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Summary
A new approach of loveost terrestriaapping sensors is the ZED 2i stereo camera, which

has been introduced into forestry settings. A stereo camera simulates human vision, capturing two
simultaneous images that can be used to estimate depth and motion of detectedTdiigects.
includes training the necessary detection software to run with the ZED 2i Stereo Camera, collecting
data in varying environments, converting the local coordinates of detected trees to a global
coordinate system, identifying the more reliable obsewmati and consolidating clusters of
observations for same trees into a singular tree position. Studies were conducted on the overall
performance of the stereo camera compared to extracted control data from drone orthophotos, and
saw that more observationerme detected in a forestry plantation when foliage had developed in
May versus February tests when there were no leaves on the trees. Testing also compared data
results from a tree plantation to a more complex, natural forest environment, which saviiarreduc

in overall observation retention after being put through accuracy filtering based on detection

confidence and distance of detections from the camera

In brief, data was used to configure processing procedures to allow for the extraction of
meaningful results (consolidated tree positions, comparison of different test path types and
different test environments), which allowed for an opening assessmiat pérformance of the
processing methods established against control data gathered in the same environments using
established methods such as GNSS positioning or drone data extraction. Forestry processes are
calling for the implementation of new techngies for automatic detection, and automated
vehicles and machinery. This thesis lays the groundwork for future improvements in data
interpretation and accuracy based on the developed procedures, highlighted assumptions,
limitations, and next steps for wanky to implement the use of a ZED 2i Stereo Camera in the

forestry industry.
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1.0Introduction

In forested areas, terrestrial mapping methods can be much more effective than aerial
photogrammetry (McGlade et al., 2022). There are different approaches, including terrestrial
Amanual 0 | an dlomwavigaigsatellitesystamg GNsSSHr highly accurate point
clouds using laser scanners and Light Detection and Ranging (LIiDAR) systems.

When using GNSS, a consideration when it comes to positioning is the obtainable
accuracy, which can greatly depend on the environment (e.qg., if it is being obstructed by a thicker
canopy, etc.) (Wells & Chung, 2023). Terrestrial laser scanning (TLS) tzan athigher degree
of accuracy but take a longer time to scan the (@@uagisetty et al., 2013)s it operates for a period
of time from fixed points. LIDAR, rather than collecting precision data from a stationary position,
is attached to a moving platfa such as a drone or vehi¢dcGlade et al., 2023)These remote
sensing techniques have become extremely valuable in the forestry setting, increasingly replacing
more manual surveying methods such as measurements with calipdMc&iade et al., 2023).

While optimal in theory due to rapid and accurate measurements of environmental characteristics,
laser scanners and LIDAR both come at a greater cost for their precision capdkgitiest al.,
2022)(McGlade et al., 2023)Accurate mapping is impamt for endless purposes; however, the
high base cost of equipment can be prohibitive for many smaller companies and organizations,

creating a barrier to entry in industries dominated by larger corporations and government bodies.

There are a variety of new approaches for more-affsttive threedimensional remote
sensing mapping which typically include a red, green, and blue colour depthR&Bsors and
an inertial measurement unit (IMUMcGlade et al., 2023)Available applications of such
technologies include identifying the existence of objects/obstacles (Arunpriyan et al., 2020) and
evaluating position and dimensions (Nirunsin et al., 2022), so specific equipment can be chosen
based on research or work deeas there ara variety of options on the market. For example,
McGlade et al. (2023) explored the accuracy of both the Stereolab Zed 2 camera and the Apple
iPad Pro 2020, highlighting their strengths and weaknesses depending on the intended application.

Stereo vision incorporates multiple lenses, simulating human vision in its image and depth
capturing(Liszka et al., 2023}t offers that lower cost mapping option, meeting the current interest

and demand for affordable and broadly applicable mapping equigiregisetty et al., 2013)



With its camera lenses typically placed at the average human eye width apart (6.5cm), the camera
can capture two images at the same time that are slightly offset (Fig. 1.1). The pixel displacement
between the left and right images can then be used toa¢stdapth and motigiStereolabs Inc.,

2024b)

Object point Fll'rx-' ¥ Z:I

T (baseling) r]

Figure 1.1 The Geometry of a stereo camera geometry of a stereo cébagjiaetty et al., 2013)

Image rectification takes the two images from the stereo camera, and converts them into
one common reference frame, while triangulation then compares the images, using the baseline
between lenses and their focal length in order to triangulate the 3dratesdof a poinfLagisetty
et al., 2013)(Liszka et al., 2023)

