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In this work, we present an approach to address the problem of warehouse inspection using a MicroAir Vehicle (MAV) that performs
autonomous flight by following a set of waypoints in a GPS-denied environment. During the navigation, a second onboard camera is used
to observe the inspection area where it is expected to observe QR codes attached to packages placed on shelves. To this end, we use a
metric monocular simultaneous localization And Mapping (SLAM) system to estimate the MAVs position in metres, avoiding the need for
an external positioning system. The onboard computer executes the detection and decoding of QR codes and the SLAM system. The MAV
can also communicate with a Ground Control Station (GCS) to display telemetry, the MAVs position, images from the inspection camera
with detected QR codes, and a list of the found packages. This approach was used to compete in the indoors competition of the
International Micro Air Vehicle Competition (IMAV) 2019, where we received the special award: Best Flight Performance.
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1. Introduction

Warehouse inspection using Unmanned Aerial Systems or
drones has received wide attention in the industry sector,
seeking to automatize part of the logistic process in package
management and also to reduce accidents involving human
operators [1].

However, for drones to be deployed in a warehouse fa-
cility, some considerations have to be considered. For in-
stance, vehicles must be equipped with sensors to detect
package labels in the form of QR or Bar codes and a data
management system to register the information [2]. The
first approach is for a human pilot to control the drone to
perform the inspection [2–5]. However, this may require a
qualified pilot whose ability may be prone to failures if the
operation becomes repetitive and tiresome. This calls for a
solution where human intervention is as minimum as pos-
sible, meaning that the drone must be capable of some level
of autonomy.

Motivated by the above, we present an approach to
achieve autonomous flight to carry out warehouse inspec-
tion in this work. We propose to use a Micro Air Vehicle
(MAV) equipped with a few sensors. It is true that a large
drone may carry more sensors, which adds redundancy, and
may also provide a longer flight time. However, in the event
of crashing, material losses may be considerable, let alone
the high risks of injuries to humans in the scene.

For the reasons mentioned before, we argue for the use
of small drones such as MAVs with a size less than 40 cm in
diameter, which may be easier to repair after a crash than
with larger drones. However, onboard processing limits the
number of sensors to be used since battery life will be
drained in proportion to this number.

Therefore, to achieve autonomous navigation, we make
use of a monocular metric SLAM system proposed in [6, 7].
This enables the drone to use a monocular camera only to
estimate its position and orientation in metres, without
requiring any external positioning system or for the envi-
ronment to be populated with visual markers such as it is
done for other works [8, 9].

For the inspection, we use a lightweight second camera
whose images are processed to detect and decode QR codes
used to identify the packages. Both, the SLAM and the QR
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detection and decoding, are executed by the an onboard
computer attached to the MAV. Communication with a GCS
is also possible to display telemetry, images from the in-
spection camera, the current MAVs position with respect to
the flight plan, and the list of scanned packages.

We have evaluated the performance of our system in a
test facility. In addition, we have also used this approach to
compete in the indoors competition of the International
Micro Air competition (IMAV) 2019, see Fig. 1. Our per-
formance in the warehouse inspection task of the compe-
tition granted us the special award: Best Flight Performance.
In sum, the contributions of this work are outlined as fol-
lows:

(1) We present a hardware/software system that enables a
MAV to perform autonomous flight for warehouse in-
spection with full onboard processing without
depending upon external sensors.

(2) We present a navigation system that uses a metric
monocular SLAM system to estimate the MAVs position,
which enables to fly a trajectory given as waypoints
with coordinates in metres.

(3) We present an efficient QR detection method that uses a
second onboard light weight camera, which also oper-
ates fully onboard.

To present our approach, this work has been organized as
follows. Section 2 discusses relevant related work. Section 3

describes the main system components of our approach.
Section 4 presents our experimental framework, including a
description of our participation in the IMAV 2019; finally,
Sec. 5 outlines our conclusions.

2. Related Work

This section describes the most representative works re-
lated to warehouse inspection. Some vision-based solutions
for inspection use convolutional neural networks (CNNs) to
detect the location of pallets [10], or damage to racks [11].
Likewise, in [12] the authors employ a CNN to recognize
alphanumeric characters and barcodes. However, these
solutions do not perform real-time scanning, as they use
information from videos captured previously with a drone.
In contrast, in [13] the authors present a blockchain-based
system to receive the inventory data recorded from the
detection of RFID tags in the warehouse with a drone, which
are validated and sent to their system to real-time query.
However, these solutions depend on the pilot’s ability to
avoid collisions.

