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Abstract. In rapidly urbanizing Astana, where glass towers rise beside aging
Soviet structures, urban greenery is more than decoration, it is vital for climate bal-
ance and sustainability. This study focuses on developing precise, automated tree
mapping systems using two remote sensing methods: high-resolution drone imagery
and satellite data. Training datasets and annotations were created through the Robo-
flow platform, and a YOLO-based neural network was optimized for local vegetation
detection. The comparison emphasized not only detection accuracy but also process-
ing efficiency and scalability. Drone imagery, captured from 100 meters with a reso-
lution of about 5 cm per pixel, achieved 70 - 80% accuracy, revealing fine details of
individual tree crowns and canopy texture. Satellite imagery, at roughly 50 cm per
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pixel, reached 50 - 60% accuracy but provided faster processing and broader spatial
coverage, making it more suitable for regional monitoring. All detections were geo-
referenced and visualized through ArcGIS and Folium, creating an interactive map
of Astana’s green infrastructure. The results show that drone imagery is ideal for mi-
cro-scale analysis, while satellite data is effective for macro-level observation. Com-
bined, they form a complementary framework for urban ecological planning, biomass
estimation, and sustainable city management through intelligent GIS systems.

Keywords: tree detection, aerial photography, satellite imagery, deep learning,
YOLO, georeferencing, GIS
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AnHotauusi. JKenen KapKbIHMEH ypOaHHM3aIMSUIaHBIN KaTKaH AcTaHaja,
OlfHEK MyHapanap MeH KEeHECTIK [dyipJeri Fumaparrap Katap TYpFaH oOpTaja,
KaJaJbIK KerajJaHIblpy TeK COH YIIIH eMeC, COHbIMEH KaTap KIMMATTHIK Tere-
TEHJIIK TEeH TYPAKTBUIBIKTHI CaKTayjaa MICHIylI pes aTKapanabl. byn 3eprrey eki
KAIIBIKTaH 30HJITAy 9MIICIH — YKOFaphl IOPEXKEIET] JPOH CypeTTepl MEH CITyTHUKTIK
JepeKTepAl maianaHa OTBIPBIM, aFalTap/bl A9 KOHE aBTOMATTHI TypJe KapTara
TYCipy JKyHeciH a3ipieyre OarpiTTanFal. OKpITY IepeKTepi MEeH aHHOTanusuiap Robo-
flow murardopmaceiHaa TalbIHAAIFAH, Al )KePriUTIKTI ociMaikTepai Tany yiriH YOLO
HEHPOHIBIK JKeTICIHIH Mo (UKAIMSIIIAHFaH HYCKACHI KOJTaHBUIABL. CalbICThIPY TEK
aHBIKTAY JIJI/IIr1HE eMeC, COHBIMEH KaTap oHAeY KbUIIaMIbIFbl MEH MACIITa0TaTybIHA
na Hazap aynapisl. buikriri mamamen 100 meTpaeH TycipinreH apoH cyperrepi (5
CM/TIUKCENb aXKbIPaThIMIBLIBIFRIMEH) 70—80% nomnaikke KeTirm, Aapa araiTapiblH
TOXKIH KOHE KamblpaK KYPBUIBIMBIH aWKbIH KOPCETTI. AJ CHYTHUKTIK KECKIHIEP
(~50 cm/mukcens) 50-60% monmik Oepin, eHILY JKbUIIAMJIBIFBI MEH KEH ayKbIMJIbI
KaMTy MYMKIHIITIMEH epeKIIeneHai, Oy ojapabl aWMaKThIK MOHHTOPHHTKE
THiMII ocep Oepai. bapneik anbikTanran Heicanaap ArcGIS >xone Folium apkpiisr
reoyitiectipinin, AcTaHaHbIH KacbUl HHPPAKYPHUIBIMBIHBIH HHTEPAKTUBTI KapTachl
KypbuLibl. HoTmxkenep ApOH cypeTTepiHiH MHKpPOICHTeWeri Tannay YUIiH, ai
CITyTHUKTIK JEPEKTEP/IIH MaKpOJEHIeHiH OaKpulay YIIH THIMAI €KEeHIH KOpCEeTTI.
Ochl ekl oficTi OIpIKTIPY apKbUIbI KaJIAbIK 3KOJOTHSUIBIK KOCIapiayabl KOHE
Ouomacca JIeHrelin Oaraiayra jKOHE TYPaKThl Kajla OacKapy YIIiH TOJIBIKTBIPMAaJTbI
GIS neriziHzeri menrM YChIHBIIATbI.

