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Abstract: This study examines the effectiveness of various spatial data sources and pathfind-
ing algorithms for route determination in forested environments, focusing on the Mazovia
region of Poland. Accurate and efficient forest route planning is critical for both military
operations and crisis management, highlighting the need for reliable data and robust algo-
rithms. The analysis centers on three primary spatial data sources that can support forest
routing: the civilian Topographic Objects Database (TOD) and OpenStreetMap (OSM),
along with the military-specific Vector Map Level 2 (VML2). Two commonly used pathfind-
ing algorithms, Dijkstra and A* (the latter with six heuristic variations), were tested to
assess their suitability and performance in these contexts. This study was conducted across
ten of the largest forested areas in Mazovia, with route determinations performed between
selected pairs of start and end points within each forest area. The findings indicate that the
TOD database yielded the most stable and consistent routes, while the A* algorithm with
Euclidean distance heuristics proved to be the fastest among the tested variants. In contrast,
OSM data presented challenges due to inconsistencies, resulting in some routes being
undeterminable, where connections between start and end points were lacking. These
results underscore the importance of data quality and algorithm selection in effective forest
route planning.
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1. Introduction
Forests are essential landcover features that significantly influence activities ranging

from forestry to crisis management and military operations. In regions with abundant rain-
fall, forests constitute a substantial portion of the landscape, as is the case in Central Europe,
where they cover nearly 30% of the land area [1]. The type and density of vegetation within
these forests provide critical insights into the local climate, water flow, drainage patterns,
soil composition, and available water resources. For crisis management and military appli-
cations, forests are especially important due to their impact on visibility, concealment, and
maneuverability. Dense forested areas can obstruct movement, particularly for vehicles
like tanks, as undergrowth and smaller trees often fill the spaces between larger trees. In
Poland, the military terrain assessment process designates forests as major obstacles, with
passage only allowed if specific criteria, such as low trunk diameters and adequate spacing,
are met, as defined by a standardization document [2]. When these criteria are not satisfied,
forests are considered impassable and excluded from operational planning. Unlike the
military, however, civilian crisis management lacks a standardized method for modeling
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forest mobility, creating unique challenges for emergency response efforts, where rapid
accessibility and route planning are critical.

Effective route planning in forests is essential for enhancing both the efficiency of
activities conducted within these areas and the operational planning of crisis management
operations. Accurate and efficient forest routes enable quicker access for forestry operations,
recreational planning, and emergency responses, ultimately minimizing the environmental
impact, while optimizing the use of these resources. When designing routes in forested
areas, it is crucial to consider both the relevance and the informativeness of the spatial data
being used. Up-to-date, detailed information on vegetation density, topography, and the
location of roads allow planners to create routes that are safe and logistically efficient.

1.1. Related Works

Research on routing through forested areas has been extensively pursued by scientists
worldwide, contributing valuable insights into the factors that impact mobility in vegetated
landscapes. Among the prominent institutions in this field is the University of Defence in
Brno, which leads research on trafficability through forests, with a particular focus on the
variables influencing mobility under different vegetation conditions. In a notable study [3],
researchers examined how the quality of the information contained in a forest database
affects cross-country movement analyses, revealing correlations between vehicle-specific
movement models and the databases used. These findings highlight that data quality is
a critical factor, influencing the accuracy and reliability of mobility models. Additional
studies have further explored how different data structures and data sources impact
passability assessments in forested terrain [4–7]. These publications collectively underscore
the importance of high-quality, accurate data for effective operational planning, whether in
military contexts or crisis management scenarios. High-resolution and up-to-date spatial
data enhance the precision of route planning models, enabling better decision making and
more effective management of movement within complex forest environments.

The search for optimal routing solutions is a central focus in numerous scientific disci-
plines, with researchers developing and refining routing methodologies to address a wide
range of practical applications. In the fields of crisis management and military operations,
substantial research has focused on optimizing routes for cross-country movement, particu-
larly in challenging terrains, where traditional pathways are limited or nonexistent [8–11].
Many of these studies incorporate elevation data to account for uneven terrain, address-
ing the complexities associated with steep slopes, variable soil conditions, and natural
obstacles [12–14]. Beyond military and crisis management scenarios, routing methods have
been adapted for other high-stakes scenarios, such as natural disaster responses and urban
evacuation. For instance, researchers have developed models to optimize evacuation routes
in response to natural hazards like tsunamis, aiming to quickly guide individuals to safer
locations in time-critical conditions [15,16]. Similarly, in urban settings, routing algorithms
have been applied to enhance evacuation plans within buildings, ensuring that pathways
are clear and efficient [17].

