marker area from the camera image, the marker area must be correctly measured in the image view,
even when the marker area is small. In Experiment 1, as shown in Fig. 4a, the presence of numerous obstacles around the red
marker position made it difficult to extract the red marker area.
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FIGURE 6. Distance measurement results in the case of 15 m round trip movement in the case of a red
fluorescent marker. Red markers of various sizes (100 x 100, 150 x 150, 200 x 200 mm) were attached at
the rearward facing side of the drone.

TABLE 1
ESTIMATED DISTANCES AND FLUCTUATIONS FROM FLUORESCENT RED MARKER AREA AORB INFIG. 6
100x100 mm 150%150 mm 200200 mm
16.0 154 11.9
2.26 0.69 0.47
100x100 mm 150%150 mm 200200 mm
26.1 36.0 31.9
8.68 10.99 9.29

Figure 7 shows the calculated distance results in cases when a single spotlight (red dots) and two spotlights (blue dots) were
used during 15 m round trip movements. The vertical axis shows the calculated distance z [m] and the horizontal axis shows
the flight time [sec]. The black line indicates the theoretical position of the drone as measured by the two spotlights
positioned on the target side. In this experiment, the movement direction was changed at approximately 22 sec. The red dots
(single spotlight) were difficult to calculate and unstable when the distance is approaching to 15 m when compared with the
blue dots (two spotlights). In addition, z calculation errors of 18.6%were measured at odd intervals (area C) in the single
spotlight (red dots) case. In the case of the two spotlights at the distance of 15 m, the SD was 0.31 m in the same area C. In
addition, the distance S.D. at 15 m for a single spotlight was 10.6 m. Thus, it is clear that there were large distance
measurement fluctuations in the single spotlights case. Table 2 shows Area C, which is the primary result of this study.

Based on the above experimental results, the two spotlights position measurement method works more effectively than the

single spotlight method.
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FIGURE 7: Distance measurement during 15 m distance autonomous control experiment using both single
and two spotlights in an enclosed corridor.
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TABLE 2
SINGLE AND TWO SPOTLIGHTS POSITION MEASUREMENT METHOD SHOWN IN FIG. 7

Average [m] 13.9 15.7

S.D. [m] 10.66 0.31

As for Experiment 4, Fig. 8 shows the 50 sec 15 m round trip results for an enclosed corridor (same experimental conditions
as Fig. 5). The blue and red dots indicate the outbound and returning trajectories, respectively. The green area period's
position average and SD calculations are shown on the left side of the figure. Based on these results, the average and SD of
the 15 m round trip control were calculated as —0.13 (£ 0.06) m (outbound) and 0.09 (+ 0.02) m (return).
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FIGURE 8: 15 m distance autonomous control experiment using two spotlights in an enclosed corridor.

As shown in the left bottom of Fig. 4a, even when the red marker size was large (200 x 200 mm) and the drone size was large
(approximately 500 x 500 x 50 mm), the extracted red marker area at a distance of 15 m distance only measured from six to
10 dots in size. This appears to be the limit to the estimation distance when using a red marker attached to a drone moving
straight ahead under constant floor lighting conditions in a university corridor. If the drone were to be moved outdoors, the
distance estimation performance would deteriorate. In addition, we found that the large board red marker tended to
destabilize the flight performance of the drone due to wind resistance, even when 10% forward or backward movement
power was applied. One potential solution to the issue of reduced image size might be to use a higher resolution camera.
However, the destabilization that results when attaching a large red marker board to the drone would still be unacceptable,
especially in long distance inspections at sites such as bridges or tunnels.

One of the advantages of our proposed method is that the spotlight points are easy to find using bright IR regions. In
addition, although misidentifications are possible if the sun is present in the camera image, positioning the spotlights on the
ground makes it possible to use the accelerometer to ascertain the direction of gravity, and thus distinguish the spotlights
from the sun.

V. CONCLUSION

In this paper, a 10 m-range autonomous four-rotor helicopter (drone) movement control system that utilizes two high-power
spotlights was proposed and autonomous flight test evaluations were performed. To realize drone flights in excess of 10 m
under unstable GPS signal situations, such as under bridges or inside tunnels during periodic maintenance inspections, the
ability of a drone to perform correct self-positioning measurements is indispensable for stable control. In our experiments,
distance measurements were more stable when two spotlights were used in comparison to experiments conducted with a
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single spotlight and those conducted with a red marker attached to the drone. And the 15-m-long distance measurement
precision of the drone position shows an SD of 0.31 m. Our proposed method would be effective in situations where no
skilled drone control operator is available and when flights requiring visual confirmation under adverse conditions are
required.
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