™

Check for
updates

The Application of Vision-Based Navigation Techniques
on Drones

Xiaohong Gui

Shanghai Pinghe School, Shanghai, 201208, China
amyguixiaohong@hotmail.com

Abstract. With the development of unmanned aerial vehicles (UAVs), more and
more of them are introduced into true working conditions, and they need a pow-
erful navigation system to operate smoothly. However, the commonly used nav-
igation systems, such as the global positioning system (GPS), are not always re-
liable since they depend highly on the satellites available in the region. As a re-
sult, the vision-based navigation technology is practiced on UAVs. This tech-
nique is much more flexible and fits the working conditions of UAVs. This article
introduced three main techniques used in vision-based navigation: visual sensors,
object detectors and navigation approaches. Various visual sensors are used to
offer information about the environment. Object detection approaches enable
drones to perceive their surroundings and notice obstacles. Then, navigation ap-
proaches are used to plan the flight path. Map-based navigation approaches let
drones navigate themselves with a map of the environment. Map dependent sys-
tem has access to the precise 3D map, while map building system requires gen-
erating maps while navigating. Path planning approaches can determine the best
flight path. Global path planning is static, while local path planning uses local
data to adjust the route.
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1 Introduction

As technology progresses, more and more unmanned robots are being applied to vari-
ous industries and replacing humans to do some work since they can finish tasks with
higher efficiency and safety. Thus, UAVs are introduced into various fields ranging
from aerial photography to disaster response. In an industrial area, they can go on patrol
and examine the potential dangers in the region. During the period of the COVID-19
pandemic, the UAV industry has gained increasing attention from the public. The
drones are used to deliver things to people who are isolated. Other services like saniti-
zation, temperature checking, surveillance, and transportation are carried out with deep
learning algorithms and advanced vision systems [1]. Nowadays, drones are typically
applied in areas of disaster response, military purposes, surveillance and delivery. In a
disaster condition, UAVs perform a search and rescue mission. In the military domain,
fixed wings drones are widely applied. They can fly longer distances and finish tasks
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such as scouting and pinpoint bombing. They can also supervise work and deliver pack-
ages. Since the applications of UAVs are so diverse, UAV technologies are developing
rapidly. The core aviation technologies of UAV systems primarily encompass the plat-
form manufacturing technology, flight control and navigation systems, energy and
power technologies, as well as mission-specific payload capabilities. [2]. Platform man-
ufacturing technology mainly solves the mechanical structure of drones. Energy and
power technologies study the fuel or batteries for drones. The mission-specific payload
technology is mainly determined by the task type [2]. The flight control and navigation
systems guide aircraft to travel from the starting point to the destination successfully
without any collision. Generally, drones use navigation systems that depend on the
global positioning system (GPS) or an internal navigation system (INS). However,
those conventional navigation systems exhibit fatal vulnerabilities in special regions,
including urban areas with little signals, indoor environments and fields with complex
surroundings. The limitations of those traditional navigation systems have spurred in-
tensive research into vision-based navigation. The vision-based simultaneous localiza-
tion and mapping (SLAM) algorithm can generate a coherent environmental map while

concurrently determining the UAV's location within the map [3]. Since modern ad-
vancements in flight navigation technology largely focus on achieving greater auton-
omy in navigation and control, especially the vision-based navigation systems, the ap-
plication of this techniques on drones will be introduced in this text. This article first
reviews the visual sensors used and object detection approaches for different sensors.
Then the navigation approaches are concluded, including map-based and path planning
based ones. This article identifies the usage of various visual navigation on the flight of
drones, outlines the process of vision-based navigation, and analyzes the advantages
and disadvantages of different technologies used in the vision-based navigation on
drones.

2 Visual Sensors

Visual sensors provide visual information about the surroundings. Currently, there are
four types of cameras used on drones as their visual sensors.
2.1 Monocular Camera

Drones that use monocular vision SLAM only have one ordinary camera on them. Mo-
nocular cameras are easy-obtained and lightweight. Thus, they are the most widely used
cameras on UAVs. However, the SLAM approaches are worth researching because the
information provided by this kind of camera is limited.

