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Abstract

This work presents the design, development and autonomous navigation of the Re-
silient Micro Flyer, a new type of collision-tolerant small aerial robot tailored to
traversing and searching within highly confined environments including manhole-
sized tubes. The robot is particularly lightweight and agile, while it implements
a collision-tolerant design which renders it resilient during forcible interaction with
the environment. The overall rigid design of the system is enhanced through elastic
passive flaps ensuring smoother and more compliant collision which was identified to
be especially useful in very confined settings. Focusing on autonomous operations in
narrow environments, the presented research realizes four key functionalities, namely
a) visual-inertial odometry for pose estimation, b) a policy for sufficient clearance
from nearby objects relying purely on four ultra-lightweight time-of-flight sensors,
c) the detection of collisions with the environment as an anomaly on the inertial
measurement data, and d) the direct mechanical feedback-based self-centering and
smooth traversal of very tight spaces based on its elastic flaps. The final system pro-
totype is capable of 14min of endurance and weighs less than 500g. A comprehensive
experimental study is presented in which the robot is tasked to navigate through two
rooms connected via a manhole-sized (width height equal to 0:5 0:4m) tube with
a length of 2:5m.

In addition, this thesis outlines a specific contribution in LiDAR-data based stair-
case detection which relates to the goal of deploying such collision-tolerant robots in
multi-level underground environments. This contribution took place in the framework
of the DARPA Subterranean Challenge, where an additional type of collision-tolerant
platform is utilized by our team. The key idea behind the method is to project into a
2D bird-eye view a series of N pointclouds stitched together based on the odometry

of the robot. On this newly generated image we then find and isolate the best set of



i

parallel lines based on length, orientation and relative distance between each other.
The algorithm is able to output the average estimated pose of the center of the stair

and the bounding box around it.
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Chapter 1

Introduction

Research in aerial robotics has presented exciting progress towards achieving accurate
localization, precise mapping and as reliable collision avoidance as possible. This has
allowed for complex missions to be executed autonomously such as the exploration
of unknown subterranean environments [1], infrastructure inspection [2], search and
rescue [3] and more. However, nding the maneuver to avoid all possible obstacles
in the environment, or identifying the way to t and y through extremely con ned
settings is extremely di cult (even when the robot physically ts) and in fact not
always possible, especially when agile maneuvering is considered. This is especially
the case when one also considers the uncertainty embedded in the robot localization
and mapping process in GNSS-denied environments, as well as control inaccuracies.
The more we push the limits of the ight envelope, the harder the problem becomes
for the onboard localization, mapping and collision-free navigation processes.
Motivated by the above and the set of critical applications taking place in very con-
ned settings (e.g., ballast tank inspection in ships requires to y through a manhole
rst, levels of underground infrastructure are connected through vertical stopes) this
work aims to deliver a novel system solution capable of traversing extremely narrow

environments including manhole-sized (6 0:4m) settings. To that end, we present



Figure 1.1: The Resilient Micro Flyer navigating through a manhole-sized tube with
width and height dimensions equal to & 0:4m and a length of 2om. The
compliant aps support safety in this challenging navigation task.

the Resilient Micro Flyer (RMF) and a set of strategies it implements to facilitate
such navigation tasks autonomously. First and foremost, RMF is a collision-tolerant
platform with its mechanical resilience being realized through a combination of rigid
and compliant components. Its airframe structure is based on carbon-balsa sandwich
combined with compliant \ aps" for softer collisions and prolonged in-contact nav-
igation. Simultaneously, RMF is a particularly lightweight system & 500g) for its
size (032m diameter) and presents an endurance of 14min. To achieve such spec-
i cations, a careful design of the utilized materials, battery, as well as sensing and
computing solution was conducted. RMF relies on visual-inertial odometry assisted
through four time-of- ight sensors placed around its perimeter to support obstacle
avoidance at the lowest sensing and processing level possible. A small thermal cam-

era is further introduced as the application domain of relevance is survivor detection



and thermal vision not only robusti es the performance of human detection but also
allows for selective processing of the visual frames. An instance of RMF performing
a mission of autonomous navigation through a manhole-sized environment is shown
in Figure 4.1.