A pivotal factor in determining routes through forested areas is the quality of the
spatial databases used, as these directly influence the accuracy and reliability of route
planning. Many researchers have concentrated on the issue of data quality in relation
to forest routing, emphasizing its impact on the effectiveness and feasibility of forest
transport operations. In several key studies [18–21], various methods were employed to
assess data quality and informativeness, examining how these factors affect forest transport
efficiency, safety, and the environmental impact. These analyses demonstrate that higher
quality, more detailed datasets enable better-informed decisions about route placement,
helping to minimize ecological disruption and improve operational outcomes. Another
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significant area of research has focused on determining the optimal density of forest roads,
particularly from an economic perspective. Studies in this field [22–25] evaluate how road
density affects both the cost effectiveness of forest management and the accessibility of
remote forested areas. This research underscores that, while data quality is essential for
accurate route modeling, the economic implications of road density are equally important
for sustainable forest infrastructure. Together, these findings highlight that high-quality
spatial data are indispensable for effective and efficient forest routing.

Moreover, this research focuses on two widely used pathfinding algorithms: Dijk-
stra [26] and A* [27]. Both are foundational tools for finding the shortest path in graphs,
but differ in their approaches to search optimization. Numerous studies have compared
these algorithms across various applications, including the shortest path problem [28–30],
gaming [31,32], a school transport optimization system [33], mobile robot navigation [34],
and terrain passability analysis [9]. Dijkstra’s algorithm is often highlighted for its accuracy
and reliability in guaranteeing optimal solutions, particularly in scenarios where preci-
sion is critical. In contrast, A* is recognized for its efficiency in larger or more complex
search spaces, leveraging heuristic functions to minimize the number of explored nodes.
While other algorithms, such as the Bellman–Ford and Floyd–Warshall algorithms, were
considered, they were excluded due to their limitations. The Bellman–Ford algorithm,
though similar to Dijkstra, accommodates negative edge weights, but is less efficient due
to computational redundancies [35]. Meanwhile, the Floyd–Warshall algorithm involves
higher time and memory complexity, making it less suitable for shortest path computations
compared to Dijkstra [36]. Consequently, this study prioritizes Dijkstra and A* for their
proven effectiveness and relevance to the research objectives.

1.2. Research Purpose

Building on prior research on route optimization for crisis management and military
scenarios, as well as the influence of data quality on forest routing, this study aims to
address a gap in the Polish context, namely the impact of different spatial databases on
forest route planning. Specifically, the purpose of this research is to examine how the use of
various data sources and pathfinding algorithms influences the effectiveness and accuracy
of route determination in forested areas. The research question driving this study is: How
do different data sources and routing algorithms affect the planning and optimization of
routes within forests? This comparative approach aims to uncover dependencies between
the choice of data and algorithm, offering insights that could enhance forest route planning
for both civilian and military purposes.

2. Materials and Methods
2.1. Area of Research

The research was conducted in the Masovian Voivodeship, a central region of Poland,
known for its extensive forests, which cover approximately 23% of its area and serve di-
verse purposes, including conservation, recreation, and strategic applications [37]. The
region’s topography features a mix of flat plains, river valleys, and lowland areas, with
some gently undulating terrain, forming part of the broader Polish lowlands. Notable
protected areas include Kampinos National Park and several landscape parks, which are
vital for biodiversity conservation and recreational activities. Beyond their ecological and
recreational significance, forests in Mazovia play a critical role in crisis management and
military operations, where efficient route planning is essential for operational safety and
effectiveness. This study focused on the ten largest forested areas within the voivodeship,
defined as continuous forest regions. These areas were identified using spatial data pro-
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vided by Polish governmental institutions and the Polish Armed Forces. Their distribution
across the region is illustrated in Figure 1, providing important context for the analysis.
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2.2. Data Used

In this research, three primary data sources were utilized to gather comprehensive
geographic information. The first source was the Topographic Objects Database (TOD),
maintained by the Surveyor General and available at a scale of 1:10,000 [38]. TOD includes
extensive data on the locations and attributes of various features, such as networks of
watercourses, roads, railways, utility lines, land cover, protected areas, administrative units,
buildings, and land development complexes. This database is regularly updated, accessible
free of charge, and downloadable from the National Geoportal [39].