For instance, Yang et al. applied monocular vision and SLAM approaches on UAVs
in emergencies and unknown environments. They implemented a landing system with
these algorithms [4]. They proposed a novel map representation approach that combines
three-dimensional features and a mid-pass filter to remove noise and construct a grid
map with different heights. A region segmentation method is proposed to identify
boundaries between grid areas of varying heights, enhancing the efficiency and preci-
sion of later landing zone selection. This method was evaluated in terms of its ability
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to maintain scene reconstruction integrity and finding safe landing location. In both
scenes, the autonomous landing is carried out successfully.

In addition, Ahmadi et al. used the UAV kinematics, the optical flow equations, and
a low-cost monocular camera to develop a novel appropriate model for estimating the
vertical distance and the velocity vector of a multirotor UAV for landing [5]. It demon-
strated the capability of height and velocity estimation of a multirotor UAV in the land-
ing phase of flight by just applying the low-cost camera information.
2.2 Stereo Camera

Stereo cameras are usually made up of two separate lenses. They can imitate human
vision and obtain 3D images. Thus, they can solve some problems caused by the lack
of information in a 2D vision condition. Duan et al. used stereo cameras to develop an
innovative method for outlier rejection approach for feature-based visual odometry [6].
With the stereo cameras' known orientation, they derived bounds on each pose param-
eter, enabling explicit estimation of UAV pose uncertainty. Then, they made some cal-
culations and formed a new method to estimate odometry. After implementing and test-
ing the proposed method on UAV indoor navigation, they found their approach more
reliable than the old one.

2.3  Red-green-blue-depth Camera

Red-green-blue-depth (RGB-D) cameras are aided with infrared cameras to offer both
visual images and depth maps. It can offer both visual results and depth maps with the
operation of infrared sensors. As a result, they can still work in the condition of a lack
of light. For instance, Wang et al. presented a real-time obstacle perception method for
UAVs with an RGB-D camera, which can overcome the difficulty of perceiving obsta-
cles in real-time for UAVs in low-light environments [7]. They utilized the obstacle
detector to construct a novel tracker and adapted it to more complex conditions such as
dynamic obstacles and occlusion. The method worked well in both indoor and outdoor
settings.

2.4  Fisheye Camera

Fisheye cameras have a larger viewing angle than any other type of camera. When cap-
turing subjects at close range, fisheye lenses generate pronounced perspective distor-
tion. The pictures taken by fisheye cameras undergo significant distortion and have a
strong sense of perspective convergence. With a larger visual scope and a longer depth
of field, UAVs equipped with a fisheye camera can easily handle complex environ-
ments since they can obtain more information about the environment. Since it is a rel-
atively innovative technology, there are only a few recent studies. Donggeun Oh et al.
applied a smart control system to a UAV with a fisheye camera [8]. They applied a
dynamically adjusted map compression ratio based on the UAV's geographical posi-
tion, and successfully operated the autonomous path planning algorithms on the UAV
in their platform.
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3 Object Detection Approaches

Object detection entails the identification and localization of object instances within an
image [9]. In a UAV navigation system, object detection is used to detect obstacles and
avoid collisions. Different object detection approaches are practiced for UAVs with
different types of visual sensors, since they provide different kinds of information. Re-
cently, researchers focused on object detection based on monocular and stereo vision
as they are the most widely used ones.

3.1 For Monocular Camera

The object detection approaches for them are well-developed. For monocular cameras,
there are mainly four types of detection algorithms: appearance-based, motion-based,
depth-based, and expansion-based [10].

Appearance-based approaches distinguish the object by its color and shape. For in-
stance, Ulrich et al. used one camera to provide continuous visual data [11]. It requires
a relatively flat background, and the objects significantly differ from the ground. Thus,
it judged the obstacles by picking out the pixel that differs in appearance. The classifi-
cation of a pixel relies on visual attributes like intensity, color, edges, and texture within
local regions [11], enabling it to detect small objects precisely. The algorithm is effi-
cient and cheap, but it has numerous limiting conditions.