Many industries are exploring this ZED stereo camera technology for a multitude of
implementations, for examphldmendral et al., (2018mplemented its system with respect to fruit
harvesting. It was used for depth estimation of automated arms to be used for picking or cutting
crops. They concluded that the stereo camera was effective for capturing longer ranges of up to
20m, while it wagound not so effective in ranges closer than 65 cm to the camera. Juang et al.
(2016) implemented use of a stereo carier detection of objects containing multiple colors with

nonhomogeneous distributions in complex backgr ¢

At present, there is also extensive ongoing research and development on autonomous road
vehicles. (Li & Lideskog, n.d.). Lagisetty et al. (2013) used stereo cameras to research obstacle

avoidance and object detection for a mobile robot using a stereo acageared towards



researching collision avoidance in autonomous robotic sysfemnspriyan et al. (20209xplicitly
highlights the improvement a stereo camera offers from a monocular camera stating that using a
stereo vision camera with depth information instead of a monocular camera, the overall accuracy
of realtime speed bump detection using image segatient from autonomous vehicles was
improved. Despite this increase in research for autonomous vehicles, not as much focus is put

explicitly on autonomous driving in efbad environments (Li & Lideskog, n.d.).

Looking specifically at the forestry industry, many forestry processes affect ecosystem
health and work efficiency, calling for the implementation of new technoldgisska et al.,
2023). This has significantly contributed to the drive for more autonomous vehicles and
machinery, as well as automatic detection. This can enhance the production efficiency of forestry
operations by using detection for navigational purposes and facilitatirgyatprocessefli &
Lideskog, n.d.). For example, Li & Lideskogned to improve productivity of work by
implementing automatic detection of stumps and boulders to better avoid or tackle obstructions to
improve work efficiencyLiszka et al. (2023Jooked to evaluate whether trees were successfully
planted by autonomous vehicles, aiming to improve research towards potential sustainable land
management practice implementation. Fleischmann & Berns (n.d.) pursued the effectiveness of
stereo cameras fagricultural applications, making several crdgscipline conclusions garding
stereo camera technology. This includes its abilities to provide a dense point cloud of information
as well as colour information, and its convenience of figéight nature, low cost, and low energy
consumption. In testing it was also concludeat tinfluence of dust with stereo camera
performance was lower than for a laser scanner (Fleischmann & Berns, n.d.), therefore this may
indicate its potential benefits in applying in forest and harvesting settings with the presence of saw
dust, pollen, etcThis is a topic of particular interest for the letggm goals that this thesis will
build foundation for, the implementation of stereo camera vision for object detection and obstacle

avoidance in forest operations.

Given this basis of interest in expanding the use ofdost stereo vision, it is of interest
to acquire and investigate the process of setting up, using, and processing data using this

technology to open doors for abundant potential research and warkuppes.



1.1 Objectives

There are numerous studies on using stereo cameras together with advanced algorithms, to
identify and gather dimensional data about objects in its field of view, including size, shape and
position of the objectThis work will train ZED 2i Stereo Camera detection software with
acceptable accuracy for object detection and sizing in forested areas in Italy in order to configure
processing procedures to allow for the extraction of meaningful insights from the amhassed

The specific objectives to complete this general objective are as follows:

0 Achieve functioning, trained detection software to implement with the ZED 2i Stereo
Camera for data collection of tree positions.

0 Achieve conclusive surveys of a plantation test area (Legnaro, PD) without and with tree
foliage; tree detections positioned in local coordinate systems with respect to the camera
position.

o0 Achieve conclusive surveys of a natural forest test area (Taibon Agordino, BL); tree
detections positioned in local coordinate systems with respect to the camera position.

o Construct methodology for processing procedures of stereo camera detections and Global
Positioning System (GPS) position data.

o Analyse the performance of the processing methods established against control data (from
GPS or drone data).

o Discuss the extent to which environmental considerations impact accuracy and quantity of
detection and to conclude whether any error incurred by environmental considerations is

significant.



2.0 Materials

This section provides a detailed breakdown of all resources required for each phase of the
thesis work, including preliminary planning, data collection, processing, and finalizing results.
This encompasses different software to run the necessary progranmnent needed to conduct
the field surveys, and any additional materials.

2.1 Software

2.1.1 ZED SDK
A software development kit (SDK) is a compilation of necessary software tools compiled

into a library. The composedED SDK will facilitate the usage of the ZED stereo camera with
compatible languages, platforms, and tipedty integrations. This will include YOLO, Python,
OpenCV, and PyTorch.

2.1.2 YOLO
You Only Look Once (YOLO) is a machine learning algorithm for object detection that

will take the stereo images that provide depth information and identify objects within the photo.
With many models and application techniques availatdeSilva et al. (2022) provided both a
comparison of varying YOLO models, as well as evidence for use with specific regard to tree
mapping.lmages are gathered and used to train the model to identify key features of interest
(Jrondi et al., 2024)While there are a varietyf machine learning algorithms to pair with stereo
camera work, YOLOvV8 provides a tested and reliable perforn{aszka et al., 2023)This thesis

work specifically uses YOLOvV8 developed by Ultralytics, LLC as a compatible phirty library

with ZED SDK.

2.1.3 Python
Python is a programming language maintained by the Python Software Foundation (PSF).
This thesis work specifically uses Python versddifor writing and running the code required by

the stereo camera and simultaneous usage and recording of independent GPS data.