In addition, this work outlines a speci ¢ contribution in LIDAR-data based stair-
case detection which relates to the goal of deploying such collision-tolerant robots in
multi-level underground environments. This contribution took place in the framework
of the DARPA Subterranean Challenge, where an additional type of collision-tolerant
platform is utilized by our team. The key idea behind the method is to project into
a 2D bird-eye view a series dl poinclouds stitched together based on the odome-
try of the robot. On this newly generated image we then nd and isolate the best
set of parallel lines based on length, orientation and relative distance between each
other. The algorithm is able to output the average estimated pose of the center of
the stair and the bounding box around it. To the best of our knowledge, this is the
rst method that utilized sparse and noisy data coming from a 3D lidar sensor.

To evaluate and demonstrate the capabilities of the Resilient Micro Flyer, we
present a mission of autonomous navigation across two rooms that include obstacles
and are connected through a manhole-sized tube with a width and height ab0 0:4m
and length equal to 25m. In this mission the robot further identi es autonomously a
survivor through the combined utilization of its thermal and visual cameras. Further-
more, we demonstrate the ability of RMF to automatically detect forcible collisions
which in turn allow it to be aware if its navigation safety is potentially hindered,
possibly through localization drift due to the collision forces.

On the other hand, to evaluate the robustness and the reliability of the stair
detection algorithm, we conducted a series of test in di erent staircases positioning,

in di erent buildings around the University of Nevada, Reno Campus. The proposed



method is able to correctly estimate the pose of the center of the stair and its bounding
box, even when this is not totally visible, from a distance of almostré.

The remainder of this work is organized as follows: Chapter 2 presents related
work, followed by the system description in Chapter 3. The collision-tolerant nav-
igation enabling functionalities are presented in Chapter 4. Extensive and detailed
evaluation studies are described in Chapter 5. In Chapter 6 we report the stair

detection algorithm and its applications, followed by conclusions in Chapter 7.



Chapter 2

Related Work

A niche community of researchers has worked in the domain of collision-tolerant ying
robots. The work in [4] presents collision-tolerant Micro Aerial Vehicles (MAVS) with

a rigid rolling cage. A much smaller tolerant system is presented in [5]. Following
a di erent approach, the authors in [6] detail a MAV with Euler spring-based colli-
sion tolerance. The AirBurr robot in [7] presents a ducted-fan system with protecting
structure. While most such systems are rotorcrafts, the authors in [8] and [9] propose,
respectively, a xed-wing and blimp collision-tolerant design. Inspired by the body
structure of insects and the relevant role of elastic proteins (e.g., resilin), the paper
in [10] presents a collision resilient elastic quadrotor design. A study on the e ects of
the force applied to the external protective system on the robot has been conducted
in [11]. A hybrid rolling- ying collision-tolerant platform was proposed in [12] and
used in [13] exploiting the detected collisions. Exploiting a learning-based approach,
another collision-based method is presented in [14]. A comprehensive overview of
collision-tolerant designs is available in [15]. In this work we dier as we examine
a robot implementing combined rigid and compliant components and focus on au-
tonomy and on an associated sensing payload applicable at its miniaturized scale

(< 5009).



For what concerns the stair detection, we can say that the problem is well known
and during the past 20 year many researchers tried to solve it in di erent ways. One of
the rst publications can be ndin[16]. Another study has been conducted in [17] and
a more recent application is described in detail in [18]. All these works are remarkable,
but they work exclusively on depth images. A more recent investigation has been
conducted in [19]: in this case the authors opted for a learning-based approach. To
the best of our knowledge, this work is the rst that tries to solve the problem using

a sparse and noisy data coming from a 3D lidar sensor.



Chapter 3

System Design

This section overviews the design concept and details of the Resilient Micro Flyer
in terms of its rigid-and-elastic collision-tolerant airframe, alongside its sensing and
processing solution enabling resilient autonomous ight and the process that led to

some design choices instead of others.

