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Abstract
There is a growing demand over the last two decades for generating digital surface models
(DSMs) in real-time. One of the important applications for real-time DSMs is aircraft landing,
especially in a degraded visual environment. In such a challenging environment, no clear visual
conditions exist, which can potentially result in the loss of equipment and/or life. These
conditions can be caused by snow, rain, blowing sand and dust, fog, smoke, clouds, darkness, and
flat light conditions that currently hamper aviation operations. With the growing demand for
such applications, there is a need for efficient LiDAR processing algorithms capable of generating
DSMs in real-time and provide the safe landing zone (SLZ) for the aircraft landing.
Several research activities have addressed robust filtering algorithms for the airborne laser
scanning (ALS) data. Although most of these filtering algorithms are accurate and robust, they
are limited to post-processing since they rely on computationally expensive algorithms and
require high execution time that is not suitable for real-time applications.
The aim of this research is to design and implement an efficient algorithm that can filter LiDAR
point cloud, generate DSM, slope map, roughness map and operate in real-time. The algorithm
is suitable for real-time implementation on limited resources embedded-processors without the
need for a supercomputer. It is also capable of using all the generated maps in identifying SLZs
suitable for the aircraft landing.
The method suggested in this research identifies the best SLZ for the aircraft based on
processing the 3D LiDAR point cloud collected from a LiDAR mounted on the aircraft. The
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proposed method filters these data, then constructs a DSM of the terrain with high accuracy. It
also generates a slope map, roughness map and binary map, which are used to determine the
best SLZ for this aircraft. The SLZ decision is made according to the permissible slope and
roughness values in which the aircraft can land safely. Moreover, the proposed method filters
SLZ to include only those that have enough space for the aircraft landing.
The proposed method was successfully implemented in C++ in real-time and was examined on
a professional software flight simulation. With comparison to the reference data, we were able
to demonstrate the capability of the developed method to identify SLZs for helicopters assisting
pilots to decide on the safest landing area. The proposed method was also able to distinguish, in
real-time, the roofs of the buildings (areas of low slope) from the edges of the same buildings
(areas of high slope).
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Chapter 1
Introduction
1.1 Background
Airborne Laser Scanning (ALS) is one of the photogrammetry technologies that
integrates Global Navigation Satellite System (GNSS), Inertial Navigation Systems (INS)
and laser scanners in order to obtain accurate 3D coordinates (x, y, z) of points detected
on the earth’s surface. The system utilizes a multi-sensor fusion of GNSS and INS to
determine the position and attitude of the multi-sensor suite, and narrow laser beams to
determine the range between the sensor suite and the target points. Laser scanning is
always preferred since they operate efficiently in all environmental conditions including
day/night and in the presence of shadows, sand, snow, rain and other degraded vision
environments [1].
Within the last few years, the ALS utilizing Light Detection and Ranging Radar (LiDAR)
has been noticeably improved [2]. It can scan 3D volumes which results in the production
of a 3D point cloud in a short period of time. Consequently, all kinds of buildings,
vegetation, obstacles and flat grounds can be localized, which aids in various kinds of
applications [2].
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ALS with the use of LiDAR provides high-resolution topographic data, which significantly
enhances land surface representation [3]. Examples of applications which can witness the
utilization of LiDAR for ALS are urban planning, flood analysis, telecommunication and
security services which require 3D models of urban areas. As the demand for these
applications is massively growing, techniques of LiDAR-based ALS are being rapidly
improved [1].
ALS is usually executed using helicopters, fixed-wing aircraft or both. Flying heights vary
from 20 m to 6000 m; while flying heights typical values range from 200 m to 1000 m [4].
Recently, Unmanned Aerial Vehicles (UAVs) were improved in order to, carry a higher
payload, which allows for higher quality camera onboard and if needed, surveying with
LiDAR instruments as shown in Figure 1-1. ALS by UAV is used in many applications such
as forestry, agriculture, archaeology, cultural heritage, environmental surveying, traffic
monitoring and 3D reconstruction [5].
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Figure 1-1: UAV carrying LiDAR1

Aircraft and spacecraft precision landing has become one of the newest applications
that have started to rely on ALS [6]. The LiDAR technology has the ability to provide Digital
Surface Models (DSMs) of the terrain and accurately measure the distance to the ground
and the approach speed. This facilitates the safe landing of airborne platforms including
helicopters, UAVs with a high degree of precision on planetary bodies using ALS in a
degraded visual environment. Various past academic research discussed installing LiDAR
on spacecraft which is capable of generating DSMs of the terrain, in order to be used to

1

Source: photo taken by Cargyrak, LIDAR survey being performed with a Yellow scan LIDAR on the
OnyxStar FOX-C8 HD, https://commons.wikimedia.org/wiki/File:Yellowscan_LIDAR_on_OnyxStar_FOXC8_HD.jpg, (accessed Feb 1, 2019)
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determine the most suitable safe landing site, by indicating hazardous features such as
rocks, craters, and steep slopes during the approach phase of a landing vehicle [6] [7].
1.2 Problem Statement
Previous literature provided lots of algorithm in generating DSM [8] [9] [10] [11] [12]
and calculating the slope of DSM [13] [14] [15] [16] [17] [18] [19]. However, most of these
algorithms are computationally expensive and they were designed and implemented only
for post-processing of the collected data. Consequently, they are not suitable to provide
identification of the safe landing zone (SLZ) of air platforms.
Literature about finding SLZs for spacecraft on planetary bodies provided a very
efficient yet expensive approach [6] [7] [20] [21]. The method utilized for this purpose
depended on three different types of LiDARs to achieve their goals. This approach is
considered generally an expensive one but compared to the cost of spacecraft it is fairly
suitable. However, for the identification of SLZ of helicopters, drones and other platforms,
a lower cost solution that rely on just one LiDAR is desirable due to cost, size and payload
constraints.
Thus, in this research, new methodologies that can be realized in real-time are explored
to generate DSM and calculate the slope and roughness of the terrain [22]. These
methods are both effective in generating the DSM and efficient for real-time realization.
Effective methods for point cloud filtering [23] and finding SLZs contours [24] have been
adopted in this research. An innovative approach has been developed to find the SLZs
from the raw LiDAR point cloud.
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1.3 Scope
The scope of this research is to develop a method that can help pilots to navigate while
landing in a degraded visual environment and to assist in identifying the SLZ. The research
utilizes raw LiDAR point cloud produced from a LiDAR mounted on the aircraft. The SLZs
identified should be large enough to fit the size of the aircraft landing; moreover, it should
satisfy certain slope and roughness values to be considered as an SLZ. The algorithm
should have low computation cost, so it can be implemented to operate in real-time on
the embedded processor of the aircraft.
1.4 Objective
This research aims to develop a method that can identify the SLZs from the raw LiDAR
point cloud in real-time with high accuracy. Thus, the objectives of this research project
are as follows:

1. Filter LiDAR point cloud and provide all the preprocessing preparations to be ready
for terrain maps generation.
2. Utilize filtered LiDAR point cloud to generate terrain maps as a DSM, slope map,
roughness map and binary map.
3. Find suitable SLZ for the aircraft with certain slope and roughness characteristics.
4. Filter the identified SLZs to include only those that have enough space for the
aircraft landing and prevent the production of repeated SLZs.
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5. Provide terrain maps with dual resolution; high resolution in case the aircraft is near
to the ground and low resolution in case the aircraft is far from the ground.
6. Allow the pilot of the aircraft to choose any SLZ as the preferred Safe Landing Point
(SLP), while the algorithm keeps sending an update for the status of this SLP to
identify it is still safe or not.

1.5 Thesis Outline
This research targets the utilization of LiDAR sensors mounted on an aircraft to locate
SLZs for aircraft landing in real time. This is performed first, by the generation of DSM
from raw LiDAR point cloud preceded by, the estimation of the slope map from the DSM
and then, by the computation of the roughness map from the slope map. Consequently,
the SLZs can be identified for aircraft landing.
This thesis is organized into five chapters followed by a bibliography. Chapter 1
provides an overview of the research conducted in the thesis, with background about ALS
and the usage of LiDAR in generating DSMs. Furthermore, this chapter outlines the
problem statement, overall scope and objectives. Chapter 2 presents the literature
review about LiDAR, its types and applications. It also covers DSM extraction and
applications in addition to finding terrain slope and roughness form DSM and identifying
SLZ. Chapter 3 discusses the first stage of the proposed method. In this stage, the raw
LiDAR point cloud is prepared for the next stage in which slope and roughness will be
calculated. In this chapter, the slope estimation algorithm is also introduced. Slope
estimation is considered the main stage in the proposed method. In this stage, the point
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cloud is populated to generate the DSM, which is then used to estimate the slope map
and the roughness map. Chapter 4 discusses the SLZ identification stage, which is
responsible for finding all the SLZs in the binary map array that was constructed and
calculated in the slope estimation stage. Moreover, this chapter introduces the SLZ
filtering stage which prevents the repetition or the intersection of different SLZs and
filters the unneeded boundary points. Chapter 5 concludes with a summary of the work
and discusses future recommendations.
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Chapter 2
Literature Review
2.1 LiDAR
2.1.1 Theory of operation
The theory of operation of LiDAR depends on the laser (light amplification by stimulated
emission of radiation) partially on laser pulses. Q-switched ruby or neodymium-doped
glass are mostly used in generating laser pulses. These pulses are directed in the beam
which has power more than tens of megawatts and durations ranging from 10 to 20 nano
sec [25].
These pulses are reflected after hitting any object back to the LiDAR, it is detected by a
photomultiplier after being collected by a lens or reflector system as shown in Figure 2-1.
Narrowband optical filters can be used after receiving the signal to minimize noise caused
by external light since the laser is monochromatic. The nature of the received signal (𝑃𝑟 ),
is given by equation (2.1) [25].
𝑃𝑟 (𝑅) =

𝑃𝑡 𝑐 𝜏 𝛽́180 𝐴 −2 ∫𝑟 𝜎(𝑟)𝑑𝑟
0
𝑒
8 𝜋 𝑟2
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(2.1)

Where:
𝑃𝑟 : The received power
𝑃𝑡 : The transmitted power
c: The velocity of light
𝜏: Thepulse duration
r: The range
𝛽́180: The volume backscattering coefficient of the atmosphere at range r (having
dimensions of area/unit volume).
A: The effective receiver aperture
𝜎: The extinction coefficient