2.1.4 OpenCV

Open Source Computer Vision Library (OpenCV) is an egmurce computer vision and

machine learning software libra(@penCV, 2024) This thesis work specifically uses OpenCV



version4.9.0for image processing and support of the other deep learning frameworks in use as a
compatible thireparty library with ZED SDK.

2.1.5 PyTorch

PyTorch is also an opesource computer vision and machine learning lib&gyTorch,
2024) This thesis work specifically uses PyTorch versio8.0 with CUDA 1.1.1 for image
processing and support of the other deep learning frameworks in use as a compatipbatshird
library with ZED SDK.

216 R

R is a software for statistical computing and grap(f:®roject, 2024) This thesis work
specifically uses R version 4.4.0 and RStudio 20242 for data computing, statistical analysis,

and visualizations.

2.1.7 Excel

Microsoft Excel is a spreadsheet software developed and maintained by Microsoft
Corporation. This thesis work specifically uses Excel for the organization, amalgamation, and

calculations of post processing steps for tree observation Data.

2.1.8 QGIS

QGIS is an opesource geographic information system and will be the primary processing
and mapping tool for the geospatial information of this th&3@I§ 2024). Version 3.28.12 will
be used for the visualization and comparison of results, enabling quantitative evaluations of the

relationship between datasets.
2.2 Equipment

2.2.1 ZED 2i Stereo Camera

For Field Surveys 1 and 3, the stereo camera implementedZ&i Stereo Camera,
with a 2.1mm fixed focal lens and polarizing filter to improve the quality of outdoor testing. For
Field Survey 2, the stereo camera acquired iZHER 2i Stereo Camera, with a 4mm fixed focal
lens and polarizing filter to improve the quality of outdoor testing. The difference (due to

availability of equipment in the department) is the 2.1mm lens provides an ultra wide field of view



with optically corrected distortion for increase image quality, while the 4mm lens provides
increased resolution and depth accuracy at longer range (FIgSZHREOLABS, 2022)

Figure 2.1 Stereo camera difference between 2.1mm fixed focal lens and 4mm fixed fo(STEREOLABS, 2022)

These two variations of the ZED 2i Stereo Camera hold distinct specifications (Table 2.1).

Camera output resolutions and output files are presented in Table 2.2. and 2.3 respectively.

Table2.1 Specifications of theED 2i Stereo Camera with a 2.1mm and 4mm fixed focal lens

Lens Sensor |Frame |Array Size| Focal Field of| Aperture| Depth | Depth Object
length | Type rate Length View Range |Accuracy |Detection
2.1mm 2.12mm |H: 110°|f/1.8 0.3 - 20|< 1% up to| Up to 20m
(0. 00|V:70° m 3m (3D)
D: 120° (1 -1< 5% up tq Up to 40m
1/3" 4MP|15-100 iggg X 65.6f) | 15m (D)
4mm CMOS FPS ixels 4mm H: 72° |f/1.8 1.5 - 35|< 2% up tqUp to 35m
P (0. 16]|V:44 m 10m (3D)
D: 81° (49 -|< 7% up tqUp to 55m
115ft) |30m (2D)
Table2.2 Output Resolution of a&D 2i Stereo Camera
Resolution Frame Rate Mode
2x (2208x1242) 15 FPS cropping mode
2x(1920x1080) 15/30 FPS cropping mode
2x (1280x720) 15/30/60 FPS binning 2x2 mode
2x(662x376) 15/30/60/100 FPS binning 4x4 mode




Table2.3 Output Files and fileomponents of aED 2i Stereo CameréStereolabs Inc., 2024a)

Files Information
All Detections 0 Object ID: An identifier for each detected object.
0 Label: Classification of the object based on trained object types.
0 Position: The 3D position of an identified object relative to the camera.
0 Velocity: 3D vector of an object's movement according to the camera.
0 Dimensions The length, width, and height of the object.
0 Confidence The model's confidence level in the object's detection
classification (6100).
0 Tracking State: Whether the object is tracking or lost (Ok, Off, Search
Terminate).
0 Action State Whether the object is moving or idle.
0 Distance to Cam:The distance from the camera to the object.
0 Detection Timestamp The time at which the object was detected.
0 Roll: The camera's rotation around the fromback (Z) axis.
0 Pitch: The camera's rotation around the diolside (X) axis.
0 Yaw: The camera's rotation around the vertical (Y) axis.

Closest Detections 0 Same as AAl I Detectionso i nfor
observations per group of observations assigned the same object ID wi
camera was closets to the observation.

Output Video 0 Video recording of the observation period

0 Simultaneous 3D obiject tracking of the identified objects in the environn
di splaying objectsd path over t

Recorded GPS Data 0 Timestamp: The time at which the camera position is recorded.