Tyiiin ce3mep: aramrTapabl aHBIKTay, oye (OTOCypeTrTepi, CIYTHUKTIK
KeCKiHJIep, TepeH okbITy, Y OLO, reoyinectipy, reoaknapattsik xyhenep (I'MC)
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AHHoTanusi. B ycnoBusax crTpeMutTenbHONW ypOaHM3anuu ACTaHbl, T1e
COBpEMEHHBIE CTEKJISIHHbIE OaIlHH COCEJICTBYIOT C TOCTCOBETCKUMH 3/JIaHUSMU,
ropojickas 3el€Hasi pacTUTEIbHOCTh UTPAET POJib, BHIXOMASIIYIO JaJeKO 3a paMKu
JIEKOPAaTUBHOM COCTABIISIONICH. DTO CTall0 KJIIOYEBBIM (DaKTOPOM KIUMATHUYECKOTO
OanaHca ¥ yCTOMUMBOTO pa3BUTHs. JJaHHOE HCCiieIoBaHUE HAITPABIICHO Ha pa3paboTKy
TOYHBIX U aBTOMATHU3MPOBAHHBIX CHCTEM KapTHUPOBAHUS JEPEBLEB C UCTIOIb30BAHHEM
JIBYX METOJOB JAMCTAHIIMOHHOTO 30HAMPOBAHMS: BHICOKOKAYECTBEHHBIX JPOHOBBIX
M300paXeHU W CIIyTHUKOBBIX JaHHBIX. OOyuarolue BBIOOPKM M aHHOTALUU
ObuTH TOATOTOBJIEHBI Ha Tuiatdhopme Roboflow, a mis pacno3naBaHusi TOPOJCKOMN
PacCTUTENBFHOCTA HCIIONIB30BalaCh HEHWPOHHAsh CeTh Ha OCHOBE apXUTEKTYpPHI
YOLO, apantupoBaHHas K MECTHbIM ycloBusM. CpaBHEHHE NpPOBOAUIIOCH HE
TOJILKO TIO TOYHOCTH pAaclo3HaBaHWs, HO U MO 3(pdekTUBHOCTH O0O0pPadOTKU H
Macmradbupyemoctd. CHUMKH, TOy4YeHHBIE ¢ APOHA ¢ BBICOTHI 0kosio 100 MeTpoB
U pa3pelieHueM MPUMEPHO 5 CM Ha MUKCeNb, HOCTUrIN TouyHocTtu 70-80 %, 0be-
CIIEYUB JIETAU3UPOBAHHOE TPEACTABIECHUE O CTPYKTYpe KPOH U TEKCType pacTu-
tenbHOCTU. CITyTHUKOBBIE M300paXKeHHs ¢ paspelieHrneM okoso 50 cM Ha MUKCeNb
noka3aiau To4yHocTb 50-60 %, HO oTMyanuch OONbIIEH CKOPOCTHIO 00pPaOOTKH U
OXBaTOM TEPPHUTOPUHU, YTO JIeNaeT Ux Oojee MOAXOASIIUMU JIJIsl PETUOHAEHOTO MO-
HUTOpUHTA. Bece pesynbraThl ObUTM T€ONPUBS3aHBI U BH3yaln3upoBaHbl B ArcGIS
u Folium, 4To mo3BodMIO cO3MaTh MHTEPAKTHUBHYIO KapTy 3e€JE€HON HH(pacTpyK-
Typbl Actanbl. [lonydyeHHble JaHHBIE MOKA3bIBAIOT, YTO JPOHOBBIE M300paMeHUS
Jy4Iie MOAXOMAT JUIsl JeTalbHOro (MUKPOYPOBHEBOTO) aHalll3a, a CIyTHUKOBBIE
CHUMKH — JJI1 MakpoypoBHEBOro HaOmoneHusi. COBMECTHOE HCIOJIb30BaHUE
ATUX MOJX0A0B (GOPMHUPYET B3aUMOJIOTIOTHSIONIYIO CUCTEMY HJISi SKOJIOTHYECKOTrOo
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IUTAHUPOBAHMUSL, OIIEHKH OMOMAaCChl U YCTOWYUBOTO YIIPaBJICHUS TOPOJIOM Ha OCHOBE
uHTeIeKTyabHbIX [ MC-TexHOMOTH.