3.1 First Prototype Iteration

The design concept of RMF focuses on collision-tolerance, prolonged endurance, and
being light weight. Before reaching a level of protection covering the vast majority of
components on board, the development inevitably passed through a step towards an
experimentation phase with low-cost and easy-to- nd materials. As a result, the very
rst prototype of the Resilient Micro Flyer is a combination of a on-demand cut 5mm
carbon frame, for payload mounting, and a very lightweight external cage made of
3mm carbon ber tubes, connected via 3D-printed joints to rmly hold in place the
external structure. The rst design iteration, the so called vO, is reported as CAD
model in Figure 3.1 and in Figure 3.2. After the veri cation of the correctness of the

CAD, the rst real ying model was assembled. This can be seen in in Figure 3.3.



Figure 3.1: Front view from the CAD model of RMF vO

Figure 3.2: Top view from the CAD model of RMF vO

The main issue with this rst prototype was that, in case of collision with a
at surface, like a wall, the robot get stuck at 45 degrees if no control action is

applied. This concept is depicted in Figure 3.4. Moreover, the tiny carbon ber



tubes connected with 3D printed parts, mainly PLA material, are fragile and, in case
of collision, they tends to break quite easily. The main idea was to keep the frame

and the protective cage as lightweight as possible.

Figure 3.3: Built version of RMF vO.

3.2 Resilient Micro Flyer Airframe

Compared to the rst prototype iteration, the new RMF presents more all-round,
symmetric protection and it is more robust. This permits the system to sustain
collisions at higher speeds. Resilient collision-tolerance is facilitated through a com-
bination of a main rigid frame depicted in Figure 3.5, combined with a selective set of
compliant contact aps detailed in the subsequent section. The main rigid component
of the collision-tolerant frame is fabricated through carbon-balsa sandwich material
(total width equal to 6:35mm with 1mm carbon on each side, approximate density:
0:0045I=in?) leading to a total airframe weight of 96g. This weight is comparable to

non collision-tolerant MAVs for First Person View with similar rotor-to-rotor distance
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Figure 3.4: Instance of collision of RMF v0O on a brick wall. The rst prototype
iteration reveals an issue in the design, especially in case of a bump into a at
surface.

and propeller size. The frame design of RMF is tailored to keeping the weight lim-
ited, ensuring collision-tolerance across all dimensions and especially against lateral
impacts, while some limited risk-zone exists on the front and back which however, was
selected in order to maximize for clear eld-of-view. The platform integrates four T-
Motor F1507 3800KV DC brushless motors controlled through their electronic speed
controllers. Finally, RMF integrates a PixRacer R15 as its main low-level autopilot
unit o ering attitude and thrust control. High-level position control and navigation
autonomy is facilitated through a di erent processing board as detailed further below.

The total weight of RMF, with all the sensing and processing components, cabling
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and its battery is 496g.

Figure 3.5: Overview of the Resilient Micro Flyer design, basic dimensions, essential
sensors and high-level processing board.

3.3 Compliant Contact Flaps

RMF further implements passive aps for compliant contact. The ap mechanisms,

depicted in Figure 3.5 are implemented through elastic nylon material, leading to
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a total weight of only 3g each. These durable aps, enduring forces much stronger
than those the robot experiences during collisions or intentional persistent physical
interaction, facilitate more stable navigation in extremely con ned spaces. Having a
total length of 10cm and being able to fully bend by 90 degrees, they only marginally
increase the size of the robot when fully bent, while ensuring passive reaction, self-
centering in narrow tube-like settings and overall safer collision-tolerant navigation.
In a manhole, for example, the turbulence typically leads the robot to experience
continuous collisions, thus possibly risking the survivability of the state estimation
process, the elastic aps allow smooth traversal by ensuring almost continuous con-
tact. The above is driven in particular by our experience on the e ects of collisions in
the onboard odometry estimates both in the framework of this work but also through
earlier studies with purely rigid collision-tolerant robot frames [20{22]. When the
robot experiences a strong collision, the onboard visual-inertial odometry often devi-

ates. This risk is largely mitigated through the introduction of compliant contact.