0 Latitude: The geographic coordinates indicating taenera's position.

0 Longitude: The geographic coordinates indicating the camera's positior

0 Altitude: The elevation of the camera above sea level.

0 Satellites Number of connected satellites.

0 HDOP: Horizontal Dilution of Precision, geometric strength of sate
configuration.

0 Geoid Height: The vertical distance between the geoid and the refe
ellipsoid.

A sample of the video output from the stereo camera, which can also be observed live

during testing, is presented in Figure 2.2.
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Figure 2.2 Sample video output screenshot from the ZED 2i Stereo Camera, showitighezabject identification
(left) and 3D object tracking (right)

2.2.2 GNSS (Emlid Reach RS2 and Emlid Reach 2)
A GNSS reatime kinematic (RTK) approach was used in conjunction with the stereo

camera to improve object positioning. This usedetwork of a reference statiamd
aroverreceiver to provide highly accurate and precise positioning in-tiea, providing
centimeteflevel accuracyStereolabs Inc., 2024dPbstructionsand atmospheric errors hinder

GPS accuracy, therefore implementing a base station nearby allowed for #@eezdrrection

of errors in satellite signals for a rover paired with the stereo camera for stereo camera positioning,

with shorter baselinesallwi ng f or i ncreased accuracy (Naobai

An Emlid Reach RS2eceiver was used as a base station during each survey to enhance
the accuracy of positioningmlid, 2022).An Emlid Reach M2 was used as the rover for setting
control in the test environments, as well as collecting GPS data as a reference survey for later
comparison with stereo camera data and mounted on the stereo camera to provide coordinates of
t he c azenepostidonswhen assigning local coordinates to observed objects during the tests
(Emlid, 2019). Fixegositional accuracies of these GNSS systems are summarized in Hable 2.

while float can reduce this centimetexel accuracy to decimet&vel precision (OXTS, 2020).



Table2.4 Positioning accuracy of the Emlid Reacg RS2 and Emlid Reach M2

Emlid Reach RS2 Emlid Reach M2
Static H: 4 mm + 0.5 pl H4mm+0.5ppm
V! 8 mm + 1 ppnmV: 8 mm + 1 ppn
RTK H: 7 mm + 1 ppnmH: 7 mm + 1 ppn
V: 14 mm + 1 ppV: 14 mm + 1 pp

These units record raw positioning data in RINEX format for subsequenpiastssing. Data

logged by the rover will include elements summarized in Table 2.5.

Table2.5 Output information logged from Emlid Reach M2

Files

Information

RINEX Output File

O¢ O¢ O¢ O¢ O¢ O¢ O

Date: The date on which the position was recorded.
Timestamps The time at which the position was recorded.
Latitude: The geographic latitude of the recorded position.
Longitude: The geographic longitude of the recorded position.
Ellipsoidal Height: The height above the reference ellipsoid
Solution: The type of GNSS solution (e.g., fixed, float, single)
# Satellites:The number of satellites used in the solution.

Field 8-15: Positional accuracy metrics

2.2.3 Laptops

A laptop was used for training detection software and the actual software use in conjunction
with the stereo camera during the teBtaring testing, it is connected to both the ZED 2i stereo
camera and rover, as well as running the YOLOv8 model for object detection, depth sensing, and

all recording of data.

The ZED SDK software development kit designed for use with ZED stereoscopic cameras

can operate on any Windows or Linux platforms, however it has recommended minimum

specifications (Fig. 2.3) which must be considered in the selection of a laptop fangramd

running a stereo camera. Additionally, a NVIDIA® GPU with Compute Capabilities greater than

3 is requiredStereolabs Inc., 2024c).
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Processor Dual-core 2,3GHz Quad-core 2,7GHz or faster NVIDIA® Jetson Nano, TX2, Xavier, Orin

RAM 4GB 8GB 8GB

Graphics Card NVIDIA® GPU* GTX1060 or higher** NVIDIA® Jetson embedded GPU
Connectivity USB 3.0 USB 3.0 USB 3.0 / GMSL2***

Operating System Windows 10/11, Ubuntu 20.04, 22.04 NVIDIA® Jetson Linux (LAT)

Figure 2.3 Recommendddptop specifications to run ZED SDK softwé&tereolabs Inc., 2024b)

During this thesis work, two laptops were used with their specifications summarized in

Table 2.6. This includes the stages for which each laptop was used.

Table2.6 Laptop types and specifications used throughout thesis work for running training and tests.

Usage GPU Operating System
Laptop 1 Training NVIDIA GeForce RTX| Windows
Asus TUF 15 Fed Test 1 4050
Laptop 2 Field Test 2 NVIDIA GeForce RTX| Windows
Asus Zenbook Pro 14 4060

2.2.4 Drone

A drone was used at each of the test sites to capture orthophotos and enable the positional
extraction of points of interest, such as tree locations. The DJI Mavic 3Euseas with

specifications outlined in Table 2([DJI Enterprise, 2022)

Table2.7 Drone model and specifications

Sensor Field of View Aperture Focus

DJI Mavic 3E 4/3 CMOS, 84°/24mm f/2.8-f/11 i =6 =01 =D
effective pixels:
20 MP

11



2.2.5 Vertex Laser Geo

The Vertex Laser Geo (Fig. 2.4) ihah-precision laser rangefinder with a btiiit GPS
and compasdt allows the measurement and mapping of forested areas through consecutive point
andshoot distance and position measurements. This includes an internal GPS of accuracy 2.5 m
in open terrain and distance ranging up to 700 m with an accuracy ofHagiof Sweden, n.d.).