Figure 2-1: Schematic view of a photomultiplier2

2

Source: Qwerty123uiop,
https://commons.wikimedia.org/wiki/File:PhotoMultiplierTubeAndScintillator.svg (accessed Feb 1, 2019)
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2.1.2 LiDAR Types
Many LiDAR systems available today utilize a mechanical mechanism for the direction
of the laser beam. Having a mechanical system like this may limit the scan rate of the
LiDAR. Thus new types of LiDAR were introduced, that try to overcome disadvantages if
the normal LiDAR or provide better results for specific applications. One of these new
LiDAR types is solid-state LiDAR [26]. Flash LiDAR can capture an entire 3D image with a
single laser pulse, it has an image resolution of tens of thousands of pixels, and in addition
to that, the device itself is small size. Figure 2-2 shows the concept of Flash LiDAR, where
the short-pulse laser flood-illuminates the target scene. Then, the receiver collects the
scattered light and directs an image of the target to the array of avalanche photodiodes
(APDs) [27]. The flash LIDAR was further developed to provide better results, it was used
on a silicon photonics chip using optical phased arrays for solid-state beam steering. This
new devolvement achieved a distance error of less than 10 mm, however it has a limited
distance to target of only 2m [28].
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Array of avalanche
photodiodes (each pixel
measures time of flight)

Receiver
optics
Figure 2-2: Concept of Flash LiDAR

Another type of LiDAR which was developed specially for the measurement of water
vapour atmospheric spatial distribution is the Differential Absorption LiDAR (DIAL). DIAL
uses a single flash-pumped alexandrite laser. Its theory of operation depends on emitting
two successive pulses from the DIAL with some special characteristics as shown in Table
1. The wavelength distribution of the DIAL is adjusted such that it is nearly Gaussian with
a standard deviation of 0.14 pm [29].
Direct Detection Doppler LIDARs are one of the important types of LIDARs, it used for
studies in connection with climate issues. There is Ground-based direct Detection Doppler
LIDARs. They are usually placed in high-altitude. They require high-power laser (>100
mJ/pulse) and large telescopes (~1m). And there is Space-based Direct Detection Doppler
LIDARs. They provide direct measurements of global wind fields from space. They help to
demonstrate improvements in numerical weather prediction and climate models [30].

11

Table 1: Main characteristics of DIAL

Emitter
Spectral range
Linewidth FWHM
Shot-to-shot spectral stability
Spectral purity
Double pulse spectral separation
Double pulse temporal separation
Temporal pulse width
Pulse energy
Repetition rate
Receiver
Telescope diameter
Field of view
Photomultiplier efficiency
Filter: Max trans / bandwidth
Digitizer

727 nm - 770 nm
1.2 pm
0.14 pm RMS
99.99%
442 pm
50 µs
225 ns
2 x 50 mJ ± 10 %
10 Hz
30 cm
1.5 mrd - 8 mrd
4%
57 % / 1 nm
12 bits / 10 MHz

Although lots of types LiDAR were introduced in the market, the traditional scanning
LiDAR is till used in many applications. It uses a laser beam from single or multiple sensors
in addition to a group of moving mirrors assembly that scatters all these beams in all
directions to cover the LiDAR field of view sequentially [31]. In this research the traditional
scanning LiDAR is used as it has relatively lower cost and it fits the proposed application.
2.1.3 LiDAR Applications
The continued devolvement of LiDAR transformed it into an essential tool used in lots
of research activities, industries and applications. Chen et al. [32] developed a Cloud
Physics Lidar (CPL). The purpose of the CPL is to measure cirrus, subvisual cirrus, and
aerosols with high temporal and spatial resolution. The Lidar is also able to make Cloud
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profiling, Aerosol, boundary layer, and smoke plume profiling, find the Depolarization
ratio to determine the phase of cloud (ice or water) and the Determination of optical
depth for both cloud and aerosol layers. Alvarez et al. [33] developed another airborne
LiDAR system for measuring ozone and aerosols in the boundary layer and lower free
troposphere.
Koch et al. [34] designed a differential absorption LiDAR to measure CO2 concentration
in the atmosphere. The design of this LiDAR depended on the Doppler technique. They
also proposed a signal processing algorithm for the system. This LiDAR yielded a very good
precision in the CO2 concentration measurement, it reached 1%–2% of the standard
deviation.
Stockdon et al. [35] proposed a method to estimate the shoreline position from ALS
data. This technique allows rapid estimation of objective, GPS-based shoreline positions
over hundreds of kilometres of coast. This method is crucial for the assessment of largescale coastal behaviour.
Harris et al. [36] presented a study that explores the potential of a turbine-mounted
LiDAR to enhance capabilities for wind energy production. This LiDAR measures wind
speed and direction in order to help in wind energy production. They also proposed three
different setups according to the cost (low cost, medium coast, high cost) to fit for all sizes
of wind farms.
One of the most important applications for LiDAR is future self-driving cars. LiDAR can
help the car to generate high-resolution maps of the environment and it is able to identify
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other cars, pedestrians building and other objects in order to help the car in navigation
[37]. The LiDAR also can be used in the accurate localization of the car [38]. There were
also other algorithms which help the car to detect lanes using LIDAR [39].
2.2 DSM
High accuracy and fully automatic acquisition of DSM generation data are one of the
main tasks of remote sensing techniques. Airborne LiDAR has been widely used to acquire
3D terrain data. Numerous research focuses on DSM and use it in various applications. An
example of high-resolution DMS is shown in Figure 2-3. Previous literature focuses on the
effect of some interpolation methods on the global characteristics of the DSM.
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Figure 2-3: Example of High-resolution DSM3

Problems with the edges in the DSMs produced by triangle-based linear interpolation
were noted by Zinger et al. [8]. They found that surfaces are very rough when using the
nearest neighbour interpolation, also the oblique surfaces like some roof facets are
shown as discontinuous surfaces. Moreover, where the edges are blurred, they proposed
using kriging interpolation to give smooth areas [8].

3

Source: Environment Agency Survey Open Data, Hill-shaded Colour Relief Image of 2014 0.50m LIDAR
Composite Digital Surface Model (DSM, www.flickr.com/photos/environmentagencyopensurveydata
(accessed Feb 5, 2019)
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The effect of changing grid size in the interpolation phase was explored by Smith et al
[9]. They proved that the existence of break lines in the LiDAR point cloud was found
largely concurrent with the patterns of errors. The issue of resampling gridded DEMs to
greater resolutions was examined by Rees [10]. They found that simple bilinear and
bicubic interpolations are sufficient for the interpolation of Digital Elevation Models in
non-urban areas. Behan [40] discovered that the use of a grid with a sampling size that
relates to the point density at the acquisition phase created the most precise surfaces.
In addition, Hyyppä et al. [11] generated high-resolution DSM by interpolating all first
LiDAR return through a Delaunay TIN. Since this research was using only the first LiDAR
return, it sometimes was not able to provide a good representation of the ground. This
problem occurs when LiDAR point clouds which are very close to each other (relative to
their x-y coordinates) have totally different z-coordinate.
In this case, when triangles are formed, spikes appear in the form of needle-shaped
triangles. This adds some distortion in the DMS and eventually leads to fault results. Thus,
a spike-free algorithm which considers all returns was introduced by another research.
This solves the previously mentioned problem as; the algorithm checks all LiDAR points
first before constructing the TIN. If this point would lead to a spike, it will be ignored
completely to avoid any distortion in the DEM [12].
2.3 DSM Applications
Recently, after the development of the DSM finding techniques especially, after the
evolution of airborne LiDAR, many efforts were exerted in the use of the DSM to extract
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features to aid in various applications. One of the main applications of DSM is calculating
Digital Terrain Model (DTM). Zhang et al. proposed a progressive morphological filter to
detect non-ground LiDAR measurements. Their algorithm tunes the window size of the
filter automatically and uses elevation difference thresholds, to be able to eliminate
measurements of vehicles, vegetation, and buildings, while ground data are preserved
[41].
Lu et al. [42] introduced a machine learning algorithm to automatically extract DTMs
from their corresponding DSMs. Moreover, Bayram et al. [43] introduce a new filtering
algorithm that distinguishes ground and non-ground points in terms of their spectral
characteristics using iterative graph signal filtering. Removing non-ground measurements
was the main challenge in extracting DTM.
Furthermore, other researchers used DEM in developing other applications. Liang and
others devolved a new method, which can accurately extract power lines from Airborne
LiDAR point clouds. It can automatically extract multiple power lines and reconstruct
power lines in 3D space [44]. Melendy et al. [45] developed an algorithm, which can
detect, and map critical features associated with logging – roads/decks, skid trails, and
gaps – using commercial airborne LiDAR data as input. This aids in mapping selective
logging in tropical forests which has an impact on the global carbon cycle as well as, on
the forest micro-climate, and longer-term changes in erosion, soil and nutrient cycling,
and fire susceptibility.
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One of the main types of data that can be extracted from DSM is the building's
characteristics. Numerous researches have been conducted to extract data about the
building’s geometry, orientation … etc. Rottensteiner [46] presented a method for
automatically generating 3D building models from point clouds generated by the LiDAR.
This method approximately detects buildings and their outlines, extracts planar roof faces
and creates models that resemble the roof structures.
Zhang et al. [47] presented an algorithm which can extract the building’s footprints
from Airborne LiDAR automatically. It separates the ground and non-ground LIDAR
measurements using a progressive morphological filter and it identifies building’s
measurements from non-ground measurements using a region-growing algorithm based
on the plane-fitting technique. It derives raw footprints for segmented building
measurements by connecting boundary points. Gooding et al. [48] also worked on
modelling roof geometries, to be used in the feasibility study of solar technologies
installation on a citywide scale. Yan et al. [49] proposed an algorithm to estimate the
orientation difference between buildings in a DSM as, the orientation of buildings has
major impacts on ventilation, daylight, and many other aspects of a building.
2.4 Extracting Slope from DSM
The slope is a fundamental parameter in all the studies related to geoscience generally.
It can describe the structure of geographic surfaces, analyze topographic data and
accurately monitor the elevation. Moreover, it predicts environmental phenomena such
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as soil erosion and sediment deposition. Furthermore, it can be used in the study of water
channel morphology and many other applications.
Warren et al. [13] studied ten methods of computing slope from elevation data. They
compared these methods with field measurements of the slope. The methods were
compared based on the overall estimation of performance, estimation of accuracy,
estimation of precision, and the independence of the estimation of errors and the
magnitude of field measured slopes. They showed the advantages and limitations of each
method and the evolution of these methods over time by researchers. In addition,
Vianello et al. [14] compared different methods to calculate the slope from the elevation
data but only for the application of headwater channel network analysis.
There are other several different algorithms for estimating the slope in a cell-based
methodology depending on neighbouring elevations [15]. Fleming and Hoffer [16]
suggested utilizing only the nearest four neighbours in the 3 × 3 window to calculate the
slope of the center cell. Then, Horn [17] presented an eight-neighbour algorithm by
differentiating the set of elevations on opposite sides of the central cell. In his equation,
the horizontal and vertical neighbours are twice as important as the farther diagonal
neighbours.
Chen et al. [18] proposed a new algorithm named (Quad) to improve slope accuracy.
They improve the eight-neighbour algorithm proposed by Horn by using the 2 × 2 cell
neighbourhood model instead of the 3 × 3 one so that the center cell’s own elevation
becomes the most important factor during the calculation. While the horizontal and
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vertical cells are twice as important as the corner cell, the center cell gets twice larger
than the corner one. They consider the center cell itself which was not considered by the
Horn eight-neighbor algorithm proposed by Horn.
Nie et al. [19] proposed a new physical model which depends on footprints overlapping
to estimate terrain slope. This model is used in the monitoring of elevation changes of
glaciers in a better way. Their research aims to separate the convolved broadening due
to within-footprint slope and roughness and to fully take into account the influence of
altitude angle, footprint size, shape, orientation, and terrain aspect in the slope
calculation process.
2.5 Safe Landing Zone (SLZ) identification
Previous research (The Autonomous precision Landing and Hazard detection and
Avoidance Technology) “ALHAT” has been conducted regarding SLZ identification, it aims
to perform precision landing for various types of landing crafts on the moon while
avoiding hazards such as rocks, craters, or uneven surfaces [20]. Several flight tests were
conducted to develop technology for precise landings in uneven terrain as shown in Figure
2-4.
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Figure 2-4: A rocket flying several landing technologies flown in the Mojave Desert. 4

