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ABSTRACT

The measurement and mapping of objects in the outer environment have traditionally been conducted using
ground-based monitoring systems, as well as satellites. More recently, unmanned aerial vehicles have also been
employed for this purpose. The accurate detection and mapping of a target such as buildings, trees, and terrains
are of utmost importance in various applications of unmanned aerial vehicles (UAVs), including search and rescue
operations, object transportation, object detection, inspection tasks, and mapping activities. However, the rapid
measurement and mapping of the object are not currently achievable due to factors such as the object’s size, the
intricate nature of the sites, and the complexity of mapping algorithms. The present system introduces a cost-
effective solution for measurement and mapping by utilizing a small unmanned aerial vehicle (UAV) equipped
with an 8-beam Light Detection and Ranging (LiDAR) system. This approach offers advantages over traditional
methods that rely on expensive cameras and complex algorithm-based approaches. The reflective properties of
laser beams have also been investigated. The system provides prompt results in comparison to traditional camera-
based surveillance, with minimal latency and the need for complex algorithms. The Kalman estimation method
demonstrates improved performance in the presence of noise. The measurement and mapping of external objects
have been successfully conducted at varying distances, utilizing different resolutions.
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1 Introduction

An unmanned aerial vehicle (UAV) is mostly utilized in military, commercial, civil, and agri-
cultural applications owing to its inherent advantages compared to aerial vehicles with pilots. The
mapping and detection of targets are critical for many applications of UAVs such as search and
rescue, object transportation, object detection, inspection, and mapping [1]. The signal information
from sensors can help lock the target in an efficient way [2]. It attempted to perform mapping of
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the riverine landscape using UAV technology encompassing all the aspects of flight mission logistics,
data acquisition, and processing. The proposed approach can minimize geometric errors and enhance
accuracy [3]. An approach was proposed to create an information map that consists of uncertain
aimed locations and develop the optimal paths using combined global coordinates with local images
gathered from UAV [4]. Further, UAVs are often used for target detection using a camera with the
help of the YOLO algorithm as discussed in [5]. An investigation was made with automatic fixed-
wing UAV carrier landing using model predictive control under the consideration of carrier deck
motions. The automatic carrier landing was performed sequentially by two types of control systems
to enhance the performance of Shipboard Landing [6]. The application of filtering algorithms on
high-resolution point cloud data collection from UAV could help to attain 93% of the accuracy of the
real-time data [7]. It was found that the addition of Ground Control Points (GCPs) would further
increase the precision of low-cost UAVs. This can reduce the uncertainty of the ground mapping [8].
An automatic OBIA algorithm was developed by deriving photogrammetric point clouds using UAV
in almond orchards. The maps for almond tree volume and volume growth were successfully created
[9]. Due to the wide availability of UAVs and their ease of use, the number of operators with limited
surveying and photogrammetric knowledge is being constantly increased. It has been found that the
fixed wing could be faster and cover large areas while the copter could give better-resolution images at
lower heights [10]. UAV LiDAR point clouds vary in response to key UAV flight parameters but are
robust and predictable at the site level and target levels. A novel approach has been presented in UAVs
using LiDAR data processing to remove extraneous points [11]. The MIMO Radar with UAV can be
used to predict the early trajectory accurately with the help of an algorithm spatial-temporal integrated
framework [12]. The potential use of UAVs for air quality research has been established with sensors.
The challenges such as the type of sensor, sensor sensitivity, and payload of UAV are addressed. These
challenges are not simply technological, in fact, policies and regulations, which differ from one country
to another [13]. The tracking and locking of the target object are very much important for the three-
dimensional object scene reconstruction. It is possible with the integration of the different sensors to
meet the objectives. The integration of sensor information can enhance the measurement process in
an efficient way [14]. It has been observed that a lot of works have to be carried out to optimize the
vertical accuracy [15].