This tool was usetbr treepositioningduring Test 3.

Figure 2.4 Vertex Laser Geo
2.3 Additional Material

A caliper (Fig. 2.5) was used to measure tteeneter at breast height (DBH).

Figure 2.5 Tree caliperDendrotik, 2016)

Stakes mounted with paper identifiers (Figh)2vere used to mark control points. Some
were used as control points for the aerial drone flight, while others were markers for the start and
end positions of test paths that will be run using the stereo camera.

A

Figure 2.6 Stake position markers
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3.0 Methods

This section will outline the phases of data collection and processing, including preliminary
work to get equipment and software running, preliminary surveys of the study areas, the two tests
in the poplar test site, and one test in the forest test sakll Survey sections will include
discussion of environmental considerations will be taken into account for the preparation and
execution of any osite work in this study area in order to ensure minimal impact and damage to
the site. This includes the ueé nondamaging control point or tree markers, no waste items or
materials left behind, and the mitigation of any other behaviours that may prove harmful to the
site. Potential safety hazards will also be identified on site to ensure that hazardoosareaiss
are avoided. This section will also outline the methodology for developing the processing
procedures. This includes the calculations used and determined orderpfad&issing steps, as

well as any significant considerations or assumptionsnt@ikto account during this process.

3.1 Study Areas

There are two study areas used for the development of this thesi8.{rid-he first is a
poplar plantation in Legnaro, PD. (see sec8dhl for details) with organised rows of trees and
minimal other features present that would typically be found in a more natural forest setting, such
as other vegetation or boulders. This will simplify the environment that the stereo camera must
take in forpreliminary training and testing of the equipment. The second study area is in a
mountain forest in Taibon Agordino, BL. (see sect®h?2 for additional details) with a more
natur al forest structure. This will be used
forest state so comparison can be made of

environment it is taking in
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Figure 3.1 Plantation Test Site and Forest Test Site locations in Northern Italy

3.1.1 Plantation Test Area

The controlled test area will take place on a privately owned poplar plantation in Legnaro,
PD (Fig.3.2), with multiple advantages to its location and features. It is positioned 2.5 km from
the University of PadovaCampus Agripolis (research base) and is 2.19 ha in are&8(Bjigkey
features of this site making it ideal for preliminary testing include organized rows of trees, making
for easy distinction of how spacing and organisation of identified trees should appear through data
collection. It also hosts a lack of other varie fiobj ect so0 t hat may i nte
equipment calibration and testing, including other vegetation, dead wood, rocks, etc. that may be

present and unorganised in a more natural setting.
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3.1.2 Natural Forest Test Area

The natural forested area test will take place on a privately owned forest road in Taibon
Agordino, the province of BellungFig. 3.4). It is 0.26 han area (Fig3.5), and key features of
this site include the presence of many unorganised trees, as well as other vegetation, dead wood,

rocks, etc. that present a more complex, natural environmental landscape.

A <
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0000@®
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Googlg O 100% Data attribution 10/27/2022-newer 50 m Camera: 1,616 m 46°18'28"N 11°54'51"E 1,327 m

Figure 3.5 Forest test site magnified location with special attributes
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3.2 Study Preparations

3.2.1 Dataset Preparation and Training

Preparations commence with the instillation of software programs for the ZED 2i stereo

camera to run and log data. This includes Python, ZED SDK software, OpenCV, and PyTorch.

Once equipment and software are acquirdte software training for successful
implementation with the stereo camera must be complétedrees are the primary point of
interest for preliminary camera testing, software training will commence with tree trunks.
Implementation of tree detection using YOLOv8 was done using-sperte tree datasets from
Roboflow (roboflow, 2023a) (roboflow, 2023b)lrees in the test area (also common in the
surrounding natural forest areas where this type of technology may be implemented) are namely
populus deciduous trees, and therefore the height of observation that is likely to be used in the
c a me r la &f gisioh for@bject detection, identification, and measuring, will be namely sections
of tree trunk. Therefore, the dataset chosen for the training of the stereo camera was filtered to
trees with bounding boxes around their defining features sucheagrimks so it will learn to
identify these features in its test setting. The refined dataset used was comprised of 1,291 images
in .jpg format and 3,521 annotations in .txt format, ensuring each image had corresponding

annotatiorfiles to identify the positions of each object in each photo for model training.