The project aims to build a complete control system employing sensors, algorithms and
interfaces which control the spacecraft during landing, this enables landing on any
planetary body such as the moon, even if the surface has never been explored before.
The system has the following features:


It is completely independent of light, so it can land in dark areas without any
difficulties.



It is able to conduct a safe landing in a zone which was previously determined
before the trip.

4

Source: NASA/JPL-Caltech, https://www.jpl.nasa.gov/news/news.php?feature=6876 (accessed Feb 7,
2019)
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The system can work either in a manned or unmanned spacecraft.
o In the case of a manned vehicle, the system will enable the pilot to have
full control over the system whenever needed. The pilot will be able
anytime to interfere to abort the landing, change the landing zone, or
take control of the vehicle.
o In the case of an unmanned vehicle, the system will make the whole
process automatically [20].

The continued research on ALHAT project added some new features to the previously
defined ones:


The system can land autonomously anywhere, anytime within tens of meters
if, there are lunar navigation assets in place and/or precise lunar maps.



The system can land autonomously anywhere, anytime within <1 km if, there
are no lunar navigation assets and/or precise lunar maps.



The system can detect obstacles with the following characteristics:
o Length of more than 50 cm.
o A slope of more than 10° slopes [7].

Further research was conducted to deal with all the conditions and factors affecting the
design of the landing system of the ALHAT project. This research immensely focuses on
the details of the system. It discusses the sensors, which fit best to provide the highest
performance in the detection of landing surfaces and then chooses the optimal sensor
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which is sufficient for the mission. The research also focuses on two important parts of
the project, which are the Hazard Detection and Avoidance (HDA) and Hazard Relative
Navigation (HRN). It finally discusses the optimization of the landing system to provide
the best performance [21].
Furthermore, this research was extended, by developing novel LiDAR sensors in order
to satisfy all the objectives and features mentioned before. These LiDAR sensors are a 3Dimensional Imaging Flash LiDAR, a Doppler LiDAR, and a Laser Altimeter:


The Flash LiDAR has a completely different theory of operation than traditional
LiDARs. Traditional LIDARs send many LASER pulses covering their field of view,
these pulses are reflected from distant targets and by using time of flight
principle, distances of these targets are calculated, and they form point cloud.
These points are rastered over the surface to form three-dimensional images of
a target surface. On the contrary, Flash LiDAR does not raster laser beams.
Instead, it only sends a single LASER pulse (flash), which covers the whole field
of view. A camera is used to detect each of the Laser beams returning from each
(pixel). This revolutionary technique saves all the time needed to gather
rastered data. It makes the processing of the data significantly faster than
traditional LiDARs so, it is easier to develop an algorithm to process the data in
real time [6] [50].



The Doppler LiDAR theory of operation depends on three laser beams pointed
to different directions to measure line of sight velocities, ranges to the ground,
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and ground relative attitude which includes roll, pitch, angle of attack and
sideslip angle. It is able to measure altitudes of more than 2 km. Moreover, it is
able to calculate ground relative velocity and distance data with high accuracy.
The Doppler is developed to support precision pinpoint landing on a planetary
surface [6] [51].

The sequence of the operation of these sensors in the context of a lunar landing
scenario is explained in this research as follows:


As the landing vehicles approach the landing site in the range of 20 km above
the surface, the Laser Altimeter begins its operation and provides altitude data
with sub-meter precision.



Then, the Flash LiDAR starts its operation. At this stage, the Flash LiDAR is
focused only on a small part of its field view. It generates low-resolution
elevation data of the terrain. This is because; normally the range of the Flash
LiDAR is 1 km, which is not enough at this stage. The decrease of the field of
view of the Flash LiDAR increases its operational range to about 15 km.



Later, as the landing vehicle reaches about 2.5 km from the surface, the Doppler
LiDAR starts its operation. It measures ground-relative vector velocity of
precision 1 cm/sec and altitude data with high precision of 10 cm. The Doppler
LiDAR data increases the accuracy of the precision navigation to the selected
landing site to be better than a meter precision.
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Then, once it approaches about 1 km to 0.5 km from the ground, the Flash LiDAR
shifts its operation from a fraction of field view to its full field of view. This
generates a high-resolution elevation matrix of the landing area and aids the
system to detect hazardous as rocks, craters, and steep slopes.



Finally, at about 100 m, the vehicle thrusters create dust plume. The dust will
generate noise, which makes all LiDAR points unreliable. Thus, The Flash LiDAR
operation is terminated to prevent such an occurrence. The high precision data
provided by all these sensors allows the Guidance, Navigation, and Control
system to identify the safe landing site and safely land in the designated site [6].
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Chapter 3
LiDAR point cloud Pre-Processing and Slope Estimation
3.1 Overall system architecture
The proposed method suggested in this research deals directly with LiDAR point cloud
in order to, calculate the DSM, slope map, roughness map and SLZs for aircraft in which
the LiDAR is mounted. The algorithm consists of four stages as follows:

1) LiDAR point cloud preprocessing
2) Slope and Roughness Estimation
3) Finding SLZ
4) Filtering SLZ

A flow chart of the whole method, the summary of the process inside each stage and
the inputs/outputs of each stage are shown in Figure 3-1.
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Figure 3-1: overall system architecture
3.2 LiDAR point cloud preprocessing
The preprocessing stage is considered as the preparation stage. It prepares the raw
LiDAR point cloud for the next stage in which, the slope and roughness will be calculated.
The preprocessing is responsible for three tasks: (1) windowing all the LiDAR point cloud
in units of time window defined by the user; (2) separating the 3D space into zones,
determining the zone in which the aircraft currently exists and detecting whether the
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aircraft has moved from one zone to another (3) calculating the Cartesian coordinates of
each point in every zone relative to the origin of its zone.
The preprocessing stage has one input named point cloud (𝑃𝐶). 𝑃𝐶 contains all LiDAR
point cloud before windowing. It is represented with a matrix with dimensions (n, m) as
shown in equation (3.1), where n is the number of points per epoch, m is the number of
components per point (X, Y, Z).
𝑥1
𝑥2
𝑃𝐶 = ⋮
⋮
[𝑥𝑛

𝑦1
𝑦2
⋮
⋮
𝑦𝑛

𝑧1
𝑧2
⋮
⋮
𝑧𝑛 ]

(3.1)

Where:
𝑛: The number of points per epoch
𝑚: The components per point (X, Y, Z)
The preprocessing stage has also one output named windowed point cloud (𝑃𝐶𝑤 ). The
windowed point cloud (𝑃𝐶𝑤 ) contains all LiDAR point cloud after windowing represented
by a matrix with dimensions (n, m) as shown in equation (3.2), where n is the number of
points per window, m is the number of components per point (X, Y, Z).

𝑥1
𝑥2
𝑃𝐶𝑤 = ⋮
⋮
[𝑥𝑛

𝑦1
𝑦2
⋮
⋮
𝑦𝑛

𝑧1
𝑧2
⋮
⋮
𝑧𝑛 ]

Where:
𝑛: The number of points per window
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(3.2)

𝑚: The components per point (X, Y, Z)
The preprocessing stage employs different modules in order to achieve its task. These
modules are listed below as follows:

1. Windowing Module
2. Zone Separation Module
3. Origin compensation Module

3.2.1 Windowing
The used LiDAR scans the environments with high frequency, it could make hundreds
of scan (epoch) per second. In each scan, the LiDAR produces laser pulses everywhere in
the environment with a certain pattern, and then it receives these laser pulses after
hitting objects. The received point in each scan (epoch) is named point cloud. The number
of points in each point cloud is less than a hundred points, which will be not enough to
evaluate the terrain and calculate the slope. Thus, the preprocessing stage aims to
accumulate point cloud of several scans (epochs) to have a better view of the terrain and
calculate the slope accurately. The total duration of accumulated scans is named time
window. The time window can be adjusted according to the number of points per scan in
the used LiDAR. The current used time window in this work is 1 second.
3.2.1.1 Real-time Implementation
In this module, LiDAR points, which were gathered in one time-window, are
accumulated depending on the timestamp provided with each scan of the LiDAR point
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cloud. It saves the timestamp of the first scan as a reference then, for each scan starting
from the second one, it calculates the difference in time between this scan and the
reference one. Whenever this time difference reaches the time window, the windowing
module sends these points to the next module. Consequently, it saves the current scan
as the reference, calculates the difference again and repeats the whole process.
This step is highly important as each scan provides a small number of points which will
not be able to provide a clear view of the terrain. It was discovered that it would be better
to accumulate the point cloud for a certain time window to have a better view of the
terrain.
3.2.2 Zone Separation
The terrain maps (DSM, slope map, and roughness map), which have all the data
calculated by the algorithm, have certain dimensions defined by the user. The terrain
maps should be large enough to cover all the LiDAR point cloud which was received during
the movement of the aircraft for several time windows. The area covered by the terrain
maps is called zone. After the movement of the aircraft for many time windows, it will
reach the boundary of the zone, meaning that it will receive point cloud outside this zone.
The important contribution of this module is to separate the 3D space into zones,
determine the zone in which the aircraft is currently scanning and detect if the aircraft
had moved from one zone to another. The module detects new zones using the geodetic
location of every new scan.
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3.2.2.1 Real-time Implementation
The module first saves the geodetic origin (in terms of latitude, longitude and altitude)
of the first LiDAR point in the first scan. This origin was recorded when the system initially
started. Then, the module assumes that a zone is created, with this first LiDAR point as its
center. This zone has a rectangular shape with fixed length and width, which are
determined by the user.
Starting from the second scan, the module always checks if any of the detected points
are outside this zone, which means that the aircraft is currently near the boundaries of
the zone. Thus, a new zone is created, and the geodetic origin of this LiDAR point is saved
and considered as its center. In this case, a flag is sent to the map creation module in the
Slope Estimation stage to notify it, in order to create new terrain maps for this zone. The
procedure to create a new terrain map will be explained in details later in section 3.3.3.
Consequently, the same procedure starts again, and the zone separation module repeats
itself.
3.2.3 Origin compensation
This module aims to calculate the Cartesian coordinate of each point in each zone
relative to the origin of this zone. It saves the geodetic origin of the first LiDAR point in
this zone and considers it as the origin of the coming points in the zone. The Cartesian
coordinate of each point is calculated by using equation (3.3) and equation (3.4)
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𝑋𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 = 𝑋 + ∆𝑋

(3.3)

𝑌𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 = 𝑌 + ∆𝑌

(3.4)

Where:
𝑋: The x-component of the Cartesian coordinate of a LiDAR point
𝑌: The y-component of the Cartesian coordinate of a LiDAR point
∆𝑋 & ∆𝑌 are the distances in meter between the position of the aircraft currently, near
the boundaries of the zone, and the position of the previous zone origin, in X and Y
directions respectively. They are calculated using equation (3.15) and equation (3.16) that
are explained in the section 3.3.3
3.3 Slope Estimation
The slope estimation stage is the cornerstone of the whole method suggested in this
thesis where all the intense processing is made. In this stage, the windowed LiDAR point
cloud is received from the pre-processing stage. These points are populated to generate
the DSM. Consequently, the DSM is used to estimate the slope map and the roughness
map. The slope map indicates the slope of each pixel in the map, while the roughness
map indicates the roughness of each pixel in the map. Finally, all the terrain maps
including DSM, slope map and roughness map are sent to the SLZ identification stage.
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The slope estimation stage has one input windowed point cloud (𝑃𝐶𝑤 ). It is the same
output of the preprocessing stage. The windowed point cloud (𝑃𝐶𝑤 ) contains all LiDAR
point cloud after windowing as shown in equation (3.2).
The output of the slope estimation stage is terrain maps. These maps are DSM, slope
map, roughness map, and binary map. The DSM represents the elevation of the terrain.
From the DSM, the slope map and the roughness map are calculated. The binary map
indicates the status of each pixel in the map, whether this pixel is safe for landing or not.
3.3.1 Constructing DSM
For each time window the preprocessing stage provides a windowed point cloud (𝑃𝐶𝑤 ),
the algorithm aims to use the windowed point cloud (𝑃𝐶𝑤 ) to provide the per-window
DSM. In order to do so, the algorithm has to filter the outliers’ points from the windowed
point cloud (𝑃𝐶𝑤 ). Then the algorithm will determine the location of this windowed point
cloud (𝑃𝐶𝑤 ) after filtering. After that, it will construct a per-window DSM which will be
used later to construct the total DSM.
3.3.1.1 Outliers’ points removal
The windowed point cloud (𝑃𝐶𝑤 ) received form the preprocessing is not completely
ready to be populated in the DSM, as it contains some outliers’ points. Thus the algorithm
filters the outliers’ points in the y-direction by utilizing the histogram filter. First, the
algorithm divides all the given points into a number of bins which, can be adjusted by the
user according to the type of LiDAR used and the number of points produced by this
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LiDAR, then the algorithm determines the start and end of each bin and accommodates
all points into these bins. After that, the algorithm finds the minimum and maximum
values; this bounds the accepted points, which were determined according to the
threshold value. Finally, it filters points in a way that all points lower than the minimum
value or higher than the maximum value will be omitted.
3.3.1.2 Defining the boundaries of the provided point in this time window
The location of the per-window DSM is determined by the offset and the range of X and
Y, where each is defined as:


The offset is the number of pixels from the beginning of the terrain map until the first
changed pixel in this time window.



The range is the number of pixels between the offset and the farthest changed pixel
in this time window.

The algorithm also filters the range and the offset, to make them suitable for the preset values which are defined by the user according to the range and the view angle of the
used LiDAR, in order to prevent causing an error when the range is very large. This
happens when the farthest received points are away from the first point by a distance
greater than the pre-set maximum range.
3.3.1.3 Populating all LiDAR point cloud in the per-window DSM
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The LiDAR point cloud is populated in the per-window DSM according to the resolution
(R) and their X and Y values where the location of each point from the LiDAR point cloud
is determined. This location must be inside one of the pixels from the per-window DSM.
The location is determined according to equation (3.5) and equation (3.6).

𝑋𝑃𝑖𝑥𝑒𝑙 =

𝑋𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 − 𝑋𝑂𝑓𝑓𝑠𝑒𝑡
R

(3.5)

𝑌𝑃𝑖𝑥𝑒𝑙 =

𝑌𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 − 𝑌𝑂𝑓𝑓𝑠𝑒𝑡
R

(3.6)

Whenever a point from the LiDAR point cloud is found to be inside a pixel of the perwindow DSM, the value of this pixel (𝑃) will be equal to the value of the Z component of
the point from the LiDAR point cloud. In case a pixel has more than one point the average
of the Z component as shown in equation (3.7).
∑𝑛𝑖=0 𝑍(𝑖)
𝑃=
𝑛

(3.7)

Where:
𝑍: The Z component of a point inside this pixel
𝑛: The number of points in this pixel
3.3.1.3.1 Real-time implementation
This step starts with creating two matrices with a size which is relevant to the defined
range in the previous step, and a resolution which is defined by the user. The resolution
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can be adjusted according to the frequency of LiDAR, the density of point cloud
generated, the speed of the vehicle arraying the LiDAR and the application. The first
one named elevation matrix (𝐸𝑊 ) is basically the per-window DSM. It contains the
summation of the altitude of all the points in each pixel, while the other one named
elements count matrix (𝐸𝑊𝐶 ) contains the total number of points in each pixel.
After creating the arrays, a loop is executed for all the point cloud. In each of the
iterations, the X-coordinate and Y-coordinate of one of the points are checked and
matched to the corresponding pixel of the elevation matrix (𝐸𝑊 ) according to equation
(3.5) and equation (3.6).
After the point is matched with a corresponding pixel, this pixel in the elevation matrix
(𝐸𝑊 ) is tested, whether the matched point is the first point added in this pixel or not. In
case the matched point is the first point added in this pixel, the altitude of this point will
be the value of this pixel and the elements count map will be incremented by one when
this point is added.
In case matched point is not the first point added in this pixel, the altitude of this point
will be added to the existing value of this pixel and the elements count map will be
incremented by one when this point is added. Finally, each element in the elevation
matrix (𝐸𝑊 ) is divided by each element in the elements count matrix (𝐸𝑊 𝐶) and then
placed in the elevation matrix (𝐸𝑊 ). Thus, the elevation matrix (𝐸𝑊 ) has the average of all
points which are seen in a certain pixel and it will be considered as the per-window DSM
3.3.2 Calculating Slope and Roughness
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The slope is the measure of steepness or the degree of inclination of a feature relative
to the horizontal plane. The slope is usually expressed as a percentage, an angle, or
a ratio. The average slope of terrain can be calculated from a topographic map using the
gradient. The slope is the gradient of elevation, so in our case, the slope map is the
gradient of the elevation matrix. The method of calculating the gradient is adopted from
Burrough et al. [22]. The gradient is generally calculated by using equation (3.8):
∇𝐸 =

∂E
∂E
∂E
𝑖+
𝑗+
𝑘
∂x
∂y
∂z

(3.8)

Where:



∂E



∂E



∂E



i, j, k are

∂x

∂y

∂z

: The differences in the x-direction (Partial differentiation in the x-direction)
: The differences in the y-direction (Partial differentiation in the y-direction)
: The differences in the z-direction (Partial differentiation in the z-direction)
the standard unit

vectors

in

the

directions

of

the x, y and z coordinates

But in this case, the Elevation matrix is a two-dimensional array so; the gradient of the
Elevation array is calculated using equation (3.9).
∇𝐸 =

∂E
∂E
𝑖+
𝑗
∂x
∂y
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(3.9)

The roughness map is calculated by differentiating the slope map, which is considered
the second differentiation of the elevation array. It is calculated also by using equation
(3.9).
In order to derive the equation used to calculate the slope in a real-time application.
We will begin with the method to calculate the slope between two points (A & B). First,
the horizontal distance between the two points is calculated, and then the vertical
distance between the two points on a line parallel to the feature is determined. The slope
is obtained by dividing the vertical distance over the horizontal distance. After that, the
slope is expressed as the angle calculated by inverse tangent of the ratio between
the vertical distance and horizontal distance as shown in Figure 3-2.
B

A

Vertical
Distance

Slope
Horizontal Distance

Figure 3-2: Calculating the slope between two points (A & B)

3.3.2.1 Real-Time Implementation
In real-time applications, the slope needs to be calculated in an iterative way. In this
case, we are not dealing with just two points we are dealing with an elevation vector or
matrix, but the methodology used to calculate the slope will be the same. The difference
in elevation between every consecutive element in the elevation vector is the vertical
distance, while the distance between these two elements is the horizontal distance. Thus
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∂E

the gradient vector ( ∂x) will be the ratio between the distance between every two
elements in elevation vector (E) over the horizontal distance between them (H) as shown
in equation (3.10)
∂E
E(i + 1) − E (i − 1)
(𝑖) =
∂x
H(j + 1) − H(j − 1)