KiioueBble cjI0Ba: pacrio3HaBaHKe EPEBHEB, a3POPOTOCHEMKA, CITyTHUKOBbBIE
u3o0paxenusi, riyookoe oOyuenue, YOLO, reompuBsizka, reonHpoOpMalvioOHHbIE
cuctemsl (I'MIC)

Jas murupoBanusi: C.K. CarGaes, /[. Enunxan, A. [lloman, 3. A. Kytnanoga,
M. C. bykaeBa. CpaBHUTEIbHBIN aHAIN3 PACTIO3HABAHUS IE€PEBHEB HA CITY THUKOBBIX
U JIPOHOBBIX M300paKEHUSX AJISi KapTHUPOBAHHS PACTUTEIHLHOCTH B OKPECTHOCTSIX
Acranbl// MexIyHapoaHbI KypHan HWHGOPMAIMOHHBIX UM KOMMYHHUKAIIMOHHBIX
texnomormit. 2025. T. 6. No. 24. Crp. 274-287. (Ha anr). https:/
doi.org/10.54309/1JICT.2025.24.4.016.

Kondaukr uHTepecoB: aBTOpHI 3asABISAIOT 00 OTCYTCTBUM KOH(QIHUKTA
UHTEPECOB.

Introduction

Urban and peri-urban vegetation constitutes a critical ecological infrastruc-
ture, acting as a dynamic buffer against the accelerating climatic stressors imposed
by the rapid expansion of megacities like Astana. Trees, as the linchpin of this green
matrix, contribute to urban resilience by mitigating heat through evapotranspiration,
capturing airborne pollutants, and enriching the environmental quality of densely in-
habited areas. Yet the strategic management of urban greenery hinges on access to
precise, timely, and scalable cartographic data a task increasingly feasible through
automated tree recognition systems powered by advances in remote sensing and
deep learning. A surge of research in Earth Observation (EO), computer vision, and
Al-driven modeling reveals impressive gains in tree detection, classification, and geo-
location accuracy. Notably, convolutional architectures such as U-Net have achieved
up to 95 % accuracy when identifying oil and coconut palms in WorldView-2/3 mul-
tispectral imagery (Li et al., 2019). Transformer-based models like DINO outperform
traditional CNNs in large-scale “trees outside forests” (TOF) mapping (Jiang et al.,
2025), achieving 9-58 % higher F1 scores. Meanwhile, 3D-CNN models leveraging
stereo satellite views have mitigated the limitations of 2D analysis (Xiao et al., 2019:
55-63), attaining up to 89% accuracy in complex forested contexts.

Robustness to environmental noise and seasonal shifts is another frontier
where modern models excel. For instance, the CBAM-enhanced YOLOX achieved
an F1 score of 0.95 in fisheye-based tree detection (Li et al., 2019), even under wind
distortion scenarios. Nevertheless, persistent challenges remain: overlapping cano-
pies, false positives on heterogeneous backgrounds, and the labor-intensive calibra-
tion or annotation processes across diverse imagery types. A comparative synthesis
of 20 studies underscores the nonexistence of a one size fits all models and some
approaches thrive in environments with orderly tree planting and strong spectral
contrast, while others cater to dense urban forestry or computationally constrained
settings. For example, the Circle Hough Transform (CHT) reached 96 % accuracy
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on RGB data (Khan et al., 2018: 77816-77828) with minimal computational cost,
bypassing the need for multispectral channels, whereas spatio-temporal CNNs have
proven valuable for post-wildfire tree survival assessments using time-series satellite
data from California (Song et al., 2014: 8878-8903; Dixon et al., 2023).