The dataset was then separated into three sections with 70% of images and annotations
organised intdl'rain, 10% intoTest and 20% into/alid. A .yaml file was configured to specify
the dataset structure for YOLO, and then the model could be trained using yolov8n.pt as the base
with image size (imgsz) set to 640x640, 125 epochs, a batch size of 16, and 4 workers. Training
(Fig. 36) was conducted on Laptop 1 (materials Section 2.2.3), for whicBRuehad 6,141 MiB
of memory, with 243 MiB in use during training. The GPU utilization was at 16%, operating at a
temperature of 41°C, and the CUDA version was 12.3. The trained weights (.pt format) were then
used in the developed Python code using ZED Sbkware, OpenCV, and PyTorch. This took

5-6 hours, but can vary based on the laptop in use.

Using this weight file, the stereo camera is then able to pair with this trained model to detect

trees and record the necessary information about each identified observation. This information is
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set to record in a CSV file. A secondary CSV file will also record each detected object with a

single record of only when it was closest to the campoesgion

$ jsw'-ﬂ_‘?@-ﬂet‘e 0Tree 0.7 +
’

- Tree Q,9
1865 g 2
4 }p'g.- | ¢ % Tree 0.9
Tree 0.8+ .

%E.O-ETree o'giTrE e Tree 0.8
h L ;" Tree 0.6 ﬁ

Figure 3.6 Sample of training stereo camera to identify tree trunks, showing bounding box and accuracy of prediction
of the model

In addition to the interface setup for the stereo camera, logging systems must be established
for the independent GNSS system so that they may run consecutively. GPS recordings were
facilitated by connecting the EMLID Reach Nt2the laptop via USB and recording the GPS data
ina CSV file.

3.2.2 Planning Test Paths

Three different test path types will be introduced, with varying levels of complexity in
direction of motion. They are anticipated to introduce increasing complexity of environmental
mapping for the stereo camera, with unpredictable movement or incréasen of repetition of

observation of same objects.
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The first is dinear path(Fig. 3.2a), which will move at a steady, moderate pace through a
selected row of trees. This simulates the most basic and straightforward test run in a forested setting
and is anticipated to garner the most clear and accurate results that can bearspdte t more

complex test routes.

The second is a r an7d)and isfascloserksinalatigndotrdid ( Fi g .

anticipated forestry applications in which movement will not be in a constant straight direction.

The third is a spiral path (Fig.7&) and anticipated to introduce the most complex data
collection scenario as it offers the most change in direction and much higher object repetition.

RB b) o5
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Figure 3.7 Three types of planned test routes, a) Linear, b) Snake, and c) Spiral
These varying route types will be taken into account in the data analysis and comparison of results
to conclude which elements impact the accuracy and precision of object detection, identification,

and sizing.

3.3 Field Survey 1

Field survey 1 was conducted in the identified test area populus plantation 8Fig.h&
expectations for this survey include the successful collection of object detection data for each of
the three outlined test path types, including varying speeds, to identify and classify relevant objects

(trees) throughout various times of the day.

The date, weather conditions, and environmental conditions for the day of this survey are

as follows:
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0 Date: February 21, 2024
0 Weather: 815°C, sunny, low wind.
0 Tree state: bare, no blooming of leaves yet

Figure 3.8 Field Survey 1 test site conditions

Hazards identified on site include a steep ditch bordering the-sastiperimeter of the
plantation(Fig. 39a). Beekeeping is also conducted in the immediate area (Figre $ due
diligence will be used to ensure there is no disruption to their bee colonies, nor is anyone close
enough that additional safety measures (any personal protective equipment) would be necessary.
In general, caution will be taken when executing &asts, as focus on steadying and properly

positioning equipment may increase risk of trips and falls.
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a)

Figure 3.9 Hazards on plantation test site a) Ditch and b) Beekeeping

3.3.1 Aerial Survey

An aerial survey can be beneficial as an overview of the survey area, as well as a control
survey. It enables the positional comparison of data collected using the stereo camera vs the

positions calculated using the obtained and adjusted orthophotosiggingsolution imaging.

The base receiver was positioned on the eastern side of the plantation with minimal
coverage or obstruction. Control points on the ground were marked, and their position obtained
using the RTK GNSS receiver in order to be able to georeference thosemptit®rthophotos.

Drone control points A, B, C, and D were set (Fig.0p.
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Figure 3.10 Dronecontrol points

The drone flight and processing details aréofisws:

0 Drone modelDJl Mavic 3E

Number of photos taken: 377

O«

Processing software: Agisoft Metashape Professional 2.1.1

O«

All depth maps were processed with moderate or high quality filtering settings, and the point cloud

was generated with high quality setting for constructing an orthomosaic with 1.1cm/pix resolution.
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Figure 3.11 Drone orthophoto of plantation test site

3.3.2 Control Survey

To execute the planned test route types, three control points (A, B, C) were setl@ig. 3.

