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Abstract

Forest road planning is a key component of sustainable forest management, as it ensures access
to harvesting, transport, and protection activities while minimizing environmental impacts.
Recent advances in digital terrain models (DTMSs) and automated design tools have opened
new possibilities for improving the efficiency of road alignment planning. This study evaluates
the potential of an Al-driven corridor planning system (Path Explorer) integrated into Road-
Eng software compared with the traditional zero-line method in designing the forest road
»Osmaca—Compartment 56« in Bosnia and Herzegovina. Two DTMs with resolutions of
20x20 m and 90x90 m were used to generate alternative alignments, which were then refined
in the Location module to produce preliminary projects and compared with the operational
(field-designed) alignment. The results indicate that Al-driven preliminary designs achieved
shorter alignments and lower estimated construction costs and earthwork volumes, suggesting
potential cost savings under the tested conditions. The operational design, based on field
measurements, remained the most accurate and suitable for final implementation in complex
terrain. The study emphasizes that these conclusions are limited to the tested DTM resolutions
and the specific case study area. Nevertheless, the integration of Al-driven corridor planning
systems into early design phases can enhance the efficiency and objectivity of forest road plan-
ning, supporting more informed and sustainable engineering decisions.
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1. Introduction

Forest road planning has long been recognized as
a fundamental element of sustainable forest manage-
ment, ensuring access to harvesting, transportation,
fire prevention, pest control, and recreation, while at
the same time minimizing ecological impacts (Sessions
2007, Begus and Pertlik 2017). Optimal density of for-
est road infrastructure is one of the fundamental pre-
conditions for modern, high-quality, integrated, and
rational forest ecosystem management (Bajri¢ et al.
2022). Traditional approaches relied heavily on field-
based surveying, particularly the establishment of the
so-called zero line, where the optimal alignment was
approximated using dividers and clinometers on top-
ographic maps (Stiickelberger et al. 2006). Although
such approaches remain important in practice, the
increasing accuracy of digital terrain models (DTMs)
and the availability of specialized design software
have significantly transformed forest road design.

Tools such as RoadEng, especially its Terrain and Lo-
cation modules, have been widely adopted for their
capacity to handle geometric design, earthwork calcu-
lations, and drainage structures.

The early formalization of forest road routing prob-
lems treated network design as a combined optimiza-
tion task on graphs, balancing construction and skid-
ding costs. Chung et al. (2008) proposed a heuristic
network approach that explicitly evaluated trade-offs
between road opening and skidding costs, offering a
practical balance between road density and opera-
tional expenses. In parallel, GIS-based least-cost path
(LCP) and multi-criteria decision-making methods,
such as Analytical Hierarchy Process (AHP) combined
with ecological constraint layers, became standard
tools for preliminary road planning, as shown in Tus-
cany and other mountainous regions (Picchio et al.
2018). Reviews of Kazama et al. (2021) highlight that
forest road network optimization has gradually
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evolved from deterministic methods toward heuristics
and metaheuristics capable of incorporating terrain
and environmental constraints more effectively. Forest
road alignment research evolved from GIS-LCP meth-
ods to advanced metaheuristics, according to Meignan
etal. (2012) applying a GRASP heuristic to the P-forest
problem, while genetic algorithms and swarm intel-
ligence further addressed multi-objective constraints,
paving the way for today’s Al-driven models.

Applications of machine learning to subproblems
within forest road design emerged soon after. Ghajar
et al. (2012) applied an Adaptive Neuro-Fuzzy Infer-
ence System (ANFIS) to predict rock share along
planned routes. More recently, supervised machine
learning (ML) models have been employed to model
construction and maintenance costs as functions of
morphometry, geology, and hydrology (Jaafari et al.
2021). This development parallels Al-derived genera-
tive routing, where ML-derived parameters serve as
inputs for optimization algorithms.

A growing body of contemporary research focuses
on deep learning (DL) for forest road detection, map-
ping, and inspection, all of which are essential for
validating Al-driven alignments. Convolutional neu-
ral networks trained on multisensor satellite and Li-
DAR data have successfully extracted road segments
beneath canopy cover (Bujan et al. 2021, Lee et al. 2024,
Winiwarter et al. 2024). These methods enable auto-
mated updates of forest road inventories and generate
accurate base layers for Al-driven planning. Comple-
mentary approaches have applied DL methods to de-
tect wheel ruts and soil damage from UAV imagery
(Bhatnagar et al. 2022). Collectively, these studies not
only support the development of Al-driven planning
systems but also provide independent validation of
alignment feasibility and sustainability.

The accuracy of DTMs remains a decisive factor for
alignment quality. Coarse DTMs (30-90 m) tend to
smooth microrelief, resulting in alignments that ap-
pear less costly but entail higher construction risks,
whereas LiDAR-based DTMs with sub-meter resolu-
tion yield more realistic estimates of earthwork re-
quirements (Kardo$ et al. 2024, Zhou et al. 2025).
Hrtiza et al. (2025) stated that UAV-based models
reached an average deviation as low as 0.06 m. This
evidence supports findings that coarse DTMs reduce
apparent costs while underrepresenting terrain chal-
lenges. Consequently, the literature recommends
high-resolution LiDAR or photogrammetry-based
DTMs (RMSE<0.06 m), with mobile and airborne Li-
DAR increasingly used for detailed design and inspec-
tion. Geospatial information systems (GIS) remain
essential for forest road planning, enabling cost-effec-
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tive corridor identification that balances terrain, envi-
ronmental, and operational constraints (Abdi et al.
2009, Acosta et al. 2023, Morais et al. 2023). Advanced
modeling approaches integrate GIS with Al optimiza-
tion techniques such as genetic algorithms and particle
swarm optimization to generate cost-efficient and en-
vironmentally balanced forest road networks under
multiple design constraints (Babapour et al. 2018, Kim
et al. 2022, Hardy et al. 2023).

At the network scale, novel approaches integrate
graph-theoretic models and GIS-calibrated costs to
stage road construction under sustainability con-
straints (Kaneko et al. 2024), while others apply topo-
logical metrics to evaluate connectivity and critical
junctions in road networks (Norouzi Sangtabi et al.
2025). Al-driven methods have improved GIS applica-
tions for forest road mapping and monitoring. LIDAR-
derived DTMs combined with machine learning clas-
sifiers achieved sub-meter accuracy even under
canopy cover (Azizi et al. 2014). High-density airborne
LiDAR and deep learning models such as U-Net fur-
ther enhanced the detection of narrow road features
(McDermid et al. 2025), while vision-based systems
using dashcams and smartphones proved effective for
detecting surface defects (Hoseini et al. 2024). How-
ever, data quality still limits integration. GNSS/RTK,
UAY, and LiDAR surveys provide centimeter-to-deci-
meter accuracy, yet canopy density and slope strong-
ly affect the results (Lovrincevi¢ et al. 2025). Errors
from DEM resolution and interpolation can propagate
into alignment and cost estimates, underscoring the
need for careful data validation (Matinnia et al. 2018).
The recent conceptual evolution from Industry 5.0 to
Forestry 5.0 emphasizes the integration of Human-
Centered Artificial Intelligence, where Al technologies
are designed to augment rather than replace human
expertise in forest operations, promoting safety, trans-
parency, and sustainability in decision-making (Holz-
inger et al. 2024).

While numerous studies have explored road align-
ment optimization using heuristic, metaheuristic, and
GIS-based algorithms, most of these approaches have
been tested in experimental or simulated settings rath-
er than in integrated engineering environments. In
contrast, the present study applies an Al-driven cor-
ridor planning system (Path Explorer) embedded
within the RoadEng software to evaluate its practical
applicability in a real forest management context in
Bosnia and Herzegovina. Previous research has typi-
cally focused on theoretical optimization or on iso-
lated aspects such as cost modeling and terrain analy-
sis, while few studies have directly compared
automatically generated alignments with field-de-
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signed operational projects under identical design
parameters. This study therefore aims to bridge that
gap by providing an applied assessment of how auto-
mated, Al-driven alignment generation performs rela-
tive to traditional field-based methods within the same
design framework. The main aim of this research is to
evaluate the applicability and performance of an Al-
driven corridor planning system (Path Explorer) com-
pared with the traditional zero-line method in the
context of forest road design. Specifically, the study
seeks to:
= assess how digital terrain model (DTM) resolu-
tion (20x20 m and 90x90 m) influences road
length, earthwork volume, and construction
cost
= compare Al-driven preliminary designs with
the field-designed operational alignment in
terms of geometric quality and construction
parameters
= analyze the potential of automated alignment
tools to support early-stage decision making in
forest road planning.

To achieve these objectives, the research integrates
DTM-based corridor generation using Path Explorer
in the Terrain module and detailed design refinement
in the Location module of RoadEng, followed by a
comparative analysis of earthwork, costs, and geomet-
ric indicators between preliminary (Al-driven) and
operational (field-designed) projects. The expected
contribution of this study is twofold: from a practical
perspective, it demonstrates a workflow capable of
reducing design time and preliminary costs in moun-
tainous terrain, while from a scientific perspective, it
provides quantitative evidence on how DTM resolu-
tion and automated corridor generation influence de-
sign accuracy and cost-efficiency. The results aim to
support the integration of Al-driven tools into stan-
dard forest engineering practice, contributing to more
data-informed and sustainable road planning pro-
cesses.

2. Material and Methods
2.1 Research Object

The subject of this research is the forest road
»Osmaca—Compartment 56« with a planned total
length of 1.7 km. The road is designed to provide ac-
cess to Compartments 55/1 and 55/2, as specified in the
investment activities of the Forest Management Plan
(FMP). It branches off from the existing forest road
»Osmaca-Tisovac« and terminates at the boundary of
Compartment 56.
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The road is located within the Forest Management
Unit (FMU) »Osmaca«, which covers a total area of
1338.22 ha. This FMU belongs to the Forest Manage-
ment Area (FMA) »Cemernica« situated in the mu-
nicipality of KneZevo, Bosnia and Herzegovina, and
is managed by the Forest Administration (FA)
»Cemernica« under the Public Forest Company (PFC)
»Forests of Republic of Srpska« Ltd (Fig. 1).

The bio-ecological characteristics of the research
area are dominated by high secondary beech forests
regenerated naturally, interspersed with mixed stands
of beech, fir, and spruce, growing on predominantly
deep limestone soils. Beech is the prevailing species,
while noble and other broadleaf species are less rep-
resented. The average stand density in the targeted
compartments is 77%, classified as an open canopy.
The total growing stock in the FMU amounts to
279,557 m3, of which 11,678 m?3 is coniferous and
250,353 m?® broadleaved wood. The average annual
volume increment is 5.6 m3/ha. The geological sub-
strate of the FMU consists of massive Lower Creta-
ceous limestones, characterized by karst hydrology,
which has resulted in the formation of sinkholes, lime-
stone pavements, and extensive surface rockiness in
some areas (IRPC 2017).

The predominant soil type in the study area is dis-
tric cambisol. The soil depth generally ranges from 5
to 10 cm, increasing to about 30—40 cm in sinkholes.
Surface rock outcrops are clearly visible throughout
the area. The humus layer averages 2 cm in thickness,
followed by approximately 10 cm of mineral soil and
around 7 cm of fractured rock. The soil corresponds to
brown cambic soils that provide limited conditions for
plant growth due to their low nutrient content. Formed
on quartz-silicate substrates with a low proportion of
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Fig. 1 Location of KneZevo Municipality and FMU »Osmaca« in B&H
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basic cations, these soils are typical of hilly and moun-
tainous terrain. In constructive terms, the terrain is
classified as category IV (IRPC 2017).

2.2 Methods

The operational design of the same road will be
developed from data collected directly in the field,
which will subsequently be processed and analyzed
in RoadEng (Fig. 2). In forest road engineering prac-
tice, the zero line represents a preliminary field align-
ment established directly on the terrain using tradi-
tional surveying instruments, serving as the reference
trace from which the final road geometry is developed
and forming the basis for operational design. The zero
line is the filed-based grade control line.

The preliminary design of the forest road will be
generated through the Path Explorer Al-driven tool
within RoadEng based on digital terrain model (DTM)
and start A and end point B of the operational project
(Fig. 3), providing an alternative approach. The DTMs
will be obtained from the open GIS data source web-
site USGS, with resolutions of 90x90 m and DTM with
resolutions of 20x20 m from an unspecified source,
representing medium and high-resolution models
(Gigovi¢ 2010). The DTM of the FMU will be clipped
using the QGIS Vector tool »Clip by Mask Layer,
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while interpolation will be performed with the »Ras-
ter, Projection, Warp (Reproject« method.

Path Explorer is an Al-driven corridor planning
system that automatically generates and ranks alterna-
tive road alignments under user-defined geometric,
environmental, and cost constraints. The outputs from
Path Explorer will serve as a basis for further refine-
ment and detailed road geometry design in the Road-
Eng Location module. The design process will begin
with the preparation of spatial data (start and end
points, DTMs/TINs), enabling terrain analysis and
earthwork calculations. Designers will then define
constraints and parameters such as road width, mini-
mum curve radius, maximum and minimum grades,
slope ratios for cut and fill, and unit costs for excava-
tion, embankment, and surfacing. No-go zones or ar-
eas of high construction costs can also be specified.

The software generates several alignment alterna-
tives, including the least-cost path and other spatially
distinct options within 10% of that cost. Designers
then evaluate these routes for feasibility and select the
most suitable one for refinement in the RoadEng Loca-
tion module, where detailed geometry and construc-
tion elements are defined. Path Explorer supports the
balance between terrain conditions, environmental
constraints, and construction costs using defined de-
sign parameters, minimum curve radius of 20 m, lon-
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gitudinal slope from -8% to +8%, and slope ratios of
2:1 for cuts and 1:1.25 for fills, appropriate for terrain
category IV (IRPC 2002). Three routing alternatives are
produced for comparison. Unit construction costs per
meter of road length will include 1.81 USD (3.18 BAM)
for excavation, 0.82 USD (1.44 BAM) for embankment
construction, and 0.35 USD (0.61 BAM) for surfacing
(IRPC 2023). These parameters will provide the basis
for alignment decisions in the design phase and will
ensure cost optimization while maintaining function-
ality in accordance with technical and environmental
standards.

In the design process, »Construction Zones« will
be defined to exclude sensitive areas such as sinkholes
(Fig. 3), while »Hydrology Tools« will delineate
streams and water accumulation zones (Fig. 4). From
the three generated alternatives, the least expensive
Al-based route will be selected and saved in .terx for-
mat for comparison with the field-designed zero line.
The operational project will establish the zero line
through grade measurements, traverses, and curve
calculations, followed by recording longitudinal pro-
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Fig. 4 Streams and Ponds
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Fig. 6 The definition of road structural elements in plain view

files and cross-sections. All collected data will then be
processed in the RoadEng Survey module (Fig. 5) and
exported for detailed design.

The least expensive Path Explorer Al-driven routes
for DTM 20x20 m and DTM 90x90 m (.ferx format),
together with the field-based design (.tr1 file), were
imported into the RoadEng Location module. In ac-
cordance with the »Manual for Forest Road Design in
Republic of Srpska« (IRPC 2002), the constructive ele-
ments of the road were then defined in plan, profile,
and cross-section views. The objective was to produce
the operational project from field data and prelimi-
nary projects from Al-driven alignments. In the plan
view, the definition of constructive elements began
with setting horizontal curves, ensuring a minimum
radius of 20 m. The »Location module« corrected both
the field and Al-driven zero-lines to establish the op-
timal number of curves (Fig. 6). For the longitudinal
profile, the »Vertical Optimization Options« were ap-
plied, setting limits for road grade and curve radii
based on the national design manual (Fig. 7). Cross-
sectional elements were defined using the »Low Re-
source Template«, specifying a 4 m road width (3 m
carriageway and two 0.5 m shoulders), cut slope of 2:1
(200%), fill slope of 1:1.25 (80%), and a ditch 0.5 m wide
and 0.2 m deep, with a 30 cm roadbed layer (Fig. 8).
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Fig. 7 The definition of structural elements of forest road in longi-
tudinal profile

From these defined elements, the Location mod-
ule generated data tables detailing earthwork vol-
umes and material requirements for construction,
including excavation, embankment, and surfacing
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Fig. 8 Low Resource volume Template cross section tool

quantities. Comparative analysis of the obtained
routes for the forest road »Osmaca — Compartment
56« was then carried out using basic statistical indi-
cators.
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3. Results and Discussion

The results are presented in two parts. The first part
describes the Al-driven routes automatically generated
by the Path Explorer tool within the Terrain module,
representing preliminary corridor alternatives prior to
detailed design. The second part presents the Opera-
tional project (field-designed zero-line) and the Pre-
liminary projects derived from the selected Al routes
after refinement in the Location module, where full
geometric definition and earthwork calculations were
performed. This distinction allows for consistent com-
parison between automatically generated corridors
and finalized designs. Through spatial analysis of the
digital terrain model using QGIS, it was determined
that the elevation of the area ranges from 386 to 1158
m above sea level, and the slope of the terrain ranges
from 0 to 52%. Such relief and slope heterogeneity are
typical of mountainous forest contexts, where routing
must balance geometric feasibility with earthwork and
environmental exposure, as similarly noted for Italian
mountain settings using GIS-supported workflows
(Picchio et al. 2018) and in broader reviews of road
planning under complex terrain (Kazama et al. 2021).

3.1 AI-Driven Routes (Terrain Module)

In the Terrain module, Path Explorer generated
three alternative Al-driven routes for each DTM reso-
lution (20x20 m and 90x90 m). These represent pre-
liminary corridor options ranked by estimated con-
struction cost. As shown in Table 1, route lengths
ranged from 1316 to 1375 m under the 20x20 m DTM
and from 1333 to 1350 m under the 90x90 m DTM, with
corresponding cost estimates between 27,000 and
31,000 USD.

Path Explorer route 3 consistently proved to be the
shortest option, measuring 1316.10 m with the 20x20
m DTM and 1332.90 m with the 90x90 m DTM. In con-
trast, route 1 was the longest, particularly under the
20x20 m DTM (1375.00 m) (Table 1). The lowest con-
struction cost was recorded for route 2 with the 90x90
m DTM (27,000 USD), while route 1 was generally the
most expensive (31,000 USD in the 20x20 m DTM and
28,000 USD in the 90x90 m DTM). This pattern is con-

Table 1 Path Explorer routes of forest road »Osmaca-Compartment 56« designed in Terrain module

Path Explorer route 1 Path Explorer route 2 Path Explorer route 3
Digital terrain model
Length, m Price, USD Length, m Price, USD Length, m Price, USD
DTM 20x20 m (Fig. 14) 1375.00 31,000 1329.60 30,000 1316.10 30,000
DTM 90x90 m (Fig. 15) 1349.50 28,000 1339.80 27,000 1332.90 28,000
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sistent with studies showing that coarser DEM/DTM
resolutions smooth microrelief and can underestimate
earthwork complexity, thus yielding alignments that
look cheaper on paper but may be riskier in execution
(Aruga et al. 2006, Matinnia et al. 2018, Kardos et al.
2024). Both DTMs revealed similar trends: Path Ex-
plorer route 3 remained the shortest and among the
most cost-efficient alternatives, while switching from
the finer (20x20 m) to the coarser (90x90 m) resolution
reduced route lengths and costs across all options (Fig.
9 and 10). Overall, Path Explorer route 3 offered the
most balanced solution, combining relatively short
length with lower construction costs. Path Explorer
route 2 was also competitive, particularly in the 90x90
m DTM, where it achieved the lowest price. By con-
trast, Path Explorer route 1 consistently resulted in
longer and more expensive alignments, making it the
least favorable in cost-optimization scenarios. For
comparison, the zero-line route designed in the field
measured 1307 m, between 10 and 70 m shorter than
the Path Explorer alternatives. Related work on ter-
rain-model resolution in other mountainous applica-
tions similarly reports that lower-resolution surfaces
suppress critical terrain features relevant for hydraulic
and mass-movement responses (Zhou et al. 2025), re-
inforcing our interpretation that coarse DTMs can bias
cost expectations.
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Fig. 9 The routes of forest road DTM20x20m

Table 2 The constructive elements
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Fig. 10 Routes of forest road DTM930x90m

3.2 Operational and Preliminary Projects
(Location Module)

In the Location module, the selected Al routes were
transformed into finalized Preliminary projects using
the same structural parameters as the Operational
project (field-designed alignment). This step enabled
a direct comparison of total costs and earthwork vol-
umes between automated and field-based designs
(Table 2). The operational and preliminary projects of
the forest road »Osmaca-Compartment 56«, devel-
oped from both the field-designed route (zero-line)
and the Path Explorer alignments (automatically gen-
erated alternatives) using identical constructive ele-
ments in the Location module (Fig. 11 and 12), provide
more accurate estimates of construction costs. Each
project includes plan, profile, and cross-section views,
along with data tables detailing earthwork volumes
and associated construction costs. Table 2 presents the
main geometric characteristics of these projects, in-
cluding the number and radii of horizontal and verti-
cal curves as well as the longitudinal grades. The Al-
driven preliminary designs generally contain a higher
number of horizontal and vertical curves with slightly
variable radii, reflecting the automatic corridor opti-
mization process, whereas the operational alignment

Radius of horizontal curves, m Radius of vertical curves, m Grade of longitudinal profile, %
Projects of forest road
N Min. Max. | Average N Min. Max. Average | Min. Max. Average
Operational project 9 20 20 20 3 200 400 266.67 3 8 3.63
Preliminary project DTM 20X20 16 20 32 20.75 9 200 1430 660 -7 8 35
Preliminary project DTM 90x90 19 20 94 26.58 8 200 570 410 0 8 3.18
Croat. . for. eng. 47(2026)2 7
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Fig. 12 Example of profile view

maintains uniform curve parameters and a somewhat
steeper average grade.

Based on the alternative alignments generated in
the Terrain module, the most suitable route was se-
lected and refined in the Location module for each
digital terrain model. The resulting lengths of the fi-
nalized preliminary projects were 1331.20 m for the
20x20 m DTM and 1332.80 m for the 9090 m DTM. In
comparison, the operational (field-designed) project

Table 3 Earthwork volumes of forest road projects by Location module
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measured 1262 m, while the alignment originally pro-
posed in the Forest Management Plan was 1.700 m.
The substantial difference between the planned length
and the designed alignments arises from local micro-
relief characteristics, primarily the presence of sink-
holes and pronounced cross-slopes that prevented
road construction according to the initial plan and
required geometric adaptation to actual terrain condi-
tions. To facilitate comparison, earthwork quantities
are expressed both in cubic meters and as percentages
of total earthwork volume (Table 3).

The Operational Project records the highest earth-
work volumes, with cut: 1978.90 m3 and fill: 3012.10
m?. In comparison, the Preliminary Projects demon-
strate a substantial reduction in excavation and filling
requirements. This is most evident in the DTM 90x90
m project, which achieves the lowest earthwork de-
mand (cut: 776.50 m3; fill: 1143.50 m?3). These findings
suggest that preliminary designs, especially with
coarser digital terrain models, may provide more ef-
ficient earthwork solutions, minimizing both material
movement and construction costs, while still main-
taining acceptable geometric standards (Table 3 and
Fig. 13). The quality of DTMs is essential for subse-
quent timber skidding planning, as using different
input data can result in a completely different skid-
ding trail, depending on the extent of the obstacles
(Hrtiza et al. 2025). Grade of longitudinal profile of the
forest roads ranges from 3.18 to 3.63% (Table 1). These
values indicate that all analyzed alignments meet the
prescribed design standards, with minimal variation
in gradient between the operational and Al-driven
projects. Prior applications of RoadEng and related
optimization logic show similar cost drivers: when
horizontal/vertical geometry is tuned within policy
constraints, reductions in cut/fill volumes dominate
total cost reductions (Heralt 2002, Sessions 2007). At
the same time, the caution from DEM/DTM-accuracy
studies remains pertinent: smaller apparent volumes
on coarse DTMs can reflect terrain smoothing rather
than genuine constructability gains, which is why
high-density LiDAR or carefully validated photo-
grammetric DTMs are recommended for operational-

Cut volume Fill volume Total
Projects of forest road
m’ % m’ % m’
Operational project 1978.90 39.65 3012.10 60.35 4991.00
Preliminary project DTM 20X20 1265.30 46.55 1453.30 53.46 2718.26
Preliminary project DTM 90x90 776.50 40.44 1143.50 59.56 1920.00
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Table 4 The costs of forest road projects by Location module

V. Petkovi¢ et al.

Projects of forest road

Total cost, 1000's $

Cut cost, 1000's $

Fill cost, 1000's $

Haul cost, 1000's $

Operational project 75.04 61.75 10.98 231
Preliminary project DTM 20X20 24.25 17.43 5.81 1.01
Preliminary project DTM 90x90 15.75 11.35 3.78 0.61

level estimation (Matinnia et al. 2018, Kardos et al.
2024, Lovrincevi¢ et al. 2025).

The construction costs derived from the Location
module for the operational and preliminary projects
are summarized in Table 4.

The Operational Project proved to be by far the
most expensive, with a total cost of 75,040 USD. In
contrast, the Preliminary Projects substantially re-
duced construction costs, with the DTM 90x90 m al-
ternative achieving the lowest total cost of 15,750 USD.
Most of the expenses were attributed to cutting opera-
tions, with the Operational Project recording the high-
est cut cost (61,750 USD) and fill cost (10,980 USD).
Both Preliminary Projects significantly lowered these
values, with the DTM 90x90 m variant emerging as the
most efficient option. Haul costs were relatively minor
compared to cut and fill operations, with the lowest
value observed in the DTM 90x90 m project (610 USD)
(Table 4, Fig. 14). Comparing the least-expensive Path
Explorer routes to the corresponding preliminary proj-
ects, total costs fell by 5750 USD (19.2%) for the 20x20
m DTM and 11,250 USD (41.7%) for the 90x90 m DTM

3500

. Cut volume, m®
[ Fill volume, m?

3000

2500

2000 ~

Volume, m*
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1000

500 -
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project DTM 20x20

Project

Preliminary project
DTM 90x90

Fig. 13 Comparison of earthwork volumes

after full definition in the Location module. Similar to
this is the two-step improvement:

= Ai-driven routing to find a feasible corridor

= detailed geometric optimization, reflects the hy-
brid GIS-Al-driven architecture advocated in the
literature: deterministic GIS/DTM layers ensure
constraint adherence and transparency, while Al/
metaheuristics explore the non-convex design
space to balance cost and geometry (Babapour et
al. 2018, Picchio et al. 2018, Kazama et al. 2021).

These outcomes agree with the broader optimiza-
tion literature showing that algorithmic search over
feasible alignments tends to discover lower-cost solu-
tions under given grade, curvature, and material-unit-
cost constraints (Kazama et al. 2021).

3.3 Environmental and Operational Implications

From an environmental standpoint, designs that
minimize excavation and embankment also reduce
sediment-delivery risk and exposure length, aligning
with road-erosion optimization that embeds best man-
agement practices (BMPs) directly into the objective

80
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Fig. 14 Cost comparison
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function (Efta and Chung 2014). At the network level,
least-cost/A* scenario tools in landscape simulators
highlight similar trade-offs between accessibility and
ecological impact (Hardy et al. 2023), while multi-ob-
jective optimization approaches increasingly integrate
biodiversity and soil-loss criteria alongside cost and
geometry (Kim et al. 2022). These findings position our
results — marked reductions in earthwork and costs at
comparable grades — within a sustainability frame-
work, suggesting that Al-driven preliminary designs
can deliver lower-impact corridors while meeting
technical standards.

A practical limitation of this case lies in DTM fidel-
ity. Although the 20x20 m model captured terrain more
accurately than the 90x90 m, both resolutions remain
coarse relative to modern airborne or mobile LiDAR
now feasible for forestry operations. Numerous studies
report centimeter-to-decimeter elevation accuracy un-
der canopy when acquisition and filtering are opti-
mized, enabling reliable estimation of earthwork and
drainage design (Matinnia et al. 2018, Kardos et al. 2024,
Lovrincevic et al. 2025). UAV-based LiDAR systems
have demonstrated high potential for detecting terrain
microfeatures and soil disturbance caused by forest op-
erations, providing near-centimeter accuracy even un-
der complex canopy conditions (Latterini et al. 2025).
Parallel advances in Al-based road detection and sur-
face-condition assessment, using LiDAR, CubeSat, or
UAV imagery, offer quality-control layers that can
validate or refine preliminary corridors before field
staking (Bujan et al. 2021, Hoseini et al. 2024, Lee et al.
2024, Winiwarter et al. 2024). As such data and models
become standard, their integration with routing tools
such as Path Explorer should further reduce the gap
between preliminary and operational designs. Opera-
tionally, the results support a staged workflow: use Al-
driven routing to generate several low-cost, geometri-
cally feasible corridors; screen them through GIS-based
constraints (hydrology, soils, exclusion zones) and sus-
tainability objectives; then acquire high-resolution ter-
rain data on selected candidates for final design in the
Location module. Similar multi-stage planning is en-
couraged in network-level approaches, where construc-
tion is sequenced under sustainability constraints
(Kaneko et al. 2024) and life-cycle cost management
favors minimizing high-risk earthworks (Stiickelberger
et al. 2006).

Overall, this case confirms three points repeatedly
emphasized in previous research. First, optimization-
assisted preliminary design can achieve significant
cost and earthwork reductions at fixed geometric stan-
dards (Heralt 2002, Babapour et al. 2018). Second,
DTM resolution critically affects both the apparent

Path Explorer — an AI-Driven Corridor Planning System for Forest Road Routing ... (xxx-xxx)

efficiency and constructability of alternatives, reinforc-
ing the need for high-resolution terrain data in opera-
tional decisions (Aruga et al. 2006, Matinnia et al. 2018,
Kardos et al. 2024). Third, the integration of GIS, Al/
metaheuristics, and modern surveying technologies
offers a practical pathway to cost-effective, lower-im-
pact forest roads, consistent with recent reviews and
scenario studies (Picchio et al. 2018, Kazama et al.
2021, Hardy et al. 2023).

4. Conclusions

The results of this study indicate that integrating
GIS-based data with an Al-driven corridor planning
system (Path Explorer) can improve the efficiency of
preliminary forest road design. Under the tested condi-
tions, the automatically generated alternatives showed
potential for reducing total earthwork and estimated
construction costs compared with the field-designed
(operational) alignment, while maintaining acceptable
geometric standards. These findings should be inter-
preted as indicative rather than conclusive, as they are
based on modeled scenarios within the RoadEng soft-
ware environment. The conclusions are specifically
limited to the tested digital terrain model (DTM) resolu-
tions of 20x20 m and 90x90 m, as well as to the »Osmaca«
case study area in Bosnia and Herzegovina. The reli-
ability of Al-driven preliminary designs therefore de-
pends strongly on terrain complexity and the quality of
available elevation data. High-resolution LiDAR or
photogrammetric DTMs are recommended for opera-
tional design stages to ensure accurate estimation of
earthwork and costs. Despite these limitations, the re-
sults demonstrate the potential of Al-driven corridor
planning systems as practical tools for generating and
evaluating multiple alignment alternatives in the early
phases of forest road planning. Their application can
support decision-making by providing faster and data-
supported preliminary designs, thereby complement-
ing traditional field-based methods within sustainable
forest engineering practice. In the long term, as data
quality improves and forestry institutions adopt mod-
ern technologies, preliminary and operational designs
are expected to converge, ensuring cost-efficiency, tech-
nical reliability, and sustainability in forest road man-
agement.
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