When compared to conventional platforms like satellite and manned aircraft, UAV-based plat-
forms can minimize operating time. The LiDAR can efficiently scan better surface topography using
UAV [16]. Civil structures can be efficiently reconstructed using LiDAR-assisted UAVs [17]. A greedy
algorithm is helpful to generate and create waypoints with optimized coverage for scanning purposes
[18]. The building information models have been efficient with the optimal planning of UAV paths [19].
It has been evident that it is necessary to make a detailed study of the locations of GCPs in order to
maximize the accuracy obtained in photogrammetric projects [20]. The evaluation of UAV mapping
should be performed to check the accuracy of scanning using LiDAR [21]. The effect of the UAV’s
altitude can be an influential factor in determining civil environments [22]. The UAV could able to
scan and map the agricultural field surveying and river landscape with higher accuracy of mapping
[23]. The various types of geohazards could be easily monitored and mapped using LiDAR-assisted
UAVs [24]. The extended Kalman filter could be utilized to predict and track the position of the vehicle
with the help of the reliability function [25]. The tightly-coupled iterated Kalman filter can predict
the Kalman gain to predict indoor and outdoor environments [26]. The Kalman filter could perform
enhanced mapping and present a cost-effective substitute to traject the wake movement [27]. It was
observed that Kalman filter-based UAV movement can reconstruct any environment under higher
mapping accuracy [28]. The possibility of the mapping using LiDAR has been explained in the work
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[29] and the mapping is successfully generated using LiDAR. In all studies, the usage of LiDAR with a
single beam with a complex algorithm has been studied. With a single beam, a UAV covers the intended
measurement site with a larger number of cycles. Moreover, the measured mappings are subjected to
noise vulnerability and jerks as LiDAR fitted in the UAV.

From the literature, it was observed that only very few studies were conducted on the mapping
of unknown environments using the reconstruction principle with the help of UAVs using 8-beam
LiDAR. Hence the present investigation was proposed. In the present study, an attempt has been
made to design 8 beams of LiDAR-assisted unmanned aerial vehicle for monitoring the external
environment. With the novel 8 beams, the overall load of UAV in the measurement is greatly reduced
without affecting the measured quality. In order to implement the work, the design methodology of
the UAV with a mounted LiDAR has been explained. Following that, 8-beam LiDAR measurement
and field of view are explained. The novel measurement and mapping algorithm with Kalman filtering
has been proposed and explained. Finally, the justification of choosing LiDAR, 8-beam measurement,
and comparison of proposed filtering are given in the results section.

2 System Design Methodology

The specifications of the aerial vehicle have been taken as a reference for scaling down the values
micro aerial vehicle. Then, the final measurements of each component are as follows: WingSpan-1 m,
Airfoil-Selig 1223 RTL, Cord-0.12 m, Aileron Length-0.3 m, Cord-0.04 m, Fuselage Length-0.75 m,
Horizontal tail Cord-0.10 m, Span-0.3 m, ElevatorLength-0.3 m, Cord-0.04 m, Vertical tail Length-
0.15 m, Rudder Length-0.15 m, Cord-0.04 m. With the aforementioned specifications, the Micro Aerial
vehicle is designed and tested. All these dimensions are carefully selected to carry the LiDAR sensor as
a payload. Since the detailed UAV design is out of the scope of this present investigation, we omitted
the design details. Fig. 1 shows the top view of the micro unmanned aerial vehicle (UAV).

Different sensors have been used for tracking and fulfilling the flying action of micro aerial
vehicles. Some important sensors are IMU, GPS, and I2C barometric Pressure/Altitude/Temperature
Sensors are integrated with UAVs. TATTU 8000 mAh 6 s 25c Lipo Battery was used for the long run
and lightweight. The increased diameter of the shaft results in less chance of damage to the unfortunate
landings and increases the precision of the axial attachment of the propeller–which directly reduces
vibration. For higher quality bearings, it is better to terminate the high temperatures. Importantly, the
LiDAR sensor with 8 beams is fitted with a downward pointing beam of required tilting angles. This
downward fitting covers the area under the UAV which is on the fly.