Motion-based approach is suitable for objects that are moving quickly. Two consec-
utive pictures are captured and compared. If the displacement of a pixel is faster than
the ordinary displacement caused by the movement of UAVs, then the pixel is consid-
ered a part of the object. Jia et al. employ motion features to discriminate between ob-
stacles, shadows, and pavement markings [12]. They introduced a model utilizing two
consecutive video frames to distinguish obstacles from the ground plane through mo-
tion features [12]. They also utilized an adaptive mechanism to minimize false positives
[12]. The experiment showed their method was practical in real-time.

UAVs using depth-based algorithms are usually equipped with a fisheye camera,
since fisheye cameras can provide more information about depth. However, these ap-
proaches show defects in accuracy because of low image quality and high computa-
tional requirements [13]. Other researchers insist on utilizing depth-based approaches
with one ordinary camera, although this has great difficulty. For example, Zhang et al.
introduced a network called monocular detection with a depth-guided transformer
(MonoDETR) [14]. They modify the vanilla transformer to be depth-aware by intro-
ducing a module that can predict a foreground depth map based on the single camera.
They specialized a depth encoder to derive non-local depth embeddings as well. The
3D attributes of objects in their depth-guided regions were estimated adaptively by
MonoDETR, and the model achieved state-of-the-art performance.

Expansion-based methods use means similar to humans to find objects. As objects
get closer to the camera, objects would expand in a fixed proportion. The proportion is
obtained by comparing two sequential pictures. When the enlargement proportion of a
part of the image exceeds the normal value, it is considered part of the obstacle. Al-
Kaff et al. applied this approach to UAVs [15]. The detection algorithm tracks the
changes in the area size of the approaching obstacles and extracts boundary points of
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obstacles. After that, the method judges the collision risk by analyzing the relative area
ratio between detected obstacles and the UAV's position, and initiating avoidance ma-
neuvers when necessary. Experimental evaluation via both indoor and outdoor flight
trials confirmed the algorithm's accuracy.

3.2 For Stereo Camera

Stereo vision-based object detection approaches require at least two cameras on one
UAV to dynamically construct a 3D environmental map. For stereo cameras, there are
mainly two types of detection algorithms: Inverse Perspective Mapping (IPM) - based
and disparity histogram-based [16].

IPM-based methods have limited research and application because they are the most
costly. It requires forming aerial view images from the images taken by stereo cameras
on UAVs. The aerial view can eliminate perspective distortion, so that the sizes and
positions of objects in the image are the same as those in the real world, making it easier
for subsequent tasks such as object detection. Kim et al. utilized one wide field of view
(FOV) camera and one narrow FOV view camera to detect obstacles [17]. They com-
bined IPM between the input images of the stereo camera and IPM using consecutive
input images from a camera with a narrow FOV [17]. Obstacle detection was performed
through IPM-based region detection, while stereo matching provided spatial position
coordinates of the obstacle [17]. Their experiment results show that this algorithm is
precise and practical.

In disparity histogram-based approaches, two similar cameras are installed on one
UAV. They construct a disparity map by taking pictures ceaselessly and calculating
disparity for all image pixels. The data is then processed to generate a depth map of the
surrounding objects [18]. However, the large number of calculations needed makes it
hard to operate on UAVs. Therefore, McGuire et al. presented a highly efficient com-
puter vision algorithm called Edge-FS for the application of this algorithm on micro
aerial vehicles, which can determine velocity and depth [19]. The drone's velocity is
calculated by the stereo-based distance estimates. These measurements enable drones
only relying on on-board sensors to achieve fully autonomous flight, including control
velocity and avoiding obstacles themselves [19].

4 Navigation Approaches

Besides the cameras and their object detection approaches, a vision-based navigation
system also needs to plan the moving path for the UAV. Map-based approaches plan
the required movement from the starting point to the ending point, and path planning
approaches fine tune the route and enable UAVs to avoid collision and get to their des-
tination successfully.

4.1 Map-based Approaches

Map-based navigation approaches use maps of the environment to guide the flight of
UAVs. Based on various levels of contained detail of maps or the origin of maps, the
approaches can be categorized as map dependent systems and map building systems.
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UAVs applying map dependent systems rely on complete access to a 3D map of the
entire environment they operate in. For instance, Saranya et al. established wireless
communication to estimate real-time visual position of UAVs through continuous
onboard camera processing [20]. They first utilized traditional means and the help of
sensors to navigate the UAV. However, these means encounter errors, thus the direct
visual location is applied as a remedy. The position estimation is achieved by utilizing
the Google static map application programming interface. A computer at the ground
station transmitted the UAV’s position into GPS information.