On the other hand, some works use localization systems
to perform inspection autonomously, using tags or markers
in the environment to obtain the drone’s position in the
facility. For example, a more straightforward approach uses
2D barcodes detected with an IR camera to estimate the
drone’s position in the warehouse [14]. Other works use a
CNN to detect 4 QR codes placed on the ground to localize
the drone in an area of 4� 4m [9] or use WhyCon markers
on each product box to generate a flight path through the
inventory [8]. Similarly, work on [15] uses a bottom camera
to detect lines that indicate the direction, which is pro-
cessed in the Ground Control Station (GCS) to calculate the
drone’s position.

Other works present the combination of two robotic
platforms. For example, in [16], authors describe an au-
tonomous robotic system consisting of an underground
vehicle (UGV), which uses a LIDAR-based SLAM to localize
itself and determine the pallet’s location in 2D space. In
addition, this UGV has infrared (IR) markers on its top,
which are observed with an IR camera placed on the bottom
of the drone. In this way, the drone can use the position of
the UGV to locate itself. Furthermore, the drone simulta-
neously executes barcode detection, with which it generates
a code map to calculate the drone’s position and perform
the flight path. Similarly, the work on [17] uses a UGV to
deliver the drone to the desired rack. The UGV uses LIDAR
to perform the location between the shelves, and the drone
also uses a lower camera to follow the UGV, using it as a
reference for the location. The drone scans the barcodes
and transmits them to the GCS during this process.

Fig. 1. Warehouse inspection using drones was the main theme
in the IMAV 2019 indoors competition. In this work we describe
our lightweight solution consisting of an autonomous MAV with
full onboard processing, capable of self-localization using a metric
monocular SLAM, and QR detection and decoding using a side
inspection camera.
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Another approach is presented in [18], where the
authors build an initial map by flying the drone manually
before the autonomous flight and use a LIDAR to perform
SLAM and for package scanning, they equip the drone with
a camera to recognize AprilTags and an RFID reader. On the
other hand, in [19] the authors combine a LIDAR and IMU to
perform SLAM and three onboard cameras. The first camera
(forward-facing) to recognize AprilTag markers, the second
camera (upward-facing) to perform visual SLAM on the
ceiling, and the third camera (downward-facing) to perform
lane recognition. This proposal seems quite robust; how-
ever, the solution requires information from multiple sen-
sors; consequently, this approach employs a large drone,
measuring 74� 71 cm in the horizontal plane and weighing
3.2 kg.

3. Proposed System

In this section, we present the components of our system.
We begin by describing the visual SLAM system used to
localize the MAV in the environment where it is assumed
that no GPS or external positioning systems exit. Next, we
describe the hardware regarding the drone, onboard com-
puter and inspection camera, the software system based on
the Robotic Operating System (ROS) [20], and finally, our
outer controller using the pose estimates provided by the
visual SLAM system.

3.1. Metric monocular SLAM

For MAV localization, we use the metric monocular SLAM
method proposed in [6, 7]. This method uses ORB-SLAM in
its RGB-D version [21]. RGB-D ORB-SLAM requires chro-
matic and depth images to estimate the camera pose with
metric (in metres); however, our MAV uses the Bebop’s
onboard camera as a unique camera to perform SLAM, this
is, there is no RGB-D or stereo camera that can provide a
depth image. Instead, the metric monocular SLAM method
exploits the fact that the Bebop’s camera can change its

viewing angle in the pitch angle with respect to the MAVs
body frame. This angle can take values from �83� to 20�

and when set to �83�, the camera view is almost perpen-
dicular to the ground. In addition, the MAVs altimeter is also
used to provide height measurements of the MAV with re-
spect to the ground.

Figure 2 illustrates our approach coupled to RGB-D ORB-
SLAM, which expects image pairs of chromatic and depth
images. With our proposed synthetic depth image genera-
tion method, we can provide a chromatic image obtained
from Bebop’s camera and its corresponding depth image to
RGB-D SLAM. This makes it possible to obtain pose esti-
mates for translation (t) and orientation (quaternion q) that
can be used to localize the MAV, also used by the controller
to command the MAV to navigate towards the waypoints in
the flight plan.

For the sake of clarity, we summarize the required steps
to compute a synthetic depth image given a chromatic
image captured by the Bebop’s onboard camera. Under the
assumption that the ground is planar, Fig. 3 shows the
geometric configuration used by the metric monocular
SLAM method to compute a synthetic depth image with
respect to the camera’s coordinate system; this figure
depicts the camera’s geometry seen from a side view. In this
configuration, we use the left-hand convention for the
camera’s coordinate system, indicated with purple lines in
the same figure ðXc; Yc; ZcÞ.