3.4 High-Level Sensing and Processing Payload

The sensing payload of RMF is tailored to the goal of resilient autonomy in con ned
environments, while maintaining a very lightweight con guration. In particular, RMF
integrates a Realsense T265 tracker delivering visual-inertial odometry based on its
onboard ASIC implementation and simultaneously allows processing its stereo sh-
eye camera pair and IMU data. The sensor provides informative data in illumination
conditions as low as 10lux. Four miniaturized Time-of-Flight (TOF) sensors are inte-
grated (each weighting< 1g) perimetrically around the robot, at [45135 45, 135]
angles, for accurate ranging in the [05; 0:8]m range. To o er perception in dark set-

tings and also facilitate robust survivor detection, a micro-sized FLIR Lepton Long-
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wave Infrared Camera is integrated. Furthermore, the data of the IMU of the onboard
autopilot are additionally interfaced. The above are all processed by the Main Pro-
cessing Unit (MPU) integrated which relies on the Khadas VIM3 o ering 4 A311D
Cortex-A73 cores at 2GHz paired with 2 Cortex-A53 cores at BGHz, alongside a
Neural Processing Unit (5TOPS) and 4GB of LPDDR4X RAM. The MPU runs an
Ubuntu 18.04 variant and ROS Melodic. The Khadas board is responsible for all the
sensor processing and control tasks onboard RMF. The total weight of the sensing

and MPU payload is equal to 91g.

3.5 Battery Module

The battery modules of RMF are custom-assembled through the combination of three
18650 Li-lon High-Drain battery cells of 37V connected in series. These high-drain
batteries allow up to 20A of continuous current and 35A current bursts thus be-
ing su cient for the needs of the RMF motors and overall power needs. The total
weight of this 3-cell custom battery is 149g. Equipped with this battery solution,
RMF presents an endurance of 14min, which is approximately 5min more than the

endurance achieved with a LiPo battery of the same total weight.
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Chapter 4

Collision-Tolerant Navigation

The Resilient Micro Flyer implements autonomous navigation functionality to facili-
tate its survivable ight in particularly con ned environments including manhole-sized
settings. This is achieved through agile position control, reactive avoidance based on
time-of- ight sensor readings, and exploiting its compliant collision-tolerance within

extremely narrow environments.

4.1 Position Control

The position control of RMF is a straightforward implementation of xed-gain con-
trol with proportional, derivative and integral action. The e cacy of such a simple
control structure for the platform is rst of all attributed to the nature of its rigid
body dynamics and also in the very fast actuators utilized in combination with its
minimized weight. Considering the inertial framd and ¢ °being the yaw-corrected

roll and pitch angles, the controller takes the form:

|
0 —

R
ro= Keyr y) Ki(ye yyat Koy ¥
IX

min
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where ?; ?are thel -aligned roll and pitch reference angles to be then yaw-corrected

r»r
and provided as roll and pitch references;; | to the low-level autopilot, and| fmn; s !
Xy;z are the saturation minimum and maximum values of the control integrals.

The overall maximum reference roll and pitch angles are also constrained to set

max.  max which for this work are setto 30.

4.2 Forcible Collision Detection

Despite the integration of the compliant aps, RMF still presents subsets of its struc-
ture that rigid components are directly exposed or broadly forcible collisions can
take place. Our experience with the platform, and other collision-tolerant ying
robots [20{22], has indicated that forcible, high-speed collisions with the frame in
directions other than against the compliant axes of the elastic aps can lead to sig-
ni cant drift in the onboard visual-inertial odometry. Thus, although the system can
mechanically sustain collisions with high speeds, we have derived acceptable bounds
based on which safe navigation in collision-prone environments can be ensured. To
allow the system to best exploit its agile dynamics and maximize mission range based
on its battery limit, we allow faster velocities but also implement explicit functionality

to detect strong/rigid collisions.

To develop a reliable strategy to detect forcible collisions, we collected IMU - and
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in particular accelerometer - data with RMF experiencing collisions with its exposed
rigid surfaces. These data were then assembled in sliding-windows of 5 IMU samples
and labeled with respect to whether or not it includes accelerometer readings from
a phase in which the robot started experiencing a collision. Subsequently, these
timeseries were provided to three binary Support Vector Machines (SVM) in order
to derive a classi er for the robot being in \free- ight" or during a strong \collision-
event" and also nding which axes correspond to the direction of collision velocities.
Given the sets of points of input datax; and associated categorieg, each of these
SVMs is designed by rst applying a nonlinear transformation on the input data

through a Gaussian Kernel:

(xi;xj) = ek i X k*=c. i 2 1;:mm (4.2)

Each binary SVM uses the input datax; and allows to train a functionf'; i ! [x;y;Z]

that takes the value +1 in the subset of the input data corresponding to collisions and
1 elsewhere. Based on the dual formulation for SVMs, and by the introduction of

slack variables ; to address the case of non strictly calculatable hyperplane, derivation

of the function f is based on the optimization:

T +cC ,- (4.3)

st y( T (x)+b 1
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where (x;) is the Gaussian kernel to may; into a higher-dimensional space, an@
is a positive penalty factor. To solve this problem, the Lagrangian multiplers; and

; are introduced and the minimization problem takes the form:

TGP R I N GO B (4.4)

Usually we solve the dual problem of the above for each of the desired SVMs as

follows:

X 1
max | q éa Qa (4.5)
X
s.t. yjg =0
i
0 4 C

wherea = [ag; ay; :::; an]" is a vector,Q is a positive semide nitem m matrix with
Qik = YiYkK (Xj;xk), and K(xj;xk) = (X;)T (xk). The optimal solution for this

problem is then derived as shown below:
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X
= ay (x) (4.6)
j

And the decision function for any new inputx takes the following form:

X
f(x)= | (Vg K(xj;x)+ b 4.7)

J

Provided the appropriate training of these three SVMs, one for each of they; z
axes, RMF can detect a) the presence of a collision, b) which axes it involves, as well
as c) the direction of the collision based on the sign of last velocity estimate prior to
detection. This ability to identify collision events allows to design safety-enhancing

features including - but not limited to - safe auto-landing.

4.3 Reactive Collision Avoidance

RMF integrates four 1D time-of- ight sensors providing reliable ranging in the im-
mediate vicinity of the robot, namely [Q05; 0:8]m around it. Utilizing these sensors,
RMF implements a last-resort reactive collision avoidance strategy which aims to
avoid obstacles or, at a minimum, reduce the likelihood (and risks) of a forcible colli-
sion at least in most cases. The implemented policy takes the form of super-imposed

acceleration references added into the overall control policy as presented below:
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X;a

a:'( + Kax( F B) (4-8)

a? = a+ Kay( L R)

wherea’; & are the reference accelerations from the position controller expressed in
the inertial frame (corresponding to %; 9), r; L and g; g are the right/left and
front/back yaw-corrected ranges from the TOF sensorK .«; K, are positive gains
and a?; a’? are the updated acceleration references given the e ect of this reactive

avoidance strategy.

4.4 Negotiating and Flying through Tight Spaces

A core goal of the design of RMF has been to facilitate the autonomous navigation
through extremely con ned environments such as manhole-sized settings. Key de-
sign choices such as its collision-tolerance, the integration of compliant aps and a
direct reactive collision avoidance and risk reduction paradigm enable this capacity.
Especially the ability of RMF to collide with elasticity and then maintain virtually
continuous contact in extremely narrow environments, such as® 0:4m manholes,
allows for reliable enduring navigation without continuous harsh collisions that would
otherwise happen due to the con ned geometries and the introduced turbulence.
Therefore, the basic navigation functionality of RMF relies on receiving iteratively

updated waypoints which are then followed based on its position control, possible
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adaptive actions from the reactive avoidance policy and adjustments in its path in-
troduced by the impact and e ect of the compliant aps and overall collisions. Once
the system has entered a very constrained environment such as a manhole, as detected
by very short ranging data from all its time-of- ight sensors, it \locks" a forward pitch
command and thus accurate knowledge of the waypoint outside of the manhole is not
required. This paradigm was found to be su cient and highly performing in nego-
tiating very tight spaces and crossing con ned geometries as it is demonstrated in
the subsequent section. Furthermore, it is a strategy aligned with the localization
challenges in particularly narrow and thus myopic environments and the necessity to
keep the computational load limited due to the nature of the processing solution of

RMF.

4.5 Survivor Detection

The original design goal of RMF is to be able to be autonomously deployed in hard-
to-access environments in order to search for artifacts of interest and report their
position. For that purpose we have rst incorporated the ability to detect human
survivors. The strategy to achieve this goal in a robust and computationally e cient
manner starts from detection of camera frames that incorporate warm objects in the
temperature range of human beings through the limited-resolution onboard thermal
camera and subsequently acquiring the time-associated realsense T265 left camera

frame for human detection using HOG features [23].
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Figure 4.1: RMF survivor detection in the second chamber of the manhole
traversing experiment. The thermal image is used as threshold to then use the HOG
detector on the T265 image. This leads to an e cient computation and proper
resource management, that are limited onboard RMF.
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Chapter 5

Evaluation Studies

In this section we present three sets of results. First, we present the ability of RMF
to detect forcible collisions based on a classi er operating based on its accelerometer
data as presented in Section 4.2. Subsequently, we present an experimental study
involving the autonomous navigation of two rooms connected through a narrow and
long manhole-sized tube. The robot further avoids obstacles in the rst room and
detects a human survivor inside the second room. Finally, we report a stress-test
of the robustness of the onboard visual-inertial odometry (T265) against multiple

collisions.

5.1 Evaluation of Automated Collision Detection

We conducted a set of studies involving collisions of RMF in directions other than the
main elastic axis of its compliant aps. The studies involved collisions with di erent

velocities and thus di erent levels of forces encountered. Figures 5.1, 5.2, and 5.3



23

indicatively present the ability of the designed SVMs to detect collisions in real-time
on all directions of motion. Each SVM is utilizing a timeseries of accelerometer data
with duration of 5 samples and infers the presence of a collision given the respective

training.

Figure 5.1: Automated SVM-based collision detection on the x-axis.

Figure 5.2: Automated SVM-based collision detection on the y-axis.
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Figure 5.3: Automated SVM-based collision detection on the z-axis.

5.2 Autonomous Manhole Navigation and Survivor

Search

The main experimental study conducted relates to the autonomous navigation across
two rooms involving obstacles and through a manhole-sized tube with width and
height dimensions equal to & 0:4m and length equal to Zm. The robot is only
aware of 2 waypoints that it has to y to, namely one in the takeo phase and
one approximately in front of the manhole, while the mission is executed fully au-
tonomously; after the robot exits the manhole, which can be checked by the ranges
returned from the four time-of- ight sensors, it will hover at the waypoint de ned by
the rst odometry value outside of the manhole. The rst room that RMF has to
navigate incorporates vertical walls creating only narrow corridors for the robot to y
through. RMF avoids these walls through the exploitation of its time-of- ight sensors

and the avoidance strategy presented in Section 4.3. With the robot navigating this
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rst room and avoiding the mentioned obstacles, it arrives approximately in front of
the manhole tube and once the distance from this rst waypoint is su ciently small

it then proceeds to traverse through the manhole. This in turn requires that RMF
successfully enters the manhole and ies safely and smoothly inside it. This is a partic-
ularly challenging task given that the width of the manhole is only 18m larger than
the robot rigid body (without its compliant aps) and this in turn means that every
position control inaccuracy, ampli ed from turbulence inside this constrained environ-
ment, can lead to multiple and continuous collisions. These collisions can then lead
to complete drift of the visual-inertial odometry given the challenging IMU readings
and the visually-limited environment in terms of camera data-informativeness inside
the tube. However, RMF mitigates this risk by exploiting its compliant aps which
facilitate both smooth collision and the ability to y smoothly through the manhole
by maintaining continuous elastic contact with its walls. After successfully and safely
ying through the manhole, RMF exits to the second room where we have placed a
human in the role of \survivor" and who is detected by RMF by rst identifying a
warm object on the low-resolution thermal camera data and then invoking a human-
detection call on the visual camera data. The sequences of this mission are presented

in Figure 5.4.
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Figure 5.4: Instances of an experiment on autonomous collision-tolerant navigation
of a manhole-sized (width height =0:5 0:4m) tube with a total length of 2:5m.
RMF traverses resiliently this tight environment by exploiting its compliant aps
and notably no high-amplitude accelerometer readings are acquired during this
compliant interaction. Reactive collision avoidance, particularly useful in the rst
section of the experiment, is facilitated by exploiting four perimetrically-placed
time-of- ight sensors. Finally, after the manhole the robot performs survivor
detection by rst acquiring a cue from thermal vision indicating that a warm object
is in the scene and then detecting the human on visual data.

5.3 Odometry Estimation Collision Stress-test

Last but not least, we conduct a stress-test of the onboard visual-inertial odometry
during collisions, with bumps with a maximum speed up to 1.7 m/s (Figure 5.5). Due
to the bene cial role of the rigid/compliant design of RMF, primarily through its aps,

the robot maintains reliable pose estimates after a sequence of forceful collisions with
the environment. This is an essential property of the robot's design, and it stands at

the backbone of its capacity to demonstrate resilient autonomy.
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Figure 5.5: Results of the stress-test of the onboard visual-inertial odometry. When
RMF is equipped with the aps the VICON ground truth is strictly follwed by the
odometry (T265) even after multiple hits with top speed greater than 1.7 m/s.
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Chapter 6

Stair Detection

In this section, in addition to the Resilient Micro Flyer work, we present a task
developed during the DARPA Subterranean Challenge Urban Circuit [24]. The nal
goal of this work was to develop a lightweight algorithm able to run in real-time on
the a robot, occupying minimal computational resources and able to detect staircases
based on sparse, raw PointCloud data, to facilitate the multi-level traversability of
both ground and ying robots. The presented algorithm is implemented as a ROS
node and is able to run on a timed callback every 4 seconds. Additionally, by way of

example, the intermediate steps are also reported (Figure 6.2).

6.1  Algorithm Description

The main idea of the algorithm is to project a generic Pointcloud in a "Bird-eye view"
manner and, after some ltering on the 2D obtained image, extract those regions that

contains the highest number of parallel lines, satisfying a certain number of conditions.
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Figure 6.1: Main steps of the stair detection algorithm.

The complete process is described in Figure 6.1. Let's assume as input a Pointlcoud
PN, Where Py is the result of a "stitching" operation on the lastN Pointclouds

coming from a generic 3D Lidar sensor. In this work a Velodyne Puck [25] has been
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used along with an Ouster OS-1 [26]. The stitching operation, outside of the scope of
this work, assumes a correct transformatioff as the robot moves and combines the
selectedN Pointclouds usingT. If the robot is moving in a indoor environment, as
in our case, fromP,y oor and ceiling are removed based on the robot current height
and a prede ned threshold. A standard cloud noise lter is then applied to further
improve the quality of the subsequent 2D projection. Working on the Bird-eye view,
now 2D image, we rst apply a median lter to further remove the noise coming from
the lidar sensor. Then using two morphological operators (Opening and Erosion), we
separate and better de ne the sets of parallel lines of the image that can potentially
be part of a stair, generatingls; . On this last image we apply a k-Means clustering
based on both the length and the slope of the lines, previously determined with the

Hough transform step.

6.2 Evaluation Studies

In this section we report the results of the test in three di erent staircase disposi-
tions inside two di erent buildings, all belonging to the Univeristy of Nevada, Reno
Campus, conducted to verify the stability and accuracy of the proposed algorithm.
To guarantee repeatability, the testing conditions in the di erent reported environ-
ments are the same, namely a) the robot moves at a constant height5th above the
ground b) the moving speed does not present sudden changes. The rst to facilitate

the gathering of more data given a 30 eld of view of the lidar, the latter to permit
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