However, providing a detailed 3D map for UAVs is rare and difficult. Moreover, the
environment must be the same as the map, but this is hard to achieve. As a result, the
UAYV may not recognize its position precisely in those strategies, and the map building
system is more widely preferred for autonomous navigation. For example, Bavle et al.
[21] used stereo visual SLAM to provide real-time images to update the indoor map in
a UAV. This method fuses low-level visual and visual-inertial odometry (VO/VIO)
with geometrical information derived from detected semantic objects. Several state-of-
the-art VO/VIO algorithms and object detectors were used in order to estimate the com-
plete 6DoF pose of drones and create an annotated feature map of the environment [21].
4.2  Path Planning Based Approaches

Path planning is the process of determining the best route from start to finish point. The
algorithms combine the results obtained previously and judge the path that both reaches
the destination and avoids collision. There are two approaches to path planning: global
path planning approaches and local path planning approaches.

Global path planning approaches depend on a global geographic map as the UAV’s
static map and find the most efficient path, such as the shortest route or the lowest cost
of work. For instance, Belge et al. construct an algorithm called Harris hawk optimiza-
tion (HHO)—grey wolf optimization (GWO), which is a hybrid metaheuristic optimiza-
tion framework for UAVs that solves optimal path planning and trajectory tracking
problems during payload delivery missions [22]. Its path is planned based on known
maps, and the algorithm is used to make sure the path is the most energy-efficient while
no collisions happen.

Local path planning approaches utilize data about the environment collected by
UAVs. They usually involve complex computation because they require real-time dy-
namic calculations and planning of the route. Yang et al. proposed a 3D space path
planning method for UAV atmospheric sampling [23]. The algorithm optimizes cover-
age density while satisfying onboard energy limitations, ensuring complete volumetric
environment detection. Simulation results demonstrate that the newly proposed ap-
proach significantly enhances coverage density when compared to existing path gener-
ation techniques [23]. Since the energy is saved from its movements, it can collect more
gas samples at one time and detect the atmospheric environment more precisely. Souza
et al. introduce an enhanced potential field approach that not only enables obstacle
avoidance, but also addresses issues of local minima and oscillations within the repul-
sive field's influence range [24]. They developed a strategy for every individual UAVs
to autonomously determine optimal vortex field avoidance vectors based on each ob-
stacle. Experiments show that it can generate feasible paths in real-time applications.
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5 Conclusion

With the development of technology, UAVs have been developing rapidly in recent
years. The vision-based navigation technology is an important part of the operation of
drones. It includes obstacle detection approaches, map-based navigation approaches
and path planning approaches. Visual sensors are necessary as the source of information
about the environment. The monocular camera approach relies on only one camera. It
is cheap and easy to obtain, but it cannot provide information about depth, so stereo
cameras appear to make up for the disadvantage. They have a pair of visual sensors and
can form 3D images. RGB-D cameras can work in low-light conditions with the help
of infrared cameras. Fisheye cameras are cameras with larger viewing angle and longer
depth of field, providing abundant depth information. For monocular cameras, the ob-
jects can be detected based on their appearance, motion, depth or expansion. For stereo
cameras, there are IPM based and disparity histogram-based object detection algo-
rithms.

The drones also need navigation approaches to find the flight path. For map-based
approaches, map-dependent approaches require full access to the 3D map of the whole
environment, but this is not very practical. Therefore, map-building strategies are more
widely used. They involve building maps while moving and collecting information in
the environment. With the rough route planned and obstacles discovered, UAVs require
path planning approaches to obtain the best route and achieve other required perfor-
mance.

This article outlines the process and means of the vision-based navigation of UAVs.
Several studies of the related techniques are cited as examples and show the trend of
development in this domain. Some similar technologies are compared and evaluated.
This summary is not comprehensive enough to include all the state-of-the-art develop-
ment on the techniques. Further research is essential to understand the development of
this industry and improve the technologies used.
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