The second source was OpenStreetMap (OSM), a globally recognized, community-
driven geographic database, launched in 2004. Known as a leading example of Volunteered
Geographic Information (VGI), OSM allows any registered user to edit or download data
for any region worldwide. While it primarily focuses on transport infrastructure, covering
roads, pathways, and rail networks, it also includes various other topographic features, such
as buildings, forests, and lakes, which are valuable for understanding terrain passability.
OSM data are distributed under the Open Data Commons Open Database License, with
support from the non-profit, OpenStreetMap Foundation. A detailed description of the
OSM data is presented in a previous publication [40].

The third source of data was a military Vector Map Level 2 (VML2). It is a spatial
database created as part of a national initiative that covers the whole territory of Poland
and corresponds to a military topographic map, with a scale of 1:50,000, M755 series [41].
VML2 adheres to the DIGEST (Digital Geographic Information Exchange Standard) scheme,
ensuring compatibility across different users, producers, and countries [42]. This database
is organized into 11 thematic categories and includes 206 feature classes across a range of
land cover types, such as hydrography, vegetation, cultural, transportation, and industrial
features, etc.

A critical factor in effective forest route planning is the topicality of the data, as
up-to-date information ensures that the routes reflect the current state of the terrain and
infrastructure. Both the Topographic Objects Database (TOD) and OpenStreetMap (OSM)
provide regularly updated versions, with updates occurring on a continuous basis to
incorporate recent changes in the landscape and infrastructure. For this research, the latest
available TOD and OSM datasets from 2024 were utilized. In contrast, the Vector Map
Level 2 (VML2) data are not updated as frequently. The most recent release of VML2 data
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dates back to 2023, which may introduce potential challenges due to outdated or missing
information.

From these sources, specific layers representing forests and various types of roads
within forested areas were extracted for analysis. Each database contained a single layer
representing forest features. However, for roads, multiple layers were available, capturing
various types of routes within the forested regions. A summary of these layers from each
database is provided in Table 1.

Table 1. Summary of utilized layers from analyzed databases.

Database Road Layer Description

TOD roadways

This class represents roadway centerline segments, meaning parts of
the road designated for vehicle traffic, consisting of one or more lanes

for a given direction of travel. It includes both paved roads and
unpaved dirt or forest roads [43].

OSM roads It contains all kinds of roads from motorways to gravel tracks, as well
as cycleways, footpaths, etc. [44].

VML2

roads Paved roads intended for vehicle traffic [45].

dirt and
forest roads Unpaved dirt and forest roads [45].

firebreaks
A clearance or clearing in a vegetation area or forest stand, designed

and created to enable the passage of a road, railway line, pipeline,
power line, boundary line, or to establish a survey sightline [45].

2.3. Methodology for Evaluating Route Planning Capabilities

The methodology for evaluating the route planning capabilities of the selected data
sources involved determining routes between two selected points within each analyzed
forested region, using road network data from different databases. It included the follow-
ing steps:

1. Data preparation.

The objective of this step was to prepare the data for subsequent analysis. The process
began by clipping the entire study area to the boundaries of the Masovian Voivodeship
and identifying contiguous forested areas, defined as adjacent segments forming a single,
continuous object with at least one shared boundary. This identification was conducted
independently for each database analyzed, leading to the selection of the ten largest forested
areas in each case.

Following this, roads within each forest area were extracted, based on the road layers
listed in Table 1. These road networks were then clipped to match the boundaries of each
forest area and assessed for topological accuracy, ensuring connectivity within the network.
This step is important, as the accuracy of route planning depends on a topologically correct
road network.

2. Determination of start and end points for routes within each forest.

In this step, starting and ending points for routes were identified within each forest
area. To ensure comparability of the results across the databases, these points were set at
the same locations within each analyzed dataset. The points were selected with the primary
objective of maximizing the route length within the boundaries of each forest area. The
coordinates for the starting and ending points of each route are detailed in Table 2.
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Table 2. Coordinates of starting and ending points for each route.