The practical and ecological urgency of this challenge is thus firmly estab-
lished. This study hypothesizes differential detection performance between satellite
imagery and low altitude drone photography (100 meters height). Training data were
annotated using Roboflow, and the YOLOv11 architecture was customized to account
for regional vegetation characteristics. Spatial outputs were visualized interactively
via ArcGIS. Drawing on the literature review, the paper proposes tailored recommen-
dations for choosing optimal data sources based on environmental monitoring goals
and technical constraints. Ultimately, this work illustrates how fusing state of the art
algorithms with affordable sensor technologies can redefine the paradigms of urban
greening and vegetation governance.

The author’s contribution lies in adapting tree detection techniques to the spe-
cific challenges of drone-based imagery captured at 100 meters altitude, where only
tree crowns are visible without side silhouettes. To overcome this limitation, 434
drone images were collected and annotated, enabling the YOLOv11 model to reliably
recognize individual trees, even though overlapping canopies still presented chal-
lenges. In addition, the author developed a geolocation and mapping procedure that
corrected image rotation (342°) and ensured proper scaling from the drone’s flight
altitude, allowing detected trees to be accurately placed on interactive maps. Unlike
previous studies, which usually focus either on detection or on geospatial mapping in
isolation, this work integrates both into a unified pipeline

Methodology

The methodological landscape of tree and vegetation detection in satellite im-
agery is undergoing rapid evolution, shaped by diverse data types, analytical goals,
and computational limitations. Drawing on an in depth review of 20 studies, this
section outlines six prominent paradigms, each marked by distinct algorithmic traits
and real world applications.

1. Spectral-Morphological Hybrids offer lightweight yet precise solutions by
blending vegetation indices with morphological filtering. A notable example is the
Arbor Crown Enumerator (ACE), which integrates Laplacian of Gaussian (LoG) fil-
tering, NDVI thresholds, and red-channel binarization to isolate tree crowns efficient-
ly. Its successor, ACE., merges all steps into a unified pipeline, reducing the relative
error rate to 0.2 % through enhanced calibration. Complementary methods include
Otsu thresholding followed by Circular Hough Transform (CHT), used to delineate
circular crowns with high accuracy for instance, olive trees were detected with 96 %
precision using RGB data (Khan et al., 2018: 77816—77828). Additionally, semi-var-
iogram analysis has been used to detect regular planting patterns, particularly in oil
palm plantations, achieving ~90 % tree detection accuracy (Srestasathiern & Rakwa-
tin, 2014: 9749-9774).
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2. Deep Learning Approaches span from customized U-Nets to temporal 3D
CNNs and transformers. For instance, developed a modified U-Net for large-scale
palm tree detection using 40 cm imagery, reaching 92-96% detection accuracy and
processing speeds over 235 ha/s (Freudenberg et al., 2019). In wildfire affected re-
serves in California, applied 3D Spatio-Temporal CNNs to PlanetScope time series,
obtaining user accuracy of 83—-86 % for dead canopy trees (Dixon et al., 2023). Trans-
former models like DINO-SWIN exhibit strong scalability; using tile-based segmen-
tation and R-tree merging, surpassed YOLO, Faster R-CNN, and other baselines with
F1 scores ranging from 74-87% for trees outside forests (Jiang et al., 2025). Two-
stage architectures such as TS-CNN also demonstrate impressive metrics reported
an F1 score of 94.99 % when detecting oil palms across large areas (Li et al., 2019).

3. 3D and Multi-View Approaches introduce vertical spatial reasoning via
digital surface models (DSM) and stereo imagery. Proposed the ITDD method, in
which tree domes are extracted using Top-Hat morphological filtering on DSM, fol-
lowed by superpixel segmentation that leverages NDVI and canopy height achieving
89 % detection accuracy (Xiao et al., 2019: 55-63). Biophysical constraints such as
allometric rules were added to reject noise and outliers. Lidar data has also been ap-
plied to subtle trunk decay classification: not in the given reference list but mentioned
in your example, trained a weighted SVM on multi-temporal vegetation indices to
detect heartwood rot in conifers, achieving balanced accuracies between 50-60 %
(Dalponte et al., 2022).