The primary gun mount’s design allows for two degrees of freedom (DoF). The amount is meant
to be solely attachable and removable on the primary gun rail in accordance with system requirements.
The gun’s design can be helpful in providing PITCH and YAW action. Every servo motor has its IMU
(inertial measurement unit) sensors assigned to it. The secondary cannon has pitch motion from servo
2 and yaw motion from servo 1. The servos are attached to the controller’s digital pins and receive a
5-volt power supply. In this system, a conventional PID controller was used to adopt precise control
on the adaptive-loop environment. It regulates the servos loop according to the feedback from the
servo motors related to the angular positions. The discrepancy between the process variable and the
set point generates the error signal. Additionally, the servo plant is being operated as intended by the
PID controller via the error signal. Different mechanical components’ dimensions are chosen based
on the design. The primary mount, known as servo mount 1, is composed of 5 mm thick nylon. A
pocket measuring 44 mm × 21 mm is crafted in the center of the top of servo mount 1 in order to
precisely secure servo motor 1 onto the mount. A force of 6.72 N is being applied to this fabricated
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CNC machine mount. Fig. 2 displays the CAD model and the mounts’ stress analysis using the Ansys
workbench program.

Figure 1: Typical micro UAV exploded view with traditional technology

3 Mapping Using Eight Beam LiDAR

The Light detection and ranging (LiDAR) module enables developers and integrators to make
advanced technologies by integration in detection and ranging systems as shown in Fig. 3. The purpose
of the LiDAR module is to easily and rapidly be integrated with various applications. The module can
be configured to be used in very simple applications or to perform more complex tasks depending
on the hardware and software settings. Distance (or) height can be measured from the base of the
standoffs for the LiDAR module. The dashed lines illustrate 1 of the 8 segments and the solid line
indicates the distance measured by the module in that segment.

The LiDAR can produce 8 beams with the help of LeddarVu Software 3 (LeddarTech, Canada).
The Data displayed in the Raw Detections dialog box allows the user to precisely define the desired
detection parameters as shown in Table 1. An object crossing the beam of the module is detected
and measured. It is qualified by its distance, segment position, and amplitude. The quantity of light
reflected back to the module by the object generates the amplitude. The bigger the reflection, the
higher the amplitude will be. The amplitude is expressed in counts. A count is the unit value of the
used ADC in the receiver. The fractional count is also used by the accumulation to get more precision.
The measurement rate can be calculated using the following Eq. (1):
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MR = BAR
N ∗ A ∗ OS

(1)

where MR is the measurement rate; N is the Number of segments; A is the Accumulations; and
OS is the oversampling. The accumulation and oversampling are the parameters used for improving
the measurement process in terms of accuracy and precision. The higher value of accumulation and
oversampling enhances the accuracy and precision of measurement and thereby significantly reduces
the measurement rate.

Figure 2: (a) The CAD model (b) Stress analysis of mount 2
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Figure 3: LiDAR arrangement used in the present study (a) 8 beam view (b) Testing of 8 beam LiDAR
(c) Measurement of distance/height

Table 1: Detection of raw data

Segments Distance Amplitude

8 5.788 226.3
7 5.773 306.0
6 5.766 345.8
5 5.780 402.6
4 5.752 444.8
3 5.733 435.3
2 5.798 305.9
1 5.835 183.6
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3.1 Measurement Using Eight-Beam LiDAR

Three dimensions such as breadth, depth, and height of the object can be measured and measured
parameters. Consider an UAV flying from the earth at an altitude ‘a’ meters as shown in Fig. 4. Then,
‘h’ is the average height measured from the UAV in all eight beams. The actual height of the object
to be measured and mapped can be calculated by subtracting ‘h’ from ‘a’ and it is indicated in Fig. 4
as ‘g’. Consider an angle of beam deflection from the first laser beam to the last as ‘θ ’ and it is a
horizontal field of view (FOV). Then, the width (or) breadth can be calculated from average height ‘h’
and horizontal FOV ‘θ ’. Then, width (w) can be calculated using the following Eq. (2) as explained in
Fig. 5:

w = 2b. sin
θ

2
(2)

Assume ‘b’ is approximately equal to the average height ‘h’ as ‘θ ’ is small for more resolution.
Then, the equation becomes as Eq. (3):

w = 2h. sin
θ

2
(3)

Figure 4: Process of capturing data in the present study
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Figure 5: (a) Algorithm of measurement and mapping, (b) Flow diagram of Kalman filter

The actual length (l) of an observation and length resolution (lr) can be calculated from the UAV
parameters and LASER sampling time intervals. Assume ‘v’ is the velocity of the UAV and ‘Ts’ is
the sampling time interval of the LASER pulses. Then, the data logging start and end times in the
LASER module are t1 and t2. For finding the length of observation in meters and length resolution in
the number of samples, the following expressions are used. Eqs. (4) and (5) indicate that the observation
length ‘l’ can be mapped using the sample values lr.

l = v ∗ (t2 − t1) (4)

lr = t2 − t1

Ts

(5)
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3.2 Algorithm for Mapping of an Object and Noise Cancellation

3.2.1 Algoirthm for Measurement and Mapping

A detailed algorithm for measurement using an 8-beam LiDAR segment is explained as shown in
Fig. 5.