To compute a depth value for each pixel of the camera
image, let us assume that the camera has been set to an
angle � (highlighted in orange in Fig. 3). From the camera’s
center of projection (origin of the camera’s coordinate
system), we can draw a vector parallel to the gravity vector
and perpendicular to the ground. Assuming the ground has
no inclination, this parallel vector can be calculated by
knowing its magnitude a (which can be measured with the
MAVs altimeter) and the complementary angle
� ¼ �ð90þ �Þ, depicted in yellow in the same figure. This
vector is the normal vector np of the ground:

np ¼
0

a sin�
a cos�

2
4

3
5: ð1Þ

Fig. 2. General overview of our metric RGB-D SLAM approach based on RGB-D ORB-SLAM [21], which uses the chromatic image from the
Bebop’s camera and the synthetic depth image generated with our method using the altimeter and the planar ground assumption. ORB-
SLAM returns a translation vector t and a quaternion q as estimates of the camera pose, which are used by the controller to command the
MAV towards each waypoint in the flight plan.
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Furthermore, a point on the ground plane is equivalent
to p0 ¼ np.

If we know the normal and a point on the ground plane,
we can calculate the intersection of a ray hi with the plane,
departing from the center of projection and crossing the
camera plane in the pixel coordinates ðui; viÞ. To calculate hi,
we use the optical center ðu0; v0Þ and the focal length ðfu; fvÞ
as follows:

hi ¼
ðu0 � uiÞ=fu
ðv0 � viÞ=fv

1

2
4

3
5: ð2Þ

Using the line-plane intersection equations, we can es-
timate the intersecting point pi as follows:

pi ¼
pix
piy
piz

0
@

1
A ¼ p>

0 np

h>np

� �
hi: ð3Þ

Thus, piz is the corresponding depth value for the pixel
ðui; viÞ.

If the camera image has radial distortion, ðui; viÞ can be
replaced by its corresponding undistorted image coordinate
[22]. We mention this because ORB-SLAM does not expect
undistorted images; if distortion exists, it computes the
undistortion only for those image points to be used.

With the method described above, for a given camera
image, a synthetic depth image can be computed with the
caveat that the quality of the depth image depends upon the
precision of the MAVs altimeter and how close the planar
ground assumption holds, which we deem reasonable for
warehouses where usually the floor is regular with no
inclinations. An evaluation of ORB-SLAM using this method
has been conducted in [23], showing a percentage error
with respect to of 1:5% for a trajectory of 13m.

As a final point, in this work, the complementary angle is
�7�, resulting in a view almost parallel to the ground.
However, this small angle may produce a slight rotation
affecting the camera pose and orientation (quaternion)
ðt;qÞ estimated with ORB-SLAM. This is easily corrected by
rotating these estimates in the opposite angle � and over
the X-axis:

RX ¼
1 0 0
0 cos� � sin�

0 sin� cos�

0
@

1
A; ð4Þ

tf ¼ R>
X t; ð5Þ

Rf ¼ R>
X RðqÞ; ð6Þ

qf ¼ qðRf Þ; ð7Þ
where Rð�Þ and qð�Þ are conversions to rotation matrix and
quaternion, respectively.

3.2. Hardware and software

To carry out the warehouse inspection, we use the Bebop
2.0 Power Edition (referred to as Bebop from now onward),
the Intel Compute Stick as the host computer and the uEye
as a side inspection camera, as seen in Fig. 4 this vehicle has
a diagonal diameter of 0:44m and weighs 700 g.

The Bebop from the Parrot Company offers an SDK that
allows the communication to receive stream, pilot, save and
download photos and videos, and send and playback flight
plans on autopilot. The Bebop has an altimeter that com-
bines readings from an ultrasonic sensor and a barometer. It
also uses a Visual-optical Positioning System (VPS) to
maintain hovering, an Inertial Measurement Unit (IMU) that
includes a three-axis gyroscope, a three-axis accelerometer,
and a three-axis magnetometer, and finally, a 14-megapixel
wide-angle camera with 3-axis digital image stabilization
system.