These control points with fAknowno (GPS measur

the varying test routes executed.
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Figure 3.12 Plantation test route control points

For a control data set, the position of trees from two rows of trees running parallel to the
forecasted paths A to B and B to C were measured using the rover {B)gTBese are anticipated
to be the trees within reasonable field of view and distance from the camera as it makes its way
along the anticipated routes. This will be the positive control, providing comparable positions once
positions of trees identified bthe stereo camera are calculated by converting their local

coordinates.
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Figure 3.13 Tree position control survey using Emlid Reach M2 rover

Following the same projected paths, manual measurements of the diameters of the same
two rows of trees running parallel to the forecasted paths were documented. This was done using
a caliper at DBH, documenting the diameter of both the south trunk silde wée and east trunk

side of the tree (Fig. B4).

Figure 3.14 Tree diameter measurements using caliper

It should be noted that while part of the surveying procedures, the diameter measurements
obtained for comparison with dimensioning performed by the stereo camera will not be compared
or analysed in comparison to dimensioning obtained by the stereo oaitiénathe scope of this

thesis
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3.3.3 Test Preparation

Before logging any data, it is ensured the rover and ZED 2i Stereo Camera are correctly
running and able to log data. A safety check can also be performed to ensure that the test area is
safe to navigate. This includes identifying any hazards, that equipsrsafely set up and anything

mounted is secure.

By mounting the rover on the camera (Fid.5}, the position tracked with this will be used
as the zero coordinates for each object identification made from the stereo camera (the stereo
camera will only provide a local coordinate position based on the zero position). These two
surveying results wilbe used in combination to convert the local coordinates of the identified
objects to objects with global coordinates (WGS84, U32N).

Figure 3.15 Stereo Camera with rover centrally mounted on top
3.3.4 Data Collection

For this test, a combination of Laptop 1 and Stereo Camera 1 was used. The camera is held
at chest height, level, and slightly extended from the body so as not to provide additional

interference with satellite signals.

With the camera positioned over the designated starting control point, programs for stereo

camera and GPS data collection can be started and movement from the start point to the end point
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may begin. Movement is held at a steady pace the running codes as and video capturing process

can be monitored to ensure not only that the camera appears to be held properly and the path being

walked is linearly, but also that the tree observation anddhesponding data presentation are

functioning correctly to capture observation d&@ace the camera arrives over the end point of

the test path, all data logging software is suspended, and it can be checked that the collected data

has been correctly stored.

This process is repeated for all necessary test paths, after which the camera and GPS can

be safely disconnected from the laptop. It is noted that an important consideration throughout all

processing procedures and data analysis is the time discrepawegteny laptop being used,

and any external hardware logging data.

Table 3.1 is a summary of all test routes taken, their start and end points, timestamps, speed,

and the number of tree observations that were made.

Table3.1 Test 1 summary of test route observation data

Start Pt. End Pt. Path Type Start Time End Time Speed # Observations
1 A B Linear 11:32:58.60 | 11:34:38.60 | Normal 1611
2 |B A Linear 11:17:38.60 | 11:19:35.60 | Normal 2263
3 |- A Spiral 14:56:41.60 | 15:00:36.60 | Normal 2814
4 | C A Snake 14:50:09:60 | 14:51:58.60 | Normal 1608
5 |B C Linear 12:10:22.60 | 12:11:53.60 | Normal 767
6 |B C Linear 15:14:05.60 | 15:15:15.60 | Normal 1243
7 | C B Linear 12:15:25.60 | 12:16:32.60 | Normal 587
8 |C B Linear 15:17:43.60 | 15:18:47.60 | Normal 973
9 |A B Linear 12:05:16.60 | 12:06:16.60 | Fast 922
For the purpose of hi s t est , Ainor mal 0 pace depicts

duration of tests between points A and Bjgm apart) normal pace is approximated to be 0.6m/s

NfFast o

depicts

an

aver age

or

s |

ightly more

fast tests between points A and B, fast pace is approximated to be 1.2m/s.

3.4 Processing Procedures 1

Processing the first round of test data will prompt the initial development of methodology

procedures for processing and calculating informative data collected from a stereo camera survey.

Such procedures will be expressed in order of which they wereedevAdl data amalgamation

and calculations were done in Excel, while all data visualization and representation is in QGIS.
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3.4.1 Timestamp Correction, Refinement, Matching

To render GNSS and stereo camera data comparable, the timestamps of both datasets must
be adjusted. The GNSS data from Test 1 is 1h lkehirerefore, 1h must be added to GNSS
timestamps. The stereo camera logged time is logged based on the interface clock, so in this
circumstance that is the computer clock. By comparing timestamps of overlapping stereo camera
positions (logged once per sec) and GNSS positions (logged five times per second) this is
determined to be 18.6 seconds behind the GNSS time (E&). Bherefore, 18.6 seconds must be

added to the stereo camera timestamps.
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Figure 3.16 Test 1 GNSS vs stereo camera data showingdiseespancy between matching position points once per
second