3.2.2 Kalman Estimation for 8-Segment LiDAR

Kalman estimation and filtering have been applied at every segment of the LiDAR sensor output
to ensure a noise-free and estimated output for missed readings. Kalman is a mathematical procedure
for estimating states and offering filtering on white Gaussian noise of LiDAR. There are two important
steps in the Klaman estimation as shown in Fig. 5b. In the first step, the state is estimated using
previous states along with a state transition matrix, and the state transition matrix for a sensor is
unity as one vector value is assumed for sensor output. The estimated state is denoted as x̂. Since
there is no control input u, and one state measurement, then the remaining parameters Pt, Qt & Rt

are state variance, process noise variance, and measurement noise matrices, Gt is assumed to be
Kalman Gain. Then, the second step in which the estimated state is corrected using Kalman gain
and measurement values. Here, t|t, −1|t − 1, t|t − 1 are assumed to be current state time, previous
state time, and intermediate step transition time. Then, due to the aforementioned assumptions, the
Kalman equations are as follows:{

x̂t|t−1 = x̂t−1|t−1

Pt|t−1 = Pt−1|t−1 + Q
(6)

{
x̂t|t = x̂t|t−1 + Gt(yt − x̂t|t−1)

Pt|t = (1 − Gt) Pt|t−1

(7)

Gt = Pt|t−1

(
Pt|t−1 + Rt

)−1
(8)

4 Results and Discussion
4.1 Intensity of Light in TOF and Type of an Object

In the present investigation, an endeavor was made to implement mapping of the unknown
environment of buildings as described in Fig. 6. An object crossing the beam of the module can be
detected and measured. It is measured by its distance, segment position, and amplitude as shown in
Table 1. The quantity of light reflected back to the module by the object is measured in the form
amplitude. It is usually in counts and it is the unit value ADC in the module receiver. Its count is
in fractional to get more precision in the measurement. The larger count value indicates the bigger
reflections. However, the reflection depends on the properties of the object such as material, color,
etc., and also on the wavelength of the light. The LASER light emits infrared light at a wavelength
905 nm. Then, the variations of the amplitudes for different materials with a fixed distance have been
measured and tabulated as shown in Table 2.
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Figure 6: The original view of a building

Table 2: Object classification and variation of the amplitudes for different elements

Type of floor Distance (m) Amplitude in counts Absorption in counts

Floor-Green (no objects) 0.100 519.0 505.0
Floor–Green (oil) 0.100 516.8 507.2
Floor–Green (oil + dirty) 0.100 510.2 513.8
Floor–Yellow (No-objects) 0.100 509.9 514.1

4.2 Measurement and Mapping Using TOF

The LASER module has been fixed in the slot provided in the UAV. The experiment was conducted
with a number of iterations. The data logging and measurement in the LiDAR module is started as per
the Algorithm described in Section 3.2. Once the data logging is started, the mapping is also started.
If mapping is done on the fly, then it is called as online mapping. It is also possible to perform an
offline mode of mapping once data logging is over. The average velocity of the UAV has been fixed
at a velocity of 10 m/s. Then, the horizontal field of view can be selected into three categories such as
wide (95 degrees), medium (48 degrees), and narrow (16 degrees).