Although the Bebop has a dual-core Cortex 9 CPU dedi-
cated to the vehicle’s operation, consequently, it cannot run

Fig. 3. Geometric configuration to compute the synthetic depth
image using the MAVs altitude a, the camera’s angle � for each
pixel ðui; viÞ, whose depth will correspond to piz in the camera’s
coordinate system ðXc; Yc; ZcÞ:

Fig. 4. Side view of the Bebop carrying the Intel Computer Stick
m3 and uEye Camera.
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custom onboard programs. Therefore, we use the Intel
Compute Stick m3 as a host computer, which connects via
USB-ethernet to the Bebop to receive streams at a resolu-
tion of 640� 368 pixels at 30 fps and send flight
commands.

The host computer (Intel Compute Stick m3) has a Core
M3-6Y30 processor with 4 GB RAM and 64GB eMMC stor-
age, on which we installed the operating system Ubuntu
16.04 LTS and ROS Kinetic Kame. It also has Wifi-AC and
Bluetooth wireless connectivity and is powered by a voltage
of 5 V at 3.1 A. To connect the Bebop and the inspection
camera (uEye), we incorporate a 3.0 hub because the Intel
Compute Stick has only one USB 3.0 port.

For the inspection, we used the uEye industrial camera
model UI-3481LE-M-GL, manufactured by IDS Imaging De-
velopment Systems GmbH. The uEye is equipped with a
4.92 megapixel CMOS Mono sensor and offers a maximum
resolution of 2560� 1920 pixels at 15.2 fps. However, we
configured the uEye to obtain a resolution of 900� 400 at
93 fps through the development software.

To carry out our experiments, we used an Alienware 15
r3 Laptop as GCS, see Fig. 5 and we used the local wireless
network of the Bebop to communicate the Bebop, the Intel
Compute Stick, and the GCS. Also, we configured the Intel
Compute Stick in the ROS environment as ROS Master and
the GCS as ROS Client to receive the position of the Bebop,
the display of the image of the inspection camera (uEye)
and the information of the identified and decoded packages.
In addition, this communication system allows enabling or
cancelling the autonomous flight and piloting the Bebop
manually from the GCS in case of risk of collision.

Our approach uses ROS [20] as a communication base,
with which it is possible to run on the central computer
(Intel Compute Stick) four independent nodes oriented to

the following tasks: (1) Bebop Autonomy, driver that
enables the transmission and reception of information be-
tween ROS and Bebop; (2) Metric RGB-D SLAM, which
receives the image from the bebop camera at a resolution of
640� 368 at 30 fps; (3) waypoint-based navigation control,
which receives the set of waypoints from the GCS, it is
worth mentioning that we send these waypoints before
executing the inspection; (4) uEye Camera & QR Decoder, in
this node the uEye is linked to the Intel Compute Stick via
USB to acquire the image at a resolution of 900� 400 at
93 fps, and we used Zbar Library [24] to detect and decode
the QR code, then the information of the packages found
and the image of the uEye at low resolution is published.
Figure 6 shows an overview diagram of the ROS nodes
implemented in our system. This diagram indicates which
nodes run on the onboard computer, the Intel Compute
Stick (orange boxes), and which run on the GCS (purple
box). The green arrows indicate the data published by the
nodes. Red arrows indicate data consumed by other nodes.

3.3. Outer controller

The Bebop vehicle offers a Software Development Kit (SDK)
to communicate the vehicle with a computer program that
sends control signals to the Bebop’s attitude inner con-
troller. We implemented a proportional controller to control
the vehicle to fly from one waypoint to another, following
the imaginary line connecting these two waypoints.

For the inspection, we want the vehicle to fly forward
towards the inspection area and once there, the vehicle has
to fly upwards and downwards, moving forward between
these transitions. This strategy seeks two things: (1) allow
visual features in SLAM to be persistent; this is, if the drone

Fig. 5. GCS and the Bebop with the intel Compute Stick and the uEye camera.
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goes up or down, given that the camera is looking down-
wards (at �83> , visual features will be tracked for a longer
period of time, thus enabling a map refinement of their
corresponding 3D points, which benefits the camera pose
estimation; (2) the resolution of the inspection camera
larger in width than in height, a vertical inspection with
upwards/downwards motion will increase the possibilities
of finding QR codes; in contrast, horizontal flights at dif-
ferent highs may miss some codes, especially if the con-
troller does not maintain the height in a stable manner.

From the strategy described before, the MAV flies on a
horizontal plane when flying forwards or vertical motions
when going up or down. Thus, we can dismiss the height
coordinate when controlling the forward motion and use it
only when controlling changes in height.