(3.10)

Where:


E(i): The elements in raw [𝑖] of the elevation vector



H(j): The horizontal distance of the element in raw [𝑖]

After calculating the gradient, the slope vector is calculated by the inverse tangent of
the gradient as shown in equation (3.11)
S(i) = tan−1 [

∂E
(𝑖) ]
∂x

(3.11)

This was in case the elevation was a vector, but in case it was a 2D matrix the gradient
∂E

∂E

will be in two direction X and Y ( ∂x and ∂y). The gradient in the X and Y direction will be
calculated as follows:

1. Subtract the succeeding element from the precedent element.
2. Calculate the distance between these two elements which is defined according
to the pre-defined resolution by the user.
3. Divide the first value over the second value.
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∂E

∂E

The equations used to calculate ∂x and ∂y are (3.12) and (3.13) respectively.
∂E
E( i , j + 1) − E ( i , j − 1)
(𝑖, 𝑗) =
∂x
H𝑥 (j + 1) − H𝑥 (j − 1)

(3.12)

∂E
E( i + 1 , j ) − E( j − 1 , j )
(𝑖, 𝑗) =
∂y
H𝑦 (i + 1) − H𝑦 (i − 1)

(3.13)

Where:


E(i, j) : The elements in raw [𝑖] and column [𝑗] of the elevation matrix



H𝑦 (i): The horizontal distance in the Y direction of the element in raw [𝑗]



H𝑥 (j): The horizontal distance in the X direction of the element in raw [𝑗]

The per-window slope map (S𝑊 ) is calculated using

∂F
∂x

and

calculated by the inverse tangent of the root mean square of

∂F

∂F

∂y

∂x

, not only

∂F

. Thus it is

∂F

and ∂y . The slope matrix
∂x

elements are calculated as shown in equation (3.14).

S𝑊 (i, j) = tan

−1

2
2
∂F
∂F
[√( (i, j)) + ( (i, j)) ]
∂y
∂x

(3.14)

The per-window roughness map (R 𝑊 ) is also calculated the same way as in equation
(3.12), equation (3.13) and equation (3.14) but, to get the roughness matrix, the gradient
of the slope is used instead of the gradient of the elevation.
3.3.3 Constructing the total slope map, the total DSM and the total roughness map
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After calculating all the per-window terrain maps (DSM, slope map, and roughness
map), the algorithm begins populating the total path terrain maps (DSM, slope map,
roughness map). The algorithm uses the offsets and ranges in X and Y directions
(explained in section 0) to know the position of the per-window map relative to the total
map. Then it starts populating the pixels of the per-window map in their corresponding
pixels in the total map. The population only occurs if the value of the per-window slope
map pixel is less than the maximum slope as; it is of no benefit if the value of the perwindow slope map pixel is higher than maximum slope. The slope map already has pixels
of the maximum slope by default from the initialization.
If the above condition was fulfilled, then the population of elements should occur. The
population may occur in two ways according to the value of this pixel in the slope map.
In case this pixel of the total path slope map was previously empty so, the pixel of the
total path slope map will have the same value of that of the per-window slope map, the
pixel of the total path DSM will have the same value of the per-window DSM and the pixel
of the total path roughness map will have the same value of the per-window roughness
map.
If this pixel of the total path slope map was not previously empty. There will be two
options in this case:


The value of that pixel of total path slope map will be the average between the
old one and the new one of the per-window Slope Map.
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The value of that pixel of the total path slope map will be the maximum of the
two values (the new one and the old one).

Also, the DSM and the roughness map will have two options for the updating process.
These options can be set by the user according to the application. The first option
(averaging the two values) is more unbiased where it calculates the average of all readings
for the same cell, while the second option (maximum of the two values) is more cautious
so, it gives more weight to the higher elevation.
This feature of using the old values of slope map enables the algorithm to provide
better results if the LiDAR is moving with low speed compared to its frequency, which will
enable the algorithm to have more points in order to judge the terrain.
3.3.4 Constructing the total binary map
A total binary map (B𝑇 ) is also constructed to state whether each pixel can be a part of
a SLZ, or not. A pixel is considered a part of a SLZ if the value of the slope in this pixel is
above the threshold value. The threshold value is determined by the user according to a
safe slope for this special kind of aircraft to land. The values of the pixels of the binary
map are calculated in real-time. Where each pixel of the slope map is checked, in case the
stored value in the slope map pixel is less than the threshold value, the binary map stores
1 in this pixel indicating that it can be a part of a SLZ.
3.3.5 New map creation
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The movement of the aircraft for long distances will lead to reaching the boundary of
the zone, which was created by the zone separation module from the preprocessing
stage; this means that it will receive point cloud outside the zone. The zone separation
module (explained in section 3.2.2) will detect this issue and send a flag to the new map
creation module. The responsibility of the new map creation module, in this case, is to
create new maps for the new zone. It is also responsible for utilizing the maps’ pixels of
the previous zone in creating the new map of the new zone.
In creating a new map, the algorithm starts by considering the worst-case scenario
where, all the terrain maps (DSM, slope map, and roughness map) are filled with the
maximum value. So during the scan, points are gathered and DSM, slope, and roughness
for some pixels are calculated but, the rest of the pixels -which did not have any pointwill remain to have the maximum value. So they are eliminated from being considered as
an SLZ.
Then, the module starts by saving all the terrain maps of the old zone in temporary
terrain maps and it clears the old terrain maps. After that, the module starts calculating
∆𝑋 and ∆𝑌, which are the distances in meter between the position of the aircraft
currently, near the boundaries of the zone, and the position of the previous zone origin,
in X and Y directions respectively. ∆𝑋 and ∆𝑌 are calculated by using equation (3.15) and
equation (3.16) [52].
∆𝑋 = (∅ − ∅𝑜 ) (𝑅 + ℎ)
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(3.15)

∆𝑌 = (λ − λ𝑜 ) (𝑅 + ℎ) cos(∅ )

(3.16)

Where:
∅: The latitude of the aircraft when reached the boundary of the zone
λ: The longitude of the aircraft when reached the boundary of the zone
∅𝑜 : The latitude of the origin of the previous zone
λ𝑜 : The longitude of the origin of the previous zone
𝑅: The radius of Earth
ℎ: The altitude of the aircraft when reached the boundary of the zone
After calculating ∆𝑋and∆𝑌, the module begins to benefit from the pixels of the maps
of the previous zone, which are also visible in the map of the new zone. In order to do
this, the intersection area between the old and the new zones should be determined. The
intersection area will be different according to the signs of ∆𝑋and∆𝑌, the four cases are
shown in (Figure 3-3), where the old zone is marked with a dashed line, the new zone is
marked with a solid line and the intersection area is shaded.
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Figure 3-3: The four cases of intersection area between the old zone and the new zone

After determining the case according to the signs of ∆𝑋and∆𝑌, the values of the shaded
area are restored from the temporary terrain maps and copied to the new zone.
3.4 Experimental setup
The proposed algorithm with all its stages was fully implemented in C++ and tested to
work in real time. The test was made in a simulation environment on a PC with
specifications as shown in Table 2.
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Table 2: PC specifications

Operating System
Service pack
RAM
System type

Windows 7 Enterprise
1
32.0 GB
64 bit
Processor

Processor count
Processor Type
Processor Model
# of Threads

2
Intel Xeon®
E5-2650 v4
12
24

Processor Base Frequency

2.20 GHz

Max Turbo Frequency

2.90 GHz

Cache

30 MB (Smart Cache)

# of Cores

The input for the algorithm was LiDAR point cloud that is obtained in real time from
LiDAR simulation of the OPAL™ 3D LiDAR scanner from Neptec Technologies. The SLZ
output of the algorithm is displayed using Vega Prime™ software from Presagis, while the
DSM, the slope map, duration of the algorithm and the number of points are extracted
and saved in real time from the algorithm then plotted after that. The algorithm
parameters for all the generated results are shown in Table 3.
Table 3: Algorithm parameters

Time window
Maximum slope
Resol Perm Near
Threshold Value

Pre-Processing Parameters
1000000
The time window (in micro-second)
Slope Estimation Parameters
40
The maximum slope, 90 is the maximum
4
Resolution used in near Mode
4
Slope threshold value

46

Index Offset X

Index Offset Y
Eradius
Resol Perm Far
Bins Num
Filter Thresh

Minimum bound count
SLZ Minimum Square
Side
Confidence Factor
Repeat ratio threshold

Area ratio threshold

X-axis offset added to prevent an index of
2500
negative value when saving the slope map in an
array
Y-axis offset added to prevent an index of
2500
negative value when saving the slope map in an
array
6378137
Earth radius
10
Resolution used in Far Mode
Histogram Filter
300
Number of bins used in the histogram filter
It is the value that determines how much
0.9
percentage of the points that the histogram
filter will filter
SLZ Parameters (irregular)
The minimum number of boundary points
200
needed to consider this as an SLZ
The minimum side length of a landing zone to
24
be considered as an SLZ in the Near mode
SLZ Filter
0.86
Confidence Factor in finding the SLZ certainty
The ratio between the number of boundary
0.8
points in an old SLZ to that in a new SLZ to be
considered as repeated SLZ
The ratio between the number of area of an old
0.9
SLZ to that in a new SLZ to be considered as
repeated SLZ

The Vega prime software displays SLZs for the pilot in real time. It has two windows for
the same scene, the right window is the bird view and the left window is the pilot view.
In addition to that, the Vega Prime software shows SLZs in colour code, where SLZs having
dark green colour are certain, SLZs having light green colour are less certain and SLZs
having red colour are more uncertain.
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3.5 Results
3.5.1 LiDAR point cloud Pre-processing
The data coming into the pre-processing stage and coming out were analyzed in this
section. The number of points per epoch was found to be between 60 and 94 points per
epoch, with few epochs have a relatively low number of points as shown in Figure 3-4.
The points did not exceed 94 points per epoch as this is the maximum number of points
that can be detected in each epoch.

Figure 3-4: Number of Points per epoch

The number of epochs per time window and the number of points per time window
were also analyzed in Figure 3-5 and Figure 3-6 respectively. It was found that the two
figures were very similar in the distribution. This is because when the Number of epochs
per time window increases the number of points per time window increases
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consequently. The wide variation between the number of epochs is due to the changing
of the mode of operation which will be explained explicitly in section 4.3.1.