Forest Area Point Latitude Longitude

Forest 1
start 53.20331 N 21.06381 E
end 52.95153 N 21.41596 E

Forest 2
start 52.99461 N 21.10618 E
end 53.13649 N 20.84964 E

Forest 3
start 52.64140 N 21.24628 E
end 52.73166 N 21.57077 E

Forest 4
start 52.50649 N 22.10175 E
end 52.63030 N 21.91444 E

Forest 5
start 52.55838 N 19.35513 E
end 52.42578 N 19.77520 E

Forest 6
start 52.36102 N 20.30202 E
end 52.29083 N 20.82916 E

Forest 7
start 52.03898 N 21.34933 E
end 52.26745 N 21.44942 E

Forest 8
start 51.71502 N 21.59399 E
end 51.94065 N 21.37109 E

Forest 9
start 51.36937 N 21.46664 E
end 51.58312 N 21.13072 E

Forest 10
start 51.17843 N 20.85522 E
end 51.37205 N 20.47636 E

3. Utilization of common pathfinding algorithms to determine routes.

The determination of the routes was carried out using two common pathfinding algo-
rithms: Dijkstra and A*. The Dijkstra algorithm explores all possible paths from the starting
node, updating the travel cost to each node until it finds the shortest path to the target node.
While it guarantees the discovery of the shortest path, it can be time consuming for large
graphs [46]. In contrast, A* is a heuristic-based algorithm, utilizing a heuristic function
to estimate the cost of the shortest path, allowing for more efficient searching, especially
in expansive spaces. By applying heuristics, the A* algorithm typically examines fewer
nodes than Dijkstra, often leading to quicker solutions, although its effectiveness depends
on the quality of the heuristic used. According to the definition of the A* algorithm [27], it
operates by minimizing the function f(x), defined as follows:

f(x) = g(x) + h(x) (1)

where g(x) represents the cumulative cost or weight of the edges in the path from the start
node to the current node x, including the weight of the edge connecting the current node to
x. On the other hand, h(x) is the heuristic estimate of the remaining cost from node x to the
destination node.

Both algorithms were implemented on a PostgreSQL database, with the spatial ex-
tension PostGIS and the routing extension pgRouting, providing a powerful environment
for pathfinding tasks. This setup supports six different heuristic variants within the A*
algorithm [47], which are listed below.

h(x) = 0 (2)
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This heuristic (Equation (2)) is effectively disabled, making the A* algorithm function
similarly to Dijkstra’s algorithm by considering only the cumulative path cost without any
directional guidance (denoted later as A*_h0).

h(x) = |max(∆x, ∆y)| (3)

In this case (Equation (3)), the heuristic uses the maximum of the absolute differences
in the x and y coordinates, guiding the search toward the target using a “Chebyshev
distance” approach [48], which is useful in grid-like environments (denoted later as A*_h1).

h(x) = |min(∆x, ∆y)| (4)

Here (Equation (4)), the minimum of the absolute differences in the coordinates is
used, which can sometimes lead to conservative path estimates in certain layouts (denoted
later as A*_h2).

h(x) = ∆x2 + ∆y2 (5)

This heuristic (Equation (5)) uses the squared Euclidean distance, prioritizing paths
that are close to the target directionally without using square roots, which can be computa-
tionally efficient (denoted later as A*_h3).

h(x) =
√

∆x2 + ∆y2 (6)

This is the classic Euclidean distance heuristic (Equation (6)), calculating the straight-
line distance between nodes, which is ideal for direct, unobstructed paths in open spaces
(denoted later as A*_h4).

h(x) = |∆x| + |∆y| (7)

Known as the Manhattan distance (Equation (7)), this heuristic adds the absolute
differences in the x and y coordinates, which is best suited for grid-based paths, where
diagonal movement is restricted (denoted later as A*_h5).

Each of these heuristics offers a unique approach for estimating the distance to the
target, influencing both the efficiency and path choices of the A* algorithm, according to
the graph’s structure and movement constraints. Consequently, this study tested seven
distinct pathfinding variations: the Dijkstra algorithm and six heuristic-based A* variants.

4. Comparison of determined routes.

A total of 210 routes were generated in this study, encompassing 10 forest areas, across
three different databases, and utilizing seven pathfinding algorithm variants. Each route
was analyzed within its respective forest area, focusing on key metrics, such as the route
length, number of segments, and computation time required for route determination. Ad-
ditionally, a comparative analysis was conducted on the algorithms themselves, evaluating
both their efficiency (in terms of determination time) and the similarity of the paths they
generated. Performance tests were conducted on a computer machine, with the following
parameters:

• Processor: 2 × Intel® Xeon® Gold 6230;
• Clock speed: 2.10 GHz;
• RAM: 192 GB;
• No. cores: 40.

