Robust Vision-based Autonomous Navigation,
Mapping and Landing for M AVs at Night

Shreyansh Daftry', Manash Das?, Jeff Delaune!, Cristina Sorice!, Robert
Hewitt!, Shreetej Reddy?, Daniel Lytle*, Elvin Gu®, and Larry Matthies®

1 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, USA
2 Indian Institute of Technology, Kharagpur, India
3 University of Pennsylvania, Philadelphia, USA
4 University of Southern California, Los Angeles, USA
5 Carnegie Mellon University, Pittsburgh, USA

Abstract. This paper is about vision-based autonomous flight of MAVs
at night. Despite it being dark almost half of the time, most of the work to
date has addressed only daytime operations. Enabling autonomous night-
time operation of MAVs with low SWaP on-board sensing capabilities is
still an open problem in current robotics research. In this paper, we take
a step in this direction and introduce a robust vision-based perception
system using thermal-infrared cameras. We present this in the context
of safe autonomous landing on rooftop-like structures, and demonstrate
the efficacy of our proposed system through extensive real-world flight
experiments in outdoor environments at night.
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1 Introduction

Micro Aerial Vehicles (MAVs) have built a formidable résumé by making them-
selves useful in a number of important applications, from disaster scene surveil-
lance and package delivery to robots used in aerial imaging, architecture and
construction. As these aerial robots aspire for long-term autonomous operation,
the ability to navigate safely becomes critical. While vision-based methods for
autonomous navigation of MAVs have been well studied in general [97]24], most
of these approaches have addressed only daytime operation under normal illumi-
nation conditions using standard visible-spectrum cameras. Enabling operations
at night would significantly enhance the tactical value of such a system.

In this paper, we propose to use thermal-infrared (TIR) cameras to enable
vision-based autonomous operations for MAVs at night. The nature of TIR
modality makes them highly robust to low-illumination conditions (including
total darkness, as shown in Figure (1) and other environmental effects such as
the presence of fog, smoke and dust. Furthermore, COTS, uncooled, TIR cam-
eras based on micro-bolometer focal planes are now small enough to be practical
payloads on resource-constrained MAVs.
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Fig. 1. An instance of a scene captured with visible-spectrum camera during the day
(left), at night (right) and with a TIR camera at night (right). It can be seen that the
nature of TIR modality enables the MAV to have more robust night vision.

Despite the aforementioned advantages, these cameras also have several char-
acteristics that are challenging for vision algorithms - limited resolution, low
SNR, rolling shutter and motion-blur distortion, etc. Hence, the performance
of traditional computer vision techniques developed for electro-optical imagery
may not directly translate to the thermal domain. However, to date there have
been very few attempts to study the use of thermal-infrared modality for vi-
sual navigation and mapping. Even fewer have validated them experimentally in
the context of autonomous robotics through real-world experiments. Our goal
and primary contribution in this work was to develop a robust end-to-end visual
navigation, mapping and autonomous landing system, using a passive monocular
thermal-infrared camera as its primary sensing modality.

2 Related Work

Vision in low-illumination conditions. The problem of autonomous naviga-
tion and mapping in low-illumination conditions has been widely discussed in the
robotics community, in the context of unmanned ground vehicles or automated
driving. Most of these approaches have either focused on the use of active sensors
such as lidar [IIT6], or the use of active illuminators [I7JI0]. Other approaches
[20/18] have used consumer cameras at night, but rely on strong priors from the
urban environment. These sensors and methods thus do not scale to MAVs that
are constrained to low SWaP and operate in unstructured environments.

Vision with thermal-infrared. In the last few years, there have been several
applications of thermal cameras in machine vision - ranging from object recog-
nition and human activity detection [15] to visual odometry and SLAM [252].
See [14] for a comprehensive review. In particular, thermal-infrared modality has
proven to be very useful in challenging environments, such as in the presence
of obscurants [BI21] and darkness [6], where vision-based systems would other-
wise fail [4]. The work of [19] is most closely related to ours, where a thermal
stereo-pair is used onboard a MAV for visual navigation.
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3 Technical Approach

In this section, we describe our proposed approach for robust autonomous ight
at night. The primary focus of this paper is going to be the perception system,
which is responsible for estimating the 3D scene structure, using a stream of ther-
mal images and the associated pose of the vehicle. Figuré 2 provides a schematic
overview of the framework. The core components includes state-estimation and
monocular dense 3D mapping. In addition, we also discuss the technical approach
for our application of safe autonomous landing on rooftop-like structures.

3.1 State Estimation

Our state-estimation pipeline is based on VINS-MONO [[23] - a tightly coupled
visual-inertial odometry algorithm. It is an optimization-based SLAM framework
that takes as input calibrated thermal images and inertial data, and produces
high-accuracy pose estimates of the MAV in metric scale. There were various
reasons to use this particular algorithm - it runs in real-time onboard the MAV,
achieves state-of-the-art performance across several benchmark datasets in the
visible domain [8] and has a formulation to compensate for rolling shutter dis-
tortions. In our experience, large rolling shutter distortions can be detrimental
to VIO performance during high-speed ights. It is to be noted that while we
evaluate the performance of our state-estimation pipeline, as discussed in Section
4.7, a comprehensive benchmarking of di erent VIO algorithms in the thermal-
infrared domain is beyond the scope of this paper.

3.2 Monocular Dense Reconstruction.

Structure from Motion (SfM) approaches [26] can be used to reconstruct 3D scene
geometry from a moving monocular camera. However, such SfM approaches pro-
duce sparse maps that are not suited for collision-free navigation: typically the
resulting point cloud of 3D features is highly noisy, and more crucially, the ab-
sence of visual features in regions with low texture does not necessarily imply
free space. In contrast, dense approaches to 3D reconstruction use camera mo-
tion and variable-baseline stereo for depth map estimation. Here, we use a dense
approach based on the REMODE (REgularized MOnocular Depth Estimation)
algorithm [22]. The motivation behind using it is two fold: First, it performs the
depth estimation with direct pixel intensities instead of indirect feature descrip-
tors, making it more robust for low-contrast TIR images. Second, the highly
parallelized formulation allows fast onboard computation on a GPU.

In the following we give a brief overview of the REMODE algorithm. The
algorithm computes a dense depth map for selected reference views where the
depth computation for a single pixel is formalized as a Bayesian estimation
problem. A depth- Iter is initialized for all pixels in every newly selected refer-
ence imagd ; and every subsequent imagey is then used to perform a recursive
Bayesian update step of the depth estimates. Given a new observatioi ; T w« g,
whereT,, 2 SE(3) describe the pose of reference framerelative to world frame
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Fig. 2. System overview. The key components of the perception pipeline shown above
include visual-inertial state estimation, 3D mapping and safe landing site detection

w, the 95% depth-con dence interval [d™" ; d™2] of the depth Iter correspond-
ing to pixel i into the image I and nd a segment of the epipolar linel. Using a
zero-mean sum of squared di erences (ZMSSD) score on a 88 patch, we then
search the pixelu® on the epipolar line | that has the highest correlation with
the reference pixelu;. A depth measurementds corresponding to a pixeli in
the image I« is computed by triangulating the corresponding points u; and u?
from the views r and k respectively. After the depth map converged, we enforce
its smoothness by applying a total-variation based image Iter [3].

In practise, both the camera intrinsic matrix and the pose estimates from
visual-inertial state estimation are not accurate enough. This results in inaccu-
rate estimation of the fundamental matrix F, and as a result depth- Iters do
not converge. In contrast, F derived from only the image correspondences are
more accurate as they inherently capture the epipolar geometry. Thus, we use
a direct optimization framework based on DSO [11], that computes the relative
camera pose between two observations ¢ , such that the intensity di erence of
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