900
800

Number of Epochs

700
600
500
400
300
200
100

1
10
19
28
37
46
55
64
73
82
91
100
109
118
127
136
145
154
163
172
181
190
199
208
217
226
235
244
253
262
271
280
289
298

0

Time windows

Figure 3-5: Number of Epochs per Time window
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Figure 3-6: Number of points per Time window
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3.5.2 Slope Estimation
The DSM and the slope map of part of the trajectory are shown in Figure 3-7 and Figure
3-8 respectively. The DSM shows the elevation of the surface using a colour code from 0
meters to 90 meters, which was the highest elevation in this area as shown in the colour
bar legend. Similarly, the slope map shows the slope of the surface using a colour code
from 0O to 40O. The 40O is the maximum slope threshold where the much higher slope is
not recorded.
The used resolution to draw these maps was 1 meter. This value was chosen according
to the average height of the aircraft in this experiment. Lower resolutions were not
possible as there will be no enough point per pixel to judge this pixel whether it is safe or
not.
By comparing the results shown in the DSM and the slope map of part of the trajectory
in Figure 3-7 and Figure 3-8 respectively, to the actual map shown in Figure 3-9. It was
found that there were five zones in these maps that show significant meaning.


Zone A: In the DSM and slope map it appears as a zone of a low slope. This
agrees with the actual map as this appears to be a stadium.



Zone B: In the DSM and slope map it appears as a zone of high slope. This agrees
with the actual map as this area has lots of buildings.
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Zone C: In the DSM and slope map it appears as a zone of low slope, with some
small parts of high slopes. This agrees with the actual map as this area has no
buildings, but some other objects all around the place.



Zone D: In the DSM and slope map it appears as a zone of high slope. This agrees
with the actual map as this area is actually sea, which doesn’t reflect LiDAR
pulses.



Zone E: In the DSM and slope map it appears as a zone of high slope. This area
was not scanned by the LiDAR, thus it appears with high slope. This is because
the LiDAR always assumes the worst condition (highest slope) for non-scanned
zones.
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Figure 3-7: DSM of part of the trajectory
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Figure 3-8: Slope Map of part of the trajectory
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Figure 3-9: Actual Map of part of the trajectory

53

Chapter 4
SLZ Identification and Filtering
4.1 SLZ Identification
This stage of the development is responsible for finding all the SLZs in the binary map
array, which was constructed and calculated in the slope estimation stage. The SLZ
identification stage has only one input; that is the terrain maps, which contains all the
maps of the terrain (DSM, binary map, roughness map) with each represented as a twodimensional array containing pixels. The size of all these maps is equal and is defined by
the user.
Regarding SLZ identification stage outputs, it has only one output, which is identified
SLZs. The SLZ structure contains all the needed data for an irregular SLZ including ID,
boundaries points, slope, roughness, and content points. This stage has four main tasks
that are achieved whenever a new windowed terrain map is received from the slope
estimation stage. The SLZ identification stage performs these three tasks for each new
windowed terrain map received. These tasks are:

I.

SLZ search

II.

Boundary points detection
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III.

Boundary points avoidance

4.1.1 SLZ search
This method aims to search for a new SLZ using the total binary map (B 𝑇 ) constructed
in section 3.3.4, which contains all the safe and unsafe pixels. This method uses the
moving window technique, where a moving window is created and moved on every pixel
in the binary map in x and y directions, to check for a safe pixel as shown in Algorithm 1.
Algorithm 1: SLZ Search
1
2
3

Input: Total binary map B 𝑇
Output: Find boundary points if the pixel is safe and not a part of an SLZ identified before or Avoid these
boundary points if the pixel is safe and part of an SLZ identified before
Begin
For number of rows (m) in B 𝑇 do

4

For number of columns (n) in B 𝑇 do

5

If B 𝑇 (m,n) is Safe and not a part of a SLZ identified before do

6

Detect these boundary points to identify this SLZ

7
8

End

9

If B 𝑇 (m,n) is Safe and part of a SLZ identified before do
Avoid these boundary points to escape this SLZ

10

End

11

End

12

End

13
14

End

Moreover, the algorithm ensures a margin of unsafe pixels around the map in all
directions (up, down, right and left), because if the algorithm reached the edge of the
map, during the search for the boundary points, it will not be able to find new
neighbouring boundary points.
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4.1.2 Boundary points detection
The algorithm utilizes Moore-neighbor algorithm to get the next boundary point
starting from this pixel [53]. It starts scanning from the top-left position and scans each
pixel from left to right downwards. While it traces around the contour in a clockwise
direction, it checks the eight neighbouring pixels around the first boundary pixel and
decides if they are safe, as shown in Figure 4-1.

P1

P2

P8
P7

P3
P4

P6

P5

Figure 4-1: Moore's Neighbor Pixels

When a safe pixel is identified in one of these neighbouring pixels, it is considered as a
new boundary pixel. Consequently, the algorithm starts scanning again looking for the
next neighbour and so on. The tracing is stopped when it comes back to the initial point
or reaches the timeout value.
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All the boundary points of this SLZ are saved in addition to the SLZ’s offset and geodetic
origin (latitude and longitude). Then the geodetic coordinates (Latitude, Longitude) of the
boundary points of this SLZ are calculated and saved using equation (4.1) and equation
(4.2) [52].
𝑦
(𝑅 + 𝑧)

(4.1)

𝑥
(𝑅 + 𝑧) cos(∅ )

(4.2)

∅ = ( ∅𝑜 ) +

λ = ( λ𝑜 ) +

Where:
∅: The latitude of the boundary points of this SLZ
λ: The longitude of the boundary points of this SLZ
∅𝑜 : The latitude of the origin of the zone containing this SLZ
λ𝑜 : The longitude of the origin of the zone containing this SLZ
𝑦: The y component of the boundary points of this SLZ
𝑥: The x component of the boundary points of this SLZ
𝑧: The altitude of the boundary points of this SLZ
𝑅: The radius of Earth
Finally, all the boundary points of this SLZ will be marked as confirmed boundary points,
to prevent counting them again in a new SLZ
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4.1.2.1 Real-time Implementation
This method continuously tests all eight Moore-neighbor pixels. Each of the Mooreneighbor pixels is determined according to equation (4.3) and equation (4.4).
𝑁𝑥 = 𝑃𝑥 + 𝑁𝑚 (𝑖 , 0)

(4.3)

𝑁𝑦 = 𝑃𝑦 + 𝑁𝑚 (𝑖, 1)

(4.4)

Where:
𝑁𝑥 : The X component of Moore-neighbor pixel.
𝑁𝑦 : The Y component of Moore-neighbor pixel.
𝑃𝑥 : The X component of the previous boundary point.
𝑃𝑦 : The Y component of the previous boundary point.
𝑁𝑚 : It is a vector containing the number needed to be added to the previous boundary
point to get all Moore-neighbors. The array is shown in Table 4:
𝑖: The index of the Moore -neighbor vector (𝑁𝑚 ), which ranges from 0 to 8
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Table 4: Moore-neighbor vector (𝑵𝒎 )

𝒊

0

1

0

-1

0

1

-1

-1

2

0

-1

3

1

-1

4

1

0

5

1

1

6

0

1

7

-1

1
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A flowchart explaining the method in details is shown in Figure 4-2.

Figure 4-2: Boundary points detection Flowchart
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4.1.3 Boundary points avoidance
Boundary points avoidance method aims to escape the identified SLZ utilizing Moore neighbour algorithm, where it traces the contour until reaching a point which is not a
boundary point of any previous SLZ, to be able to start searching again for the safe pixel.
The tracing is the same as the one in boundary points detection except for the stopping
criteria. The tracing is stopped when it reaches a point in the same row but in another
column. This means that the SLZ is avoided successfully and now the algorithm can search
for another SLZ in the map. A flowchart was constructed to emphasize the real-time
implementation of the method; the flowchart is shown in Figure 4-3.

Figure 4-3: Boundary points avoidance Flowchart
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There is also another avoidance method for the identified SLZ, where the algorithm
moves on the same column while escaping all the safe points. The process takes place
until it reaches a point in the same row but it is not a viable cell, which means that it is
not a part of this SLZ.
4.2 SLZ filtering
This stage is responsible for filtering the SLZs to prevent the repetition or the
intersection between two SLZs. Any SLZ that is considered an update for a previous one,
the same ID is taken to replace the old one instead of drawing two intersected or repeated
SLZs. Moreover, it filters the boundary points to exclude collinear points. Also, it
calculates the certainty and roughness of the SLZ and checks if the SLZ has a square which
fits the landing of the aircraft.
The SLZ filtering stage has only one input and output. Regarding the input, it is all the
identified SLZs in the SLZ identification stage. It contains all the needed data for an
irregular SLZ including ID, boundaries points, slope, roughness, and content points.
Regarding the output, it is also SLZs but, the SLZs after applying all the filters.
This stage has three main tasks that are achieved whenever a new identified SLZ sent
from the SLZ identification stage. This stage achieves the tasks, then waits for the new
one. These tasks are:

I) SLZ parameter calculation
II) Boundary point filtering
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III) Repeated SLZ filtering

4.2.1 SLZ parameter calculation
In this research, we developed a method to find the certainty and roughness of the SLZ
and to check if the SLZ has a squared-shape space with a size which is suitable for the
landing of the aircraft. Moreover, the same method determines the obstacles inside the
SLZ, those ones which the aircraft should avoid while landing.
4.2.1.1 Real-time Implementation
The developed method searches for all the SLZ contents cells, which are saved from the
SLZ stage. This method finds the number of cells in each of the following groups:


Safe cells, which have a slope of a value less than the predetermined slope
threshold.



Unsafe cells which have a slope of a value higher than the predetermined slope
threshold.



Uncertain cells, which have no elevation value which means no LiDAR point was
reflected from this cell.



Certain unsafe cells, which have elevation value, this means that their height is
determined. In addition to that, they are unsafe cells.