Furthermore, the Pearson correlation between the execution time, route length, and
the number of segments was calculated to identify which factor had the greatest impact on
the route determination time.
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3. Results
3.1. Comparison of the Data

The first part of the results focuses on the quality of the data used in the analysis,
specifically the forest and road layers (Table 1). These were examined within each forest
area, with calculations made for the forest area, road length, and road density. The findings
are presented in Table 3.

Table 3. Comparison of utilized data, namely the area coverage, road length, and road density in
each forest area.

Layers Source Forest 1 Forest 2 Forest 3 Forest 4 Forest 5 Forest 6 Forest 7 Forest 8 Forest 9 Forest 10

Forest area
[km2]

TOD 192 120 118 120 289 309 179 256 498 308
OSM 190 115 116 113 278 303 202 251 487 291

VML2 190 119 116 123 292 308 180 233 442 282

Roads in
forests, length

[km]

TOD 1171 521 633 994 2035 1786 1746 1971 3141 2110
OSM 624 306 644 502 1280 2215 3296 1374 2980 1066

VML2 1170 641 733 748 1674 1500 1128 1514 2468 1557

Road
density in

forest [m/ha]

TOD 61.0 43.4 53.6 82.8 70.4 57.8 97.5 77.0 63.1 68.5
OSM 32.8 26.6 55.5 44.4 46.0 73.1 163.2 54.7 61.2 36.6

VML2 61.6 53.9 63.2 60.8 57.3 48.7 62.7 65.0 55.8 55.2

The forest areas, ranging from 116 km2 to 498 km2, show slight variations between
the sources, with TOD generally reporting the largest areas. Road lengths, which vary
significantly, are generally longer in the TOD data, with Forest 9 having the longest road
length (3141 km), while OSM reports shorter road networks, particularly in Forest 2
(306 km). VML2 provides road lengths closer to TOD, but with some differences, such as
in Forest 5, where TOD reports 2035 km and VML2 reports 1674 km. The road density,
calculated as the road length per hectare of forest, varies considerably between the data
sources. TOD shows the highest road density, especially in larger forests like Forest 7
(97.5 m/ha), while OSM generally reports lower densities, such as in Forest 2 (26.6 m/ha).
VML2 offers road densities that lie between those of TOD and OSM, with Forest 7 having a
density of 62.7 m/ha.

Figure 2 presents the differences in road density within the forests, highlighting
selected areas with the largest density variations across the analyzed databases. The
visualization was created using hexagons, with a side length of 50 m.
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3.2. Structure of Determined Routes

The results encompassed a total of 210 determined routes, distributed across 10 forest
areas, 3 different databases, and 7 distinct routing algorithms. Given the large volume of
data, the general findings will be presented in the form of charts for clarity and ease of
interpretation. For each route, two key statistics were calculated: the length of the route
and the number of segments it contains. A segment is defined as a continuous, single part
of the route, characterized by just two vertices: the starting point and the end point. The
number of segments is an important metric, as it offers valuable insight into the structure
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of the routes and serves as a key variable for evaluating the performance of the algorithms
(Section 3.3). Specifically, this metric will help determine whether the execution time of the
algorithms is more strongly influenced by the number of segments or by the overall length
of the route.

The charts illustrating the structure of the routes are presented in Figures 3–5.
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A notable observation from the analysis is that no routes could be determined using the
OSM database in forest areas 1, 2, 4, and 10, due to the absence of connections between the
starting and ending points. This limitation underscores a key weakness of the OSM database
in certain areas, particularly where road network data are incomplete or inconsistent.
However, OSM’s primary strength lies in its global availability, making it a practical
alternative in regions where other reliable, high-quality data sources are not accessible.
To provide a clearer comparison of the databases and their routing capabilities, selected
visualizations of the determined routes are presented in Figure 6.
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For most routes, the paths between the same starting and ending points were identical,
regardless of the algorithm used. However, in some cases, switching the algorithm resulted
in changes to the route’s course. The variability in these routes is effectively captured by
their standard deviation, which is presented in the chart in Figure 7.

This figure clearly illustrates that differences in the courses of the routes are most
noticeable for the OