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Abstract Autonomous landing of a drone is a necessary part of autonomous flight.
One way to have high certainty of safety in landing is to return to the same location
the drone took-off from. Implementations of return-to-home functionality fall short
when relying solely on GPS or odometry as inaccuracies in the measurements and
drift in the state estimate guides the drone to a position with a large offset from
the initial position. This can be particularly dangerous if the drone took-off next
to something like a body of water. Current work on precision landing relies on
localizing to a known landing pattern, which requires the pilot to carry a landing
pattern with them. We propose a method using a downward facing fisheye lens
camera to accurately land a UAV from where it took off on an unstructured surface,
without a landing pattern. Specifically, this approach uses a position estimate relative
to the take-off path of the drone to guide the drone back. With the large Field-of-View
provided by the fisheye lens, our algorithm can provide visual feedback starting with
a large position error at the beginning of the landing, until 25cm above the ground at
the end of the landing. This algorithm empirically shows it can correct the drift error
in the state estimation and land with an accuracy of 40cm.
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1 Introduction

Landing a quadrotor autonomously is essential for the ubiquitous presence of drones.
Majority of UAVs currently rely on GPS based state-estimation for landing, but drift
builds up over time and these systems are unreliable if in a GPS denied environment.
Given this, a drone cannot reliably land in the same spot and could potentially attempt
to land in an unforgiving location, such as a nearby tree. Our proposed solutions
prevents these issues by re-traversing the proven take-off path back to its starting
position. We are able to precisely land the drone with this method via a monocular
fisheye camera. Majority of current work on precision landing focuses on landing in
a known structured environment (helipad or runway) [11]. Given a known landing
pattern, these algorithms are able to identify the target and use its geometry to
robustly estimate the relative state of the drone. Much work has gone into different
landing pattern designs to enable accurate pose estimation [16, 18, 19]. While these
methods result in accurate landings, they require the drone to land on a specific type
of landing pattern. This would require drone operators to carry a landing pattern
with them in order to ensure the safe return and landing of their drone. Our work
focuses on a new area, landing at the UAVs starting position in an unstructured and
unknown environment. This enables drones to be autonomously deployed in the field
and return to their starting position while following the take-off path in reverse.

In order to accurately land a quadrotor in an unstructured environment, without
prior knowledge of the take-off location several problems must be addressed: the
drone must be able to localize relative to where it has taken off from and be able
to guide itself to ensure a safe landing. This work addresses these problems with
a method inspired by [6]. During the take-off a set of images are recorded, and
during landing, the drone localizes to these images and descends along a similar path
back to its initial position, as seen in Fig. 1. The approach improves the safety of
landing twofold, by landing in the same starting position, there is a high likelihood
of the location still being safe, and by taking a path similar to the one from take-off

Fig. 1 Precision Landing
Demonstration: the take-
off path (black), and the
landing path (orange). The key
challenges are for the drone to
safely and precisely land. This
equates to the drone avoiding
the tree that was avoided
during take-off, and landing
on the stone the drone started
on. Our algorithm successfully
completes both tasks.
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enables the drone to avoid obstacles that were avoided during take-off. To the best
of our knowledge, we present the first algorithm for precision landing of a drone
in unstructured environments, such as those in Fig. 2, with an average accuracy of
40cm. In summary, the contributions of this paper are:

- An algorithm for safe precision landing of quadrotors in unstructured environments.
- Experimental results on precision landing in various environments with baseline
comparisons.

2 Related Work

This section will go over work done in the area of precision landing and adjacent
fields that have influenced the proposed method.

Precision Landing
Within the area of precision landing for vertical takeoff and landing (VTOL) vehi-
cles, much work has focused on using helipad design. Specifically, helipads with
concentric circles and with a H in the center are common along with other custom
designed helipads [11]. Approaches using helipads with either an H or T on them use
pretrained neural networks to identify the letter and then using the known geometry
of either the letter or the surrounding circle to estimate 6DOF pose relative to the
landing pattern [16, 18, 19]. A shortcoming of these methods is losing information
on the landing pattern during the approach. Based on the size of the landing pattern
and the field-of-view (FOV) of the camera, the quad-rotor will no longer be able to
see the landing pattern and be unable to estimate it’s pose. Approaches using more
custom landing patterns use unique circular patterning with varying size to ensure
good recognition and pose estimation close up and far away [2, 3, 12]. Additionally,
these methods rely solely on circle detection and identifying the circles that form the
correct pattern, neural networks are not used. Another approach to tackle the problem
of FOV is by using two different cameras, one for approaching from a distance and
another once close up [1]. As mentioned before though, these methods require there

Fig. 2: Landing locations: depicted are two of the landing locations used during testing.
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to be a landing pattern of known size to be able to successfully perform an accurate
landing. Without a landing pattern, other techniques and assumptions must be applied
to recognize the area and land.

Visual Teach and Repeat
One particular method that has been used in similar scenarios to relatively localize
and traverse long distances using a monocular camera is Visual Teach and Repeat
(VTR). Primarily focusing on ground robots, this technique will "teach" a path to a
robot via piloted traversal of the path, and then be able to robustly and accurately
traverse the path using a monocular camera and other base level sensors for odometry
[6, 7]. In order to estimate a 6DOF pose estimate, the algorithm must first recognize
the image from the teach pass that it is nearest to and then estimate the pose. The
pose estimation is enabled with a monocular camera with the assumption of local
ground planarity. After the robot re-localizes itself, it relies upon visual odometry to
take it to the next keyframe in the path.

Recent work has begun to expand this concept to quad-rotors [13, 14]. The first
of these papers shows a proof of concept for VTR with a drone equipped with a
downward facing camera and laser range finder. This approach builds a local 3D map
is during the teach pass that the drone then localizes to during the repeat pass. The
approach shows promising results, but did not look into how the technique would be
affected by varying altitudes. The second paper proposes a more fully developed VTR
for drones, but uses a forward facing camera and a qualitative position estimation.
From these various approaches to VTR, we have developed the proposed method for
precision landing, using a similar architecture, but a different method for generation
of motion command and transitioning between keyframes.

Visual Servoing
The premise of visual servoing is to to directly control the robot using vision [4, 5].
One type of visual servoing is Position Based Visual Servoing (PBVS), where
features are extracted in an image from an object of known size to command an input
towards a goal pose. PBVS is similar in nature to the methods used landing patterns
where a model is known. In the proposed work, there is no model of the position
from which the drone took off, but a planarity assumption for the ground from which
the quad-rotor took off can be made. From this assumption, we can estimate pose
from one camera frame to another if the height at each position is known. With scale
abmiguity is solved, a method similar to PBVS can be used for the controller input.

3 Approach

The approach is inspired by Visual Teach and Repeat [6], where the take-off is the
teach pass and the landing is the repeat pass. In this section, we will discuss the
details of this method: the teach pass (take-off), the repeat pass (landing), position



https://docs.google.com/spreadsheets/d/1B0PWLLst6nxReMfFUuT7tf6IOBGgeZB98uR-gwwRZTU/edit?usp=sharing
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