For the next equations, we assume that the pose esti-
mates returned by ORB-SLAM are converted to the right
hand coordinate system. Thus, given the translation and
orientation of the camera pose ðt;qÞ and the corresponding
rotation matrix RðqÞ, we define a vector to represent the
orientation of the MAV as

d ¼ RðqÞ
1

0

0

0
B@

1
CA: ð8Þ

Thus, suppose we have two waypoints, a start waypoint
ws and the goal waypoint wg , which defines the imaginary
line l ¼ wg �ws to be traversed by the MAV; assume that Rl

is its corresponding rotation matrix.

Then we compute the MAVs position relative to ws:

r ¼
rx
ry
rz

0
@

1
A ¼ R>

l ðt �wsÞ: ð9Þ

Thus, we can compute the control signals for the angle
rates of the MAV with respect to its body frame, which are
pitch s� (moving forward/backwards), roll s� (lateral mo-
tion), altitude sh (elevation), and yaw s (rotation to the
left/right), using proportional controllers with gains Kp� ;
Kp� ;Kph ;Kp as set by Eqs. (10)–(14).

To explain these controllers, we should remember that r
is relative to the departing waypoint ws . Thus, for s�, we use
the magnitude of the imaginary line l as reference to com-
pare with rx , which will increase as the MAV moves for-
wards. For s�, we expect ry to be zero if the MAV flies
centered over the imaginary line l, thus the reference is the
zero value. For s , we calculate the angle between l and the
MAVs orientation vector d. Ideally, this angle should ap-
proximate to zero as the MAVs orientation rotates to align
its direction with l; hence, the reference is zero. However, to
know the sign of the angle, this is, whether the MAV is
rotating towards l from the right or the left, we calculate the
dot product n between l and d. Thus, the sign of the nz
component of n will determine the sign of the angle, see
Eqs. (13) and (15). For sh, the goal waypoint wgz of wg is
used as height reference.

s� ¼ Kp�ðklk � rxÞ; ð10Þ
s� ¼ Kp�ð�ryÞ; ð11Þ

Fig. 6. (Color online) Communication system based on the ROS. Nodes running on the Intel Compute Stick are marked in orange. Nodes
running on the GCS are marked in purple. Green arrows indicate the messages consumed by the nodes, whereas red arrows indicate the
messages published by the nodes. The GCS is used for visualization only.
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sh ¼ Kphðwgz � rzÞ; ð12Þ
n ¼ l� d; ð13Þ

s ¼ Kp signðnÞa cos
l � d

klkkdk
� �

; ð14Þ

where sign is defined as

signðnÞ ¼ 1 : nz � 0;
�1 : nz < 0;

�
ð15Þ

and wg ¼ ½wgx;wgy;wgz�> and n ¼ ½nx; ny; nz�>.

4. Experiments and Results

In this section, we present the experimental framework to
evaluate our approach for warehouse inspection using an
autonomous MAV. First, we present an evaluation carried
out in a test facility. Then, we discuss the performance of
our approach in the indoors competition of the IMAV 2019.
A video summarizing our results can be watched at https://
youtu.be/vyOiIXkq9KA.

Table 1 summarizes the configurations for the two
cameras on board the drone, including the camera angles
with respect to the principal axis (right-hand coordinate
system), image resolutions and frequency operation. For
our visual SLAM method, described in Sec. 3.1, we use the
Bebop’s camera with a pitch angle set to �83�. The in-
spection camera (uEye) is placed at �90�=90� in the yaw
angle (depending on which side the inspection area is), thus
enabling the inspection during a forward flight. The Bebop’s
camera captures images at a frequency of 30Hz. Note that
the SLAM operates at 12Hz using 2000 visual features and
running on the Intel Compute Stick. This frequency is
enough to achieve a flight speed of 0.25m/s.

The inspection camera is set to work with an image
resolution of 900� 400 pixels, capturing images at a fre-
quency of 93Hz on the Intel Compute Stick. Although the
QR detector and decoder run at the much slower frequency
of 9Hz, the uEye is programmed to maintain a small image
queue; thus, when the decoder requests an image from the
uEye, it will be working with images showing the current
inspection area with the advantage that, due to the high

frequency, these images will have no blur. This is useful,
especially when this camera is not gyro-stabilized; blur may
occur for conventional cameras (30Hz or less) due to
vibrations of the MAV during the flight.

For our experiments and during the competition and for
safety reasons, the pilot only intervenes to activate the take-
off and landing manoeuvres already available in the Bebop’s
SDK, although it can cancel the autonomous flight at any
time to take over and pilot the MAV manually. The flight
trajectory is loaded beforehand, and it is defined as a list of
waypoints with coordinates in metres. This list can be easily
created with our GCS user interface or written manually in
the settings file. The maximum MAVs flight is also set in the
settings file before taking off.

4.1. Experiments in test facility

In preparation for the competition, our approach was tested
in a facility resembling an industrial warehouse, see Fig. 7.
We were not able to place any racks at it, but the facility had
a narrow corridor with a wall where we could lay out QR
codes to test our inspection strategy. The size of the QR
codes is also indicated in the same figure. Some columns
stand out from the walls, leaving an entrance and navigation
gap of 1:45m. We deemed this narrow space to be a good
test scenario to evaluate our autonomous navigation con-
troller. In particular because in the competition arena, two
racks were placed in parallel, thus forming a corridor where
the MAV was also expected to navigate to perform the
inspection.

In our approach, the MAV performs forward navigation,
carrying the inspection with the inspection camera set to
90� in yaw. We argue that this also helps the 3D mapping
since visual features will tend to map the corridor’s floor
rather than the walls if the MAV is facing towards the in-
spection area. This would also compromise the assumption
that what is being observed has to be planar.

Note that there is some tape placed randomly on the
ground. This helps to create visual texture, which benefits
the Bebop’s onward camera used by the inner controller to
perform optical flow to maintain stability during hovering;
otherwise, the Bebop would drift. There is some tape on the
columns, but that is not used by the SLAM system in this

Table 1. Image resolution and operation frequencies used in our approach.

Camera angle Image resolution Frequency (Hz)

Bebop’s Camera 83� in Pitch 640� 380 30
uEye �90�=90� in Yaw 900� 400 93
SLAM (2000 Features) — 640� 380 12
QR Detector/Decoder — 900� 400 9
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work. To emulate packages on the walls, we made box-like
shapes with tape as well, but again, that does not help the
mapping, although it is useful to assess whether the QR
detector returns false positives detected on the tape.

At the outset, the MAV takes off from a place away from
the corridor. The MAV has to fly forward and turn towards
the corridor to enter it and follow a set of waypoints that
will make it fly up and down while the inspection is carried
out with the uEye camera, see Fig. 8. A 3D map and the
camera’s trajectory estimated with the visual SLAM system,
followed during the autonomous flight, are shown in Fig. 9.
This map is created from scratch, and the mapping is trig-
gered automatically when the MAV reaches 1m in height
after taking off. In this case, the height measured with the
altimeter is added up to the camera translation estimate in
the Z-axis (after being converted to the right-hand coordi-
nate system). We have considered mapping the scene be-
forehand and loading it when required to perform a flight.
However, we were interested in evaluating the mapping

consistency when using our metric monocular SLAM ap-
proach. Saving and re-using the map is something to be
done in our future work.

We carried out five runs to evaluate the inspection in
this facility. The corridor was inspected for a horizontal
length of 6m, a minimum height of 1:4 and a maximum
height of 2:5m. The camera’s trajectory for each run is
shown in Fig. 10 in a top view and a 3D view.

The former helps to appreciate that the MAV follows the
set flight trajectory in a consistent manner. After taking off
and towards the coordinate ð6; 0Þ, the trajectory waves
from left to right (with respect to the X-axis). This is at-
tributed to a drift that occurred after taking off. We believe
that even when the take-off area had some texture, the il-
lumination was low and affected the Bebop’s optical flow
performance. However, our outer controller tried to bring
the vehicle to fly over the virtual line between the first
waypoint at ð0; 0Þ and the turn waypoint at ð6; 0Þ. After the
turn, the flight became smoother except when entering the

Fig. 7. Test facility used in the experiments and QR codes laid out on the test scenario.

Fig. 8. External views of the MAV performing autonomous flight and inspection of the corridor in the test facility, the MAV is indicated
with a green circle. A video of these experiments can be watched at https://youtu.be/vyOiIXkq9KA.
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corridor, where there are some sideway shifts. We attribute
this to the wall effect, given the narrow space in the corri-
dor, which had some effect when flying upwards and
downwards. Nevertheless, the 3D view in the same image
shows that the MAV flew the same trajectory consistently
during all the runs. This means that, as expected, even when
the visual SLAM ran from scratch for every run, the camera
pose estimates remained consistent in scale, meaning that
the computation of the synthetic depth was successful.

Figure 11 shows one of the runs to illustrate the effect of
the controller on the MAVs position for the first and second
waypoints. In this figure, we plot the relative position of the
MAV r (see Eq. (9)), with respect to these two waypoints
and the direction angle, this is, the angle between the vector
l and the MAVs orientation vector d (see Eq. (14)), indicated
as dir. ang. These variables are shown in red, whereas the
references are shown in blue. We should point out that the
MAV reaches the first waypoint in the step 460, after which,
the MAV has to rotate 90� to face towards the second
waypoint for which the distance and height references

Fig. 9. Skewed view of camera poses (green) and map estimated
(black and red dots) with RGB-D ORB-SLAM using the Bebop’s
monocular camera and the synthetic depth image method in [6, 7].

Fig. 10. Top and 3D view of the trajectories obtained with the metric monocular SLAM during autonomous flight, we use the right-hand
coordinate system.
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change for rx and rz. However, before the pitch and roll
controller begin to work, the yaw controller rotates the
MAV seeking to reduce the direction angle, while the height
controller seeks to reach the height reference. Once the
direction angle is close to zero under some threshold (we
set it to be less than 2�) then the pitch and roll controller
start to work.

Regarding the inspection, a total of 24 QR codes had to
be detected and decoded. On average, 90% of the packages
were detected and correctly decoded. Figure 12 shows a
snapshot of the GCS in one of the runs. The inspection
camera images are shown to the left in low resolution to
save transmission time. A top view of the flight plan is
shown to the right, with the waypoints indicated as cyan
arrows. The MAVs position is indicated as a white arrow.
The next waypoint and the final waypoint (for landing) are
shown in purple and yellow, respectively. The list of found
packages is overlaid on the flight plan. The keyboard for

manual control is also shown in the left-top corner. Note
that it indicates when the MAV is performing an autono-
mous flight.

4.2. Performance in the IMAV 2019 competition

The approach described in this work was tested in the in-
doors competition of the IMAV 2019, whose main theme
was warehouse inspection using drones. Besides the in-
spection of shelves, the competition included additional
tasks such as object picking, object delivery and autono-
mous landing. We focused on the inspection task, although
we developed some strategies for object delivery and au-
tonomous landing [25]. Furthermore, inspired by the object
picking task, after the competition, we also developed an
approach for autonomous object picking [26].

For the warehouse inspection task, a set of eight labels
were given to each team right before their turn to enter the

Fig. 11. Plots for one run of the MAVs relative position with respect to the first and the second way points of the flight trajectory in the
test facility experiments. The relative position is given by the vector r ¼ ½rx; ry; rz�. We also show the direction angle calculated in Eq. (14).
The references are depicted in blue. These variables change according to the signals sent to the MAV by the pitch, roll, height and yaw
controllers defined in Eqs. (10)–(12). Note that the variables reach the references as expected.

Fig. 12. View of the GCS showing a list of detected QR codes. The camera view shows a low-resolution image of the inspection camera
with detected QR codes. A top view of the flight trajectory (cyan arrows) is also shown with the MAVs position shown in real time (white
arrow).
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arena. These labels were chosen randomly and corre-
sponded to target package labels placed on any of the two
racks in the arena; of course, there were many other
packages with different labels. There were eight shelves for
each rack. Each shelf also had a label that could be read on a
tag laid out at the bottom of the shelf. A QR code was also
placed next to the tag, containing the same label informa-
tion. Teams could use QR codes or tags to know the label of
the shelf. Therefore, the goal was to indicate on what shelf a
given target package was located.

Package labels were alphanumeric strings of five char-
acters. Shelf labels started with a two-digit number and a
single letter, giving a length of three characters. We decided
to use QR detection to find both, package and shelf labels.
Every time a QR code was detected and decoded, we kept
two lists based on the decoded information, one for labels
corresponding to found target packages and one for labels
corresponding to shelves. For each package or shelf, we also

stored their 3D position, which was easy to calculate given
that we knew the position of the inspection camera in the
world (easy to calculate with respect to the Bebop’s camera
used for SLAM), and given the image position of the
detected QR code, we can calculate a 3D vector departing
from the camera’s center of projection, crossing this image
position and with a given depth value, which in this case we
know since we calculated the flight trajectory to have a
distance of 1 m between the MAV and the rack. Thus, if one
of the decoded labels corresponded to a target package, we
sought out in a list of shelf labels the one whose 3D position
was closer to the 3D position of the found target package. In
the case that a shelf label was detected, then it was stored in
the second list, and we ran an update of the closes shelf
label associated with each target package.

Figure 13 shows some pictures of our MAVs perfor-
mance during the inspection task. From take-off to landing,
the flight had a duration of approximately 12 min. The

Fig. 13. Snapshots of our MAV performing autonomous flight to carry out the warehouse inspection flight. The order is from left to right,
top to bottom. In the first image, the MAV takes off and flies towards rack B, and after inspecting it, it flies towards rack A, flying in
between the racks to continue with the inspection, the MAV is indicated with a green circle. A video of this performance can be watched at
https://youtu.be/vyOiIXkq9KA.
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dimensions of the arena were given in advance to teams;
however, the exact position of the racks was given right at
the moment the team entered the arena. Thus, once we
obtained the position of the racks, we outlined a flight
trajectory based on waypoints and loaded it into the MAVs
onboard computer. Given that the racks contained packages
facing the arena’s left side, the inspection camera’s angle
was set to �90�. In the same figure, it can be seen that the
MAV took off from the designated location and flew towards
the first rack. Like our experiments in the test facility, once
the MAV was in front of the first rack, it performed upward
and downward. When the MAV reached the end of the rack,
the drone turned around (180�) and navigated to the be-
ginning of the rack to turn to the left and then continued
forward towards the second rack. In this case, it flew into
the corridor formed by the two racks and once there, it
performed its upward/downward flight. The flight ended
when the MAV reached the end of the second rack.

When we entered the arena, the judges reshuffled the
packages on the racks and randomly selected a list of target
packages to be found by our MAV. These packages are listed
in the first column of Table 2. The second column of the
same table shows the packages found during the inspection
and, according to our system, their corresponding shelve
label, shown in the third column of the table. When a QR
code was detected, it was shown on the camera view of the
GCS, with a green square outlining the image area where the
QR was detected. If the QR corresponded to a target pack-
age and a shelf could be associated, then it was shown on
the package list also shown on the GCS. This is shown in
Fig. 14; the image at the bottom right shows the full list of
the target packages found during the inspection.

The competition judges validated that the first four
packages were correctly associated to the shelf location, in
the first rack label as B, see the fourth column of Table 2.
Unfortunately, the other three packages were not located

Table 2. List of target packages to be found during the inspection and list of
packages found with our autonomous MAV.

Target packages Found packages Shelf label Valid Physically found at

R972Y G842J 11B Yes Rack B
M177F V645K 22B Yes Rack B
Z632O E223W 24B Yes Rack B
X324V W233P 14B Yes Rack B
V645K R972Y 21B No Rack A
E223W X324V 11B No Rack A
G842J Z632O 13B No Rack A
W233P

Fig. 14. Snapshots of the GCS, showing images of the inspection camera transmitted by the MAVs onboard computer. The flight plan and
the current MAVs position is also shown. The list of found products is shown to the left of the screen.
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correctly, even when they were correctly detected on the
second rack label as A. This was due to a bug in our asso-
ciation algorithm concerning the 3D distance rule. Never-
theless, in terms of the QR codes, our system managed to
correctly detect the QR for seven out of eight target
packages, and it also detected and decoded all the QR codes
for all the shelf labels. Due to the performance of MAV
during this task, we were granted the special award: Best
Flight Performance.

5. Conclusions

We have presented our approach to addressing the ware-
house inspection task in the indoors competition of the
IMAV 2019. We have proposed to use an autonomous MAV
to perform the inspection. To achieve autonomous flight, we
have used a metric monocular SLAM system based on RGB-
D ORB-SLAM and a method to compute a synthetic depth
image using the MAVs height, measured with the altimeter,
and the angle of the MAVs onboard camera. A second
camera onboard the MAV is used as an inspection camera.
Images captured with this camera are processed by the
onboard computer, the Intel Stick Computer, to detect and
decode QR codes observed on the inspection area. The
SLAM system also runs on the Intel Stick. In this sense, our
approach performs full onboard processing, establishing a
connection with a GCS for visualization purposes only,
showing telemetry, images from the inspection camera and
the list of packages found during the inspection. Our results
indicate that our approach is functional and can be used not
only on warehouse inspection but also in similar tasks
where visual inspection is required.

There are some aspects we want to improve in our fu-
ture work. The first one is to add a module for online
waypoint generation for when a map of the inspection area
is already available similar to the work in [27]. In addition,
we are keen on investigating novel localization algorithms
that enable the MAV to fly faster [28]. We are also inter-
ested in incorporating efficient deep learning models that
can run onboard in order to perform broader visual in-
spection tasks. Finally, we will also investigate methods
based on collective robotics to enable two or more MAVs to
distribute the inspection task.
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