Furthermore, the accuracy of measurement was also noticed by comparing the measured values
with the true values of the building with low errors. Even the high accuracy in height measurement
is achieved, the length measurement is having error percentage varying from 0% to ±5% of original
values. These height measurement values are compared with the conventional camera technique. For
camera-based mapping, the technique of stereo vision has been employed for height measurements.
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The height measurements with a finite number of trials for different UAV flying heights are carried
out. These results are plotted as shown in Fig. 7. From the graph, the LiDAR outperforms the
conventional camera in height measurement accuracy. Further, the width of coverage is varied by
varying parameters multiple beams, height of UAV, and FOV of the LiDAR module. The optimal
8-beam has been chosen as more beams experience latency in side beams over the central beam. Also,
it offers a good resolution for measuring the smallest incremental values of 0.5 m as compared with
single beam measurement which offers a resolution of 4 m. The optimal 8-beam LiDAR in which low
delays in side beams are estimated and approximated using Kalman filter estimation.

Figure 7: (a) Comparison of height measurement accuracy of LiDAR with a camera with stereo vision
measurements. (b) Resolution of 8-beam LiDAR with single-beam LiDAR

The height of the UAV is also adjusted with respect to the FOV to cover the entire area. The
wider FOV of UAV takes fewer flies to cover the entire area than the narrower one. However, the
wider coverage gives a poor resolution in mapping when an object surface changes as shown in Fig. 8a
where the edges are not sharp that much. When the building side wall and openings come, there is no
perfect plot due to the non-reachability of multiple reflections at higher altitude measurements. The
resolution of plot is also poor on the whole, and especially it is notable at the edges of the building.
Resolution has improved by flying at lower heights for mapping at the cost of a greater number of
flies as shown in Fig. 8b where the building to be measured is covered on two flies with 16 segments.
It is further improved by flying three times to cover the area. Its resolution has been increased, and
clear-cutting edges are obtained as shown in Fig. 8c.

However, the number of flies is increased with a reduced FOV to cover the same area. Further,
the resolution of mapping has been improved with more number of segments in a narrow FOV. It is
evident that the edges of the object have been drawn sharply with larger segments and narrow FOV as
shown in Fig. 8. All measurements and mapping have been done in a noisy environment. Moreover,
the outputs are taken with noise, and without any estimations.
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Figure 8: Measurement and mapping of the building in noisy environment without Kalman estimation
with v = 10 m/s and observation time (t2 − t1) = 7 s (a) number of fly = 1; number of segments along
the width = 8, (b) number of fly = 2; number of segments along width = 16, (c) number of fly = 3;
number of segments = 24
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4.3 Mapping with Kalman Estimation and Filtering

As explained in Section 3.2.2, the Kalman mathematical filtering has been applied on each
segment of data with initial assumptions of covariance matrix P as zero and measurement noise R =
10, process noise Q = 1. The missed states during measurement is estimated and the average of white
Gaussian noise of measurement is nullified in the Kalman estimation. Then, the actual measurement
values have been found using the Kalman estimation in the noisy and missed measured values. The
mapping results for different flies are shown in Fig. 9a–c. It is evident that there is a smooth top plot
on the mapping.

Figure 9: (Continued)
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Figure 9: Measurement and mapping of the building in noisy environment with Kalman estimation
with v = 10 m/s and observation time (t2 − t1) = 7 s (a) number of fly = 1; number of segments along
the width = 8, (b) number of fly = 2; number of segments along width = 16, (c) number of fly = 3;
number of segments = 24

5 Conclusions

The proposed approach involves utilizing a parallel 8-beam LIDAR module on the UAV to
accurately measure and map larger objects. The process is executed without the utilization of
complex software technologies for measurement and mapping. Mapping can be easily performed
using both online and offline modes. This technology is well-suited for environments where precise
measurement and mapping are crucial, even in the presence of significant noise. The study yielded the
following conclusions:

• The system provides prompt results in comparison to traditional camera-based surveillance,
with minimal latency, more accuracy, and the absence of complex algorithms.

• Due to the absence of complex camera systems and advanced software algorithms, this method
proves to be a cost-effective solution.

• Additionally, an analysis of reflected signals at the same height has been conducted to examine
the cleanliness of materials of identical type and color.

• The system enhances measurement and mapping accuracy in a noisy environment by effectively
estimating sensor data and filtering out noise.

This property will prove valuable in the future analysis of the surface of photovoltaic solar panels
from a distance, specifically in evaluating their performance.

Further, more beams such as 16 beam LiDAR for higher altitude fly of UAV for covering more
area and higher resolution will be studied in the future. The problem of delayed side beams over the
central beam will be compensated with a proper design of delay-compensating circuits.
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