As the rover ran continuously and independent from the stereo camera test runs, it is
important to determine the corrected start and end time of the stereo camera run time for each test
conducted in order to trim the corresponding matching GNSS datasTitained by looking at
the first and last timestamp of the corrected stereo camera timestamps for each test. The GNSS
data during this time range can then be isolated as the identified path taken during an individual
test run. Key GNSS data to take imtonsideration from the output files of the rover include the
adjusted timestamps of observation positions, and the positional data of those positions

(specifically longitude and latitude).
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From the stereo camera test data, important data to isolate includes the adjusted timestamp
of each observation, as well as their correspon@bggct ID, Position [X, Y, Z]Confidenceand
Distance In amalgamating these two sets of data, the objective is to use the GNSS data for the
latitude and longitudinal position at each observation point along the test path. Then, matching
timestamps, the stereo camera data that detected objects in a lodalatecsystem can be used
in combination to calculate tigtobal position of each object detected at each observing position
along the test path. This is presented in Figur@, 3vith blue representing the local coordinate

system and green representing the positioning of that local coordinate system in the global
coordinate system.
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Figure 3.17 Calculation of global position of an observation made in a local coordinate system, given the global
position of the zerposition of the camera

3.4.2 Global Position Calculation

The first value needed for this conversion is the adjustment rotation angle. This is based
off the azimuth calculated according to the north direction of the local coordinate system. In this
case, that isZ. To determine the direction of the camera at any given observation point, an
assumption is made that the carrying of the stereo camera is exactly straight, as the IMU data will
not be incorporated in this preliminary calculation. Therefore, to get tleetidin, the vector
between one observation point and the average positional direction of the next five observation
points is taken as the fAtrued positional dire
will be 5 positions over the course afesecond. Given this assumption, the azimuth of that line

vs true north of the global coordinate system can be calculated.
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Given that not all tests are conducted in the same direction with directions falling in the
same directional quadrant, two main variations to the azimuth calculation are prevalent, Eq. 3.1
and Eq. 3.2 (where if the azimuth will land in quadrant | therBBgs used, otherwise the azimuth
is calculated with Eqg. 3.2) (Fig. 3L

Eqg.3.1 Azimuth Equation (Quadrant I)

I W1 —
Eq. 3.2 Azimuth Equation (Quadrant Il, 111, IV)
| TULV—
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Figure 3.18 Azimuth equation based on directional quadrant

To calculate the angle of interest, theta, given two components x and y, the sign of these
components varies the equatiof\/eness, C., 2022; MedCalc Software Ltd, 2024; Omni
Calculator, 2024)

Eqg.3.3 ARCTANZEquation for azimuth calculation
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Given the azimuth, the rotation angle can be calculated (Eq(Rg?)3.19) Given this

rotation angle and local position of a given observation, the change in longitude and latitude from

the camera position to the observation position can be calculated (Eq. 3.5).
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Figure 3.19 Rotation angle calculation based on directional quadrant

Eqg.3.4 Rotation angle calculation based on directional quadrant
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Eqg. 3.5 Change in longitude and latitude equations based on directional quadrant

&l lat=(2)cos{ -(X)sin( &l lat. =(2)sin(  + () cos( aal lat=-((2)cos( -(X)sin( ) 28] lat. =-((Z)sin(  +(X) cos(

@ long. =(-7)sin( +()cos( & long=-((2)cos( -()sin( ) & long. =((H)sin( +(X)cosl ) g& long=(2)cos( -(X)sin(

Given this change in longitude and latitude from the camera position to an observed tree,

t he obt ai ni

poahe icamera n | on

observationods gl obal position i s

corresponding timestampds camer a

position latitude (Eq. 3.6).

Eq. 3.6 Final global positions (longitude and latitude) of a given observation
DODOI QI L OO BERHG Y & DO
N € EEDI QI U OOBELED G Yna € & Q
3.5 Field Survey 2
Field survey 2 was conducted in the identified test area populus plantation ZBjgTBe
expectations for this survey include the successful collection of object detection data for each of
the three outlined test path types, including varying speeds, to identify and classify relevant objects

(trees) now that the leaves have come inherttee canopy.
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The date, weather conditions, and environmental conditions for the day of this survey are

as follows:
0 Date: May 13, 2024
0 Weather: 222°C, sunny, some clouds, low wind.
0 Tree state: full foliage

Figure 3.20 Field Survey 2 test site conditions
3.5.1 Aerial Survey

Despite change in foliage presentation, the tree positions are assumed to be the same as
before, and thus no new aerial survey veamducted. Therefore, for the purpose of data
comparison with data extracted form an orthophoto of the site, the orthophoto obtained during

Field Survey 1 will be sufficient.

3.5.2 Control Survey

The same path control points (A, B, and C) are used for this second field survey.
Additionally, all other control elements remain the same including GNSS tree positions taken with
GPS, the planned paths for different test styles of routes through thartdeie manual tree data

measured by caliper for the trees in proximity of interest. The only difference for this test is the
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