Moreover, the suggested method here accumulates the sum of the roughness of all
cells in order to calculate the total roughness of the cells in the SLZ. In addition, the
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method calculates the certainty (C) of the current SLZ by using two introduced
approaches, with the freedom given to the user to choose any of them according to the
application. The two methods are shown in equation (4.5) and equation (4.6).
𝐶𝑆𝐿𝑍 =

𝑃𝑆
𝑃𝑇

(4.5)

𝐶𝑆𝐿𝑍 =

𝑃𝐶
𝑃𝑇

(4.6)

Where:
𝐶𝑆𝐿𝑍 : The certainty of this SLZ.
𝑃𝑆 : The number of safe cells in this SLZ
𝑃𝑇 : The total number of cells in this SLZ
𝑃𝐶 : The total number of certain cells in this SLZ
In addition to that, the method saves the location of the unsafe cells inside the SLZ. The
location of these cells is converted from Cartesian coordinates to geodetic coordinates by
using equation (4.1) and equation (4.2). [52] These cells are considered as the obstacles
inside the SLZ, which the aircraft should avoid while landing.
Finally, the method checks if the SLZ has a safe square to land with the predetermined
dimensions by the user, it considers for each cell inside the SLZ all the possibilities for
discovering a square containing this cell. If a square is found, a flag square is raised to
validate this SLZ and prevent checking it again. This saves a lot of computational costs.
Otherwise, this SLZ is ignored, as it cannot be considered safe for the aircraft to land in.
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4.2.2 Boundary point filtering
The boundary point filtering method suggested here aims at reducing the number of
points which define the SLZ in order to decrease the size of the structure which contains
these boundary points and consequently, decreases the traffic between the different
parts of the system. The process is achieved by excluding the collinear points whether
they are in the X direction or the Y direction. The real-time implementation of this method
is shown in Algorithm 2.
Algorithm 2: Boundary Point Filtering
1

Input: Boundary points unfiltered 𝐵𝑃

2

Output: Boundary points filtered 𝐵𝑃𝑓

3

Begin
For all Boundary points unfiltered 𝐵𝑃 do

4

If 𝐵𝑃𝑋 (𝑖) equals 𝐵𝑃𝑋 (𝑖 − 1) do

5
6

Activate CollinearX flag

7

If CollinearY flag is activated do

8

Save this boundary point in the Boundary points filtered 𝐵𝑃𝑓

9

Deactivate CollinearY Flag
End

10
11

End

12

Else if 𝐵𝑃𝑌 (𝑖) equals 𝐵𝑃𝑌 (𝑖 − 1) do

13

Activate CollinearY flag

14

If CollinearX flag is activated do

15

Save this boundary point in the Boundary points filtered 𝐵𝑃𝑓

16

Deactivate CollinearX Flag
End

17
18

End

19

Else
Save this boundary point in the Boundary points filtered 𝐵𝑃𝑓

20

End

21

End

22
23

End
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4.2.3 Repeated SLZ filtering
This filter aims to prevent the repetition or the intersection of SLZs, where any SLZ,
which is considered an update of a previous one, takes the same ID of the old one to
replace it, instead of drawing two intersected or repeated SLZs. The filter works with the
following logic:


In case the SLZ is completely repeated, this SLZ is ignored.



In case the SLZ intersects or partially repeats a previous SLZ, the repetition ratio
and the area threshold are calculated and according to their values the SLZ is
considered repeated or not.
o If it is repeated, the new SLZ will replace the previous one.
o If it is not repeated, both of the new SLZ and the previous one will
remain existing.

4.2.3.1 Real-time Implementation
This filter checks the repetition of some of the previous SLZs. The number of previous
SLZ to be checked is determined by the user. The filter starts by checking the minimum
and the maximum values of the X and Y components for all the points in the previous
SLZs. They are calculated to determine the outer case of the SLZ. The filter also calculates
the areas of the previous and the current SLZs using the number of content cells inside
this SLZ.
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Then, the number of boundary points of the current SLZ which are inside the previous
SLZ is determined. After that, the repetition ratio (𝑅𝑅) and area threshold (𝐴𝑇 ) are
calculated using equation (4.7) and equation (4.8) respectively:
𝑅𝑅 =

𝐵𝑅
𝐵𝑇

𝐴𝑇 = 𝐴𝑟 . 𝐴𝑝𝑆𝐿𝑍

(4.7)
(4.8)

Where:
𝐵𝑅 : The number of points of the new SLZ which are located inside the previous one.
𝐵𝑇 : The total number of boundary points of the new SLZ.
𝐴𝑟 : The minimum ratio between the area of the previous SLZ and that of the current
one. (Determined by the user)
𝐴𝑝𝑆𝐿𝑍 : Area of the previous SLZ
The filter uses the repetition ratio (𝑅𝑅) and area threshold (𝐴𝑇 ) to indicate whether
these two SLZs are completely repeated, partially repeated or completely exclusive, based
on the following logic:


In case the value of the repetition ratio (𝑅𝑅) is one, it is considered as the same
SLZ and the new SLZ is ignored.



In case the repetition ratio (𝑅𝑅) is higher than the repetition ratio threshold
(determined by the user) and the area of the current SLZ is higher than the area
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threshold (𝐴𝑇 ), it is considered a repeated SLZ and the new SLZ will replace the
previous one.


Otherwise, both of the new SLZ and the previous one will remain existing.

4.3 Algorithm features
4.3.1 Modes of Operation
The proposed algorithm has a highly important feature as it has a dual resolution. On
one side, the algorithm provides the Far mode, which is activated when the aircraft is far
from the ground and moves with high speed. The Far mode provides terrain maps (DSM,
slope map, and roughness map) with low resolution. This mode aims to provide a wider
view for the pilot, who will be able to determine the SLZ from a relatively far place and
higher altitude by using this mode.
On the other side, the algorithm provides the Near mode, which is activated when the
aircraft is near the ground and moves with relatively lower speed. The Near mode
provides terrain maps (DSM, slope map, and roughness map) with high resolution. This
mode aims to provide a closer and more accurate view for the pilot, who will be able to
determine the SLZ precisely with meter-level accuracy by using this mode.
The determination of the mode of operation is done automatically according to the
altitude and the speed of the aircraft and it can be adjusted by the user to be more
suitable for the desired application. All the algorithm stages, Pre-Processor, Slope and
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Roughness Estimation, Finding SLZ, Filtering SLZ produce their output depending on the
mode of operation whether it is far or near.
4.3.2 Selected SLZ Stage
One feature is added to the system which allows the pilot of the aircraft to choose any
SLZ, as the preferred Safe Landing Point (SLP). This stage is responsible for determining
whether the selected SLP by the pilot is safe to land or not, this is executed by:


Converting Geodetic coordinate of the input SLP into cell coordinate, which
means that it determines the cell (pixel) of the map in which the geodetic
coordinate is.



Acquiring the status of the SLP (safe or not) based on its mode whether near or
far from the terrain maps.



Acquiring the final status of the SLP (safe or not) based on its status in the near
mode and far mode.



Preserving the status of the SLP even if the aircraft went out of the zone which
contains the SLP.

In this stage, there are three inputs Selected point, Terrain maps and Mode. The
Selected point contains all the data of the SLP which is selected by the pilot. It is
represented in a structure, which contains the ID, latitude, longitude, and altitude of SLP.
The Terrain maps contain all the maps of the terrain (DSM, binary map, roughness map)
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each of them is represented as a two-dimensional array, which contains pixels. The Mode
states whether the provided map is for the near mode or far mode.
This stage has just one output which is the Selected SLP. The Selected SLP is represented
as a structure and contains the ID, latitude, longitude, and altitude in addition to its state
whether safe or not.
This stage is only called when the pilot selects an SLP and once it is deselected this stage
is no longer executed. The stage operates in the sequence of these three steps:


Initialization



Getting SLP status



Getting SLP Final status

4.3.2.1 Initialization
The algorithm starts by saving the SLP which is selected by the pilot then, checks
whether if this SLP is a new different one than the SLP selected in the previous time
window. In this case, the algorithm resets all the variables to be ready to analyze the new
SLP. After that, the algorithm starts checking whether the mode of operation is the near
mode or far mode. Finally, it gets SLP status according to the mode of operation.
4.3.2.2 Getting the status of the SLP
The algorithm starts by converting the geodetic coordinates of the SLP into Cartesian
coordinates according to equation (3.15) and equation (3.16). [52] Then it checks the
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mode of the SLP (near or far) and finds the exact location of the SLP (𝑋𝑃𝑖𝑥𝑒𝑙 , 𝑌𝑃𝑖𝑥𝑒𝑙 ) in the
terrain maps which correspond to the SLP according to its mode. 𝑋𝑃𝑖𝑥𝑒𝑙 𝑎𝑛𝑑 𝑌𝑃𝑖𝑥𝑒𝑙 are
calculated using equation (4.9) and equation (4.10) respectively.
𝑋𝑃𝑖𝑥𝑒𝑙 = ∆𝑋 + Total_offset_X

(4.9)

𝑌𝑃𝑖𝑥𝑒𝑙 = ∆𝑌 + Total_offset_Y

(4.10)

In case the SLP exists in the terrain maps, the value of the binary map of this pixel is
saved to indicate whether the SLP is safe or not but, only in this mode. In case the SLP did
not exist in the terrain maps, this means that the SLP is away from the current location of
the aircraft and was never scanned before, so no information is there about this SLP.
A problem occurred while using this approach. When the aircraft moves very far from
the SLP, a new zone is created and all the terrain maps are changed. Since the aircraft is
away from the SLP then maybe the SLP is not in the new zone, so accordingly, all its data
will be lost. This problem was overcome by adding a technique which preserves the data
related to the SLP which was scanned and identified safe, even if a new zone is created.
It is executed at the beginning of this method, where it first checks if a new zone was
created. In case a new zone is created, the old SLP will correspond to a new pixel in the
terrain maps despite that, the SLP still has the same geodetic location. Thus, the new pixel
and its data are determined and saved as temporary data. Then a check is made to
determine whether the new zone includes the old SLP or not.
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In case the new zone includes the old SLP, the algorithm will save the new data
and begin sending the status of the SLP from the new zone.



Otherwise, the algorithm will discard the new terrain map data and send the
status of the SLP with its old location.

4.3.2.3 Getting the Final status of the SLP
This method acquires the status of the SLP from both near mode and far mode maps.
In both maps, it determines whether the SLP is inside the map or not and whether the SLP
is safe or not. Then the method uses the data to find the final status of the SLP according
to this logic:


If the SLP is neither in the near map nor the far map, then the SLP is unsafe.



If the SLP is in both of the near map and the far map.
o If the SLP in the near map is safe, then the SLP is safe.
o Otherwise, the SLP is unsafe.



If the SLP is in one of the maps (Near/Far) and not in the other.
o If the SLP is in one of the Maps (Near/Far) is safe, then SLP is safe.
o Otherwise, the SLP is unsafe.
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4.4 Results
4.4.1 SLZ identification
In order to test the performance of the algorithm, it was tested on several scenes in
different trajectories to detect SLZs in different conditions, which will face the aircraft
during landing. Scene 1 shown in Figure 4-4, shows (SLZs) projected on an aerial map, in
this map four SLZs were identified, by analyzing this map after the experiment it was
found that:


The large plain area could be detected as a safe place to land as it is a grass
court in a stadium (violet SLZ), also the stadium seats are not a part of this SLZ
which shows how accurate it is.



The smaller plain area could be detected as a safe place to land as it is part of
the street and part of the entrance to the stadium (blue SLZ).



The roof of the large building could be detected as a safe place to land (green
SLZ). It is also noticed that some parts of the roof are not included in the SLZ,
this is because there was no enough LiDAR point cloud for the rest of the roof.



The roof of small buildings as a safe place to land (yellow SLZ).
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Figure 4-4: SLZs of Scene 1 projected on an aerial map

Moreover, the algorithm was tested in scene 2, the aerial map is shown in Figure 4-6
and the map resulted from the Vega prime software is shown in Figure 4-5. In this map,
two SLZs were identified, by analyzing this map after the experiment it was found that:


Normal Road could be detected as a safe place to land (dark blue SLZ).



Small house yards could be detected as a safe place to land (Light Blue SLZ).
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Figure 4-6: SLZs of Scene 2 projected on an aerial

Figure 4-5: SLZs of Scene 2 projected on Vega
Prime

map

The algorithm was further tested on the detecting of more natural phenomena in scene
3, it was tested for the detection of plain lands between mountains or hills. The algorithm
produced a very good result as shown in Figure 4-7. It could detect the plain area easily
which was next to a high mountain.

75

Figure 4-7: SLZs of Scene 3 projected on Vega Prime

Finally, the algorithm was tested on a more complicated structure in scene 4. This scene
contains lots of building with different heights and close to each other with small gaps as
shown in Figure 4-8. The algorithm provides an excellent performance by providing all the
plain areas, the road and some of the rooftops as SLZs while avoiding other non-safe
areas.
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Figure 4-8: SLZs of Scene 4 projected on Vega Prime

4.4.2 Including only SLZs having enough space for Landing
The algorithm has a filter that can detect only SLZs having enough space for the aircraft
landing. The filter in this test is assuming that the aircraft need a square of 24m X 24m to
land safely, so all SLZs, which do not have this square, are excluded. Figure 4-9 shows part
of scene 1 having six SLZ. These SLZs were detected without using the filter. Figure 4-10
shows the same scene after applying the filter. It is clear that four SLZs (Red, brown, dark
green, light blue) were excluded. Only two SLZs are detected which are:


The court in a stadium (Dark blue SLZ), having length 106m and width 73m.
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The entrance to the stadium (Light green SLZ), having length 55m and width
62 m.

Figure 4-9: SLZs of parts of Scene 1 projected on the aerial map without using the filter

Figure 4-10: SLZs of parts of Scene 1 projected on the aerial map after applying the filter
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4.4.3 Re-use zone index when it is a morphing of an existing zone
Another important feature in the algorithm is that it can detect an SLZ that is
considered morphing on an existing one. This situation happens a lot as whenever the
aircraft is moving it will see more points these points may fill gaps in previous SLZs or add
extensions to them. Thus we need to morph this SLZ to the old one.
This feature is very important as it prevents increasing number of SLZs identified which
can distract the pilot in addition to overloading the system. Once the algorithm detects
that it is a morphing zone, it gives this zone the same index of the old one so it is
considered as replacing the old one. Figure 4-11 shows SLZs without using this feature,
where six SLZs are detected and shown, while each of them is morphing the previous SLZ.
Figure 4-12 shows only one SLZ after applying the feature.
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Figure 4-11: SLZs projected on the aerial map without using the feature (morphing of an existing
zone)

Figure 4-12: SLZ projected on the aerial map with using the feature (morphing of an existing zone)
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4.4.4 Dual Mode (Near / Far)
The algorithm is equipped with a system, which can automatically change the
resolution. The system works on high resolution (1 meter) when it is near to the ground.
This is called near mode, Figure 4-4, Figure 4-5 and Figure 4-6 were in near mode. The
system worked on low resolution (10 meters) when it is far from the ground. This is called
far mode.
Figure 4-13 shows scene 5 which is in far mode. The figure showed the whole Vega
prime interface, where the right window is bird view and the left window is the pilot view
for the same scene. It is clear that the algorithm could detect SLZ around the hill and no
SLZs were detected on the hill. Also, the SLZs appear with red colour as they have low
certainty since they have low resolution.
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Figure 4-13: SLZs of Scene 5 in far mode projected on Vega Prime

Figure 4-14 shows scene 4 which has some SLZs in near mode and others in Far mode.
This happened due to the changing of the aircraft height while not going out of the scene.
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Figure 4-14: SLZs of Scene 4 in near and far modes projected on Vega Prime

4.4.5 SLZ selecting
The algorithm can enable the pilot to detect one of the SLZs from the Vega Prime
window. When the pilot selects an SLZ, it will be considered as the SLP. The algorithm
always sends the status of this SLP even if the aircraft moved away from this SLP and
warns the pilot if new points were found to prove this SLP as unsafe. Figure 4-15 shows a
selected SLP.
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Figure 4-15: Selected SLZ.

Moreover, the algorithm can detect all the obstacles around the SLP. Three scenarios
were used to test the accuracy of the obstacle detection algorithm. The first scenario is in
a complete plain is, where no obstacles are actually in this place. The algorithm performed
well in this scenario showing the SLP with no obstacles surrounding it, as shown in Figure
4-16.
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Figure 4-16: Obstacles around the SLP in scenario 1

The second scenario is landing in an SLP near two buildings. The algorithm also
performed very well. It could detect the edges of these building as shown in the bird view
in addition to that it could detect the height of the obstacle very close to the reference as
shown in the pilot view. The bird view and the pilot view are shown in Figure 4-17.
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Figure 4-17: Obstacles around the SLP in scenario 2

The third scenario is landing in an SLP inside a stadium, where obstacles are
surrounding the SLP in all direction. The algorithm provided an exceptional performance.
It could detect all the stadium bleacher (seats) surrounding the SLP, and it could detect
the field itself as a plain area for landing. The obstacles are shown in Figure 4-18, while
the reference is shown in Figure 4-19.
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Figure 4-18: Obstacles around the SLP in scenario 3

Figure 4-19: Reference of scenario 3
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4.4.6 Overall Algorithm Performance
The algorithm was tested on the simulation environment and proved that it can work
fully in real time. The algorithm was executed in less than 0.6 sec, for every second of
LiDAR point cloud. The execution time per time window is shown in Figure 4-20.
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Figure 4-20: The execution time per time window
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Chapter 5
Conclusion and Recommendation for future research
5.1 Summary
In this research, a new technique was developed to help pilots navigate and land in a
zone with a degraded visual environment. The suggested method identified the best SLZ
for the aircraft based on processing the 3D LiDAR point cloud. It was also able to use LiDAR
point cloud collected from a LiDAR mounted on the aircraft, filter these data, then
construct a DSM of the terrain with high accuracy. The proposed method also generated
a slope map, roughness map and binary map, which were used after that to determine
the best SLZ for this aircraft. The SLZ decision was made according to the permissible slope
and roughness values in which the aircraft can land safely. Moreover, the proposed
method filtered SLZ to include only those that have enough space for the aircraft landing.
The method developed in this research was able to provide maps with dual resolution
according to the height of the aircraft, to enable the pilot to make a rough estimate of the
SLZ while flying at high altitude and more accurate decisions when the aircraft reaches
low altitude. Furthermore, it enabled the pilot to choose certain SLZ as a preferred SLP.
With the proposed method, the pilot is always updated for the status of this SLP to
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identify it is still safe or not. The pilot will also be provided with all the obstacles around
the SLP so that he/she is able to choose the best approach for landing.
5.2 Conclusion
The following conclusions can be drawn from the results of the experimental work
performed in this study:


DSM and Slope map of the terrain was calculated with a high resolution.

By comparing DSMs and slope maps extracted with the reference maps, it was very
clear that the method developed in this research was able to calculate accurate DSMs and
slope maps to efficiently distinguish between plain areas, areas with low building density,
areas with high building density and water, even in the degraded visual environment.


SLZ were identified having the suitable slope and roughness in addition to
enough space for the aircraft landing.

Many SLZs were identified in the experiment when comparing these SLZs with the
reference map. It proved the validity of the SLZ and that it has enough space for aircraft
landing.


The dual resolution was successfully provided.

The proposed method was able to provide two terrain maps; one with high resolution
at low altitude and another with lower resolution at higher altitude. This could provide
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the pilot with a broad view before reaching the SLZ, and then accurate view when
hovering close to the SLZ.


SLP can be selected from any previously identified SLZs.

Our method enables the pilot to choose the SLP on any SLZ, while the system will
instantaneously provide the status of this SLP, to warn the pilot in case it became not safe.
It will also provide all the obstacles around the SLP to aid the pilot to decide on the best
approach to land.


All the methods presented in his study was implemented in real time.

All the methods developed in this research was implemented in C++ and the real-time
operation was examined over an industrial professional flight simulation software. The
system was capable to process all the data and produce DSM, slope map, SLZ, SLP,
obstacles in less than 0.6 seconds for every one second of data. This proves the method’s
robustness and ability to run in real-time.
5.3 Recommendation for future research


Provide terrain maps with a resolution less than 20 cm.

The proposed methodology has a resolution of 1m, which means that it is hard to
detect small obstacles with areas less than one square meter. Thus, the improvement of
the methodology to reach a resolution of 20 cm will enable it to detect many small objects
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as small bushes, mailbox posts, humans, traffic lights, small lampposts, garbage bins and
thin fences.


Decrease number of boundary points per SLZ.

The current method filters the boundary points by removing all the collinear points.
However, if another filter was added to decrease the number of boundary points in each
SLZ, this will significantly decrease the data traffic and optimize the performance.


Multi-resolution.

Although transferring from dual-resolution maps to multi-resolution maps is a great
challenge due to the amount of memory needed to store all these maps, it will be a great
improvement, as it will help the pilot to have maps in each altitude. This will help the pilot
in choosing the best SLZ and decide on the best landing approach.
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