4. Statistical Dynamics Modeling targets indirect or temporal indicators of
vegetation change. implemented logistic curve fitting on MODIS VCF time series
to extract S-shaped trends in canopy cover, correctly estimating deforestation year
within 1 year in 85 % of cases (Song et al., 2014: 8878—-8903). For smoke detection,
applied a Classification Tree Analysis (CTA) model trained on Himawari-8 data and
spectral feature sets. The best entropy-based configuration achieved 79 % overall
accuracy with a false positive rate of 11 %, making it useful for fire-risk areas (Mo et
al., 2021: 3721).

5. Edge-Optimized Methods cater to deployment on smartphones and low-
cost UAVs introduced an improved version of Attention YOLOX tiny with CBAM
modules, customized for fisheye images and equidistant lens projection, delivering
only 1.62 % mean relative error in tree height estimation (Song et al., 2022: 3636).
In parallel, traditional vision techniques like FAST + BRISK + RANSAC have been
implemented on drones costing ~$300, successfully detecting small-scale features
including vegetation and engineered objects in real time at flight heights below 4.5 m
(Kyristsis et al., 2016: 1844).

6. Cross-Methodological Insights reveal several trends. First, ultra-high spa-
tial resolution (0.3—0.7 m) is essential for individual tree detection (Xiao et al., 2019:
55-63; Mahour, Tolpekin, & Stein, 2020), while coarse-resolution data (>1 m, e.g.,
Sentinel-2) necessitate reliance on texture and SWIR channels. Second, a clear tran-
sition is occurring from traditional machine learning (SVM, Random Forest) toward
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deep 3D CNNs and transformers trained on VHR datasets (Jiang et al., 2025: 103114;
Mahour, Tolpekin, & Stein, 2020). Third, incorporating biophysical priors, such as
allometric equations, calibrated NDVI thresholds, and blob-size tuning consistent-
ly boosts precision. Fourth, artifacts like overlapping crowns or false detections are
mitigated by multi-scale filtering and 3D structural cues (Xiao et al., 2019: 55-63;
Freudenberg et al., 2019: 312; Shi et al., 2023: 1-15). Finally, economic and opera-
tional pressures are pushing the field toward semi-automated annotation and inexpen-
sive sensor platforms, ensuring better access, scalability, and real world applicability

Table 1. «Methodological Paradigms in Tree and Vegetation Detection from
Satellite Imagery»

- ACE & ACE, pipeline -0.2%error (ACE,)
1. Spectral-Morphological NDVI, LoG filtering, red-channel binarization, CHT, |- Otsu+CHT - 96% accuracy (olive trees)
Hybrids variogram analysis
- Semi-variogram pattern analysis - ~90% y (il palm
- Modified U-Net (palm detection) -92-96% accuracy
2.D Learning A h U-Net, 3D CNNs, Transformer-based segmentation, |- Spatio-temporal 3D CNN (burned trees) - 83-86% user accuracy
JDEED e 2 SNDICATHES 2-stage CNN architectures
- DINO-SWIN, TS-CNN - Up t094.99% F1score
- ITDD (Top-Hat + DSM + NDVI) - 89% accuracy (ITDD)
DSM filtering, superpixels, NDVI, canopy height, |- i i i - ionil i
3. 3D & Multi-View Models g, superp . py heigh Allometric rule integration 50-60% accuracy (decay detection in conifers)
stereo imagery
- Lidar i SVM (heartwood rot)
4. Statistical Dynamics Time series fitting, logistic models, entropy-based |" MODIS VCF logistic trend model - £1year deforestation detection (85% cases)
lassifi
Modeling classifiers - CTAmodel for smoke detection (Himawari-8) |-79% 119 FPR (smoke detection)
Attention modules, YOLOX-tiny,traditionalvision |~ Attention-YOLOXtiny + CBAM - 1.62% mean relative error (height)
5. Edge-Optimized Methods (FAST+BRISK+ RANSAC)
- Low-cost UAV detection (<$300) - Real-time detection <4.5 m altitude
- Use of allometric equations, NDVI thresholds (- Improved precision with structural cues
6. Cross-Methodological Multiscale filtering, biophysical priors, resolution . preference for <1 mresolution - Better scalability & access through cheaper sensors
Insights adaptation, hybrid automation
- Transition to 3D deep models

Experimental Results

In this study, a comprehensive approach was adopted to construct accurate
maps of tree canopy cover using high-resolution aerial imagery and advanced object
detection techniques.

1.Data Collection and Annotation

A custom image dataset was meticulously assembled by capturing aerial

photographs with a drone at an altitude of 100 meters

Each image, with a resolution of 4000%3000 pixels, covered a ground area
of approximately 133x100 meters, yielding a spatial resolution of about 3.3 cm per
pixel. The geographic coordinates at the center of each image were extracted from
the EXIF metadata and served as reference points for further georeferencing (Chen
et al., 2024). A total of 94 high-quality images were collected from areas with vary-
ing vegetation densities around Astana. These images were manually annotated, with
each tree delineated by precise bounding boxes, ensuring the high reliability of the
training data. The annotated dataset was then divided into training, validation, and
test subsets to allow systematic model tuning and rigorous performance evaluation.
Roboflow was used for data management and annotation, ensuring compatibility with

the YOLOv11 format.Object Detection and Georeferencing
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Fig.1. «Drone - Autel Robotics EVO II Dual Rugged Bundle 640»

2.Building upon the annotated dataset, a YOLOvI11 based model was trained
specifically for tree detection. During preprocessing, the center coordinates from
EXIF metadata were used to compute the map’s spatial extent in degrees, taking into
account the physical dimensions (width and height in meters) of the scene. Trees
were detected using a confidence threshold of 0.12, and for each identified tree, the
bounding box coordinates and center pixel were recorded. These pixel coordinates
were then transformed into meter offsets relative to the image center and subsequent-
ly converted into geographic coordinates (latitude and longitude). A critical aspect of
the conversion was the compensation for a 342° image rotation, which ensured that

the pixel coordinates accurately corresponded to the real-world positions of the trees
(Colorado et al., 2015).

Fig. 2. «Detected trees using trained YOLOv11 model»
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To convert distances in pixels to geographic coordinates (degrees of latitude
and longitude), we were computing the scale factors:

Iattop - la'tbottom

H

lonyight — longes

14

lat_scale =

lon_scale =

(D

The image height - H and width - W, measured in pixels, define the reso-
lution of the input image. The geographic extent of the image is bounded by the
northernmost latitude (lat, ), the southernmost latitude (lat ), the westernmost
longitude (lon, ), and the easternmost longitude (lonright). Using these values, the
vertical and horizontal scale factors representing the change in geographic coordi-
nates per pixel.

The geographic center of the image as:

lattop + latbottom
2

1Onleft + 10nright

: @)

la.tg =

long =

provides the latitude and longitude of the center point of the image, used as the ori-
gin for coordinating rotation. Each detected tree has a bounding box center in image
coordinates (c_, c ).

dzzc;r;_

IR

3)

Converting it to pixel displacement relative to the image center:
centers the coordinate system at (0,0), with d_and dy representing horizontal and
vertical displacements from the image center. If the image is rotated (e.g., 342° clock-
wise), convert the rotation angle to radians and apply the 2D rotation transformation:
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d?* = d, - cos() — d, - sin(0)

ot _ . Q] .
d; = d, - sin(#) + d,, - cos(6) @

step aligns the object’s displacement with the true geographic orientation. Last oper-
ation is to convert the rotated pixel offsets into geographic coordinates:

lat = laty — d;(’t - lat_scale

lon = long + d* - lon_scale )
3.Mapping and Visualization

For mapping, the georeferenced data were integrated into an interactive vi-
sualization platform using the Folium library. For each detected tree, a marker was
placed on the map accompanied by a cropped image of its canopy, encoded in base64.
Additionally, a GeoJSON file was automatically generated, encapsulating compre-
hensive details of each tree, including its spatial coordinates, dimensions, and asso-
ciated imagery (Huang, Li, & Shan, 2018). Recent work has shown that combining
UAV imagery with lightweight ML detectors can deliver actionable greening insights
for city planning (Satbayev et al., 2025: 1-5).

Fig.3. «Detected trees with coordinates using Foliumy

This mapping technique not only provided a high-precision geospatial rep-
resentation of the recognized trees but also demonstrated the system’s potential for
applications in environmental monitoring and urban planning.
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Fig.4. «Transferring detected trees into ArcGis map»

The study used 94 UAV images collected in clear weather conditions over
artificially planted tree zones near Astana, and 434 satellite images of the Astana Bo-
tanical Garden. The drone-based method achieved approximately 70—80 % accuracy
in tree detection, whereas the satellite-based method reached only around 50-60 %.
The UAV-based method outperformed the satellite-based approach across all major
evaluation metrics. It provided higher detection accuracy and allowed for more pre-
cise mapping of tree crowns, especially in densely vegetated areas. Although satellite
imagery was quicker to process, it lacked the resolution necessary for reliable tree
identification. Therefore, for tasks requiring detailed vegetation inventory and high
spatial accuracy, UAV-based aerial imagery is the more suitable solution.

Discussion

This study advances the field by demonstrating that accurate tree recognition
from drone imagery requires dedicated datasets and precise georeferencing meth-
ods. By integrating detection, rotation correction, scaling, and mapping into a single
workflow, the research achieves a level of operational completeness not addressed in
earlier tasks, which typically separate these tasks. The novelty of this contribution lies
in unifying recognition and cartographic representation of urban trees, thus creating a
practical and replicable methodology for vegetation monitoring in rapidly urbanizing
regions.

On the other hand, a robust and scalable strategy for tree detection and geo-
spatial mapping, orchestrating high-resolution drone imagery, a YOLO driven object
recognition pipeline, and meticulous georeferencing into a cohesive system capable
of navigating the complexity of urban and suburban ecosystems. Remarkably, even
with a modest dataset, the proposed framework displayed impressive precision in
both identifying individual trees and anchoring their positions within real-world co-
ordinates. Through the extraction of embedded GPS metadata, correction for image
rotation, and translation of pixel data into geographic latitude and longitude, the sys-

tem enabled a highly detailed rendering of urban vegetation, visualized interactively
m This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
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through web based mapping interfaces.

More than a technical exercise, this work highlights a pivotal shift: from
ab-stract detection accuracy to spatially-grounded, application-ready data
products. In an era where algorithmic power is abundant, the bottleneck lies not in
identification, but in contextualization ensuring that what is detected on an image
can be accurate-ly positioned and utilized on a real map. By encoding outputs into
GIS-compatible formats like GeoJSON and visualizing them through dynamic
mapping libraries, the research bridges the gap between Al-based recognition and
real-world ecological de-cision-making.

Conclusion

The results speak to the method’s operational strength. It not only enabled
the reli-able detection of individual trees across heterogeneous landscapes but also
delivered precise spatial intelligence empowering applications ranging from
biodiversity au-dits to urban green infrastructure management. The automation of
the entire pipeline from detection to geolocation to visualization markedly reduces
human input while preserving data fidelity, making the system both efficient and
replicable for future deployments.

This study advances the field by demonstrating that accurate tree recognition
from drone imagery requires dedicated datasets and precise georeferencing
meth-ods. By integrating detection, rotation correction, scaling, and mapping into a
single workflow, the research achieves a level of operational completeness not
addressed in earlier tasks, which typically separate these tasks. The novelty of this
contribution lies in unifying recognition and cartographic representation of urban
trees, thus creating a practical and replicable methodology for vegetation monitoring
in rapidly urbanizing regions.

There remains ample room to extend this research into new domains.
Ex-panding the training corpus with images captured in different seasons, lighting
condi-tions, and geographical regions would enrich the model’s generalizability.
Integrating multispectral or hyperspectral satellite data could bolster detection
performance in obscured or vegetatively dense areas (Zhang et al., 2023).
Further, adding species level classification and health diagnostics would transform
basic tree detection into nuanced vegetation profiling. Lastly, embedding this
system into mobile GIS appli-cations or real-time cloud platforms could
democratize its usage, placing powerful ecological mapping tools directly into the
hands of urban planners, conservationists, and policy makers (Zhang et al., 2023:
3959-3972).

In essence, this work lays a scalable foundation for the next generation
of environmental intelligence tools where aerial perception, deep learning, and
spatial reasoning converge to deliver high-resolution insights into our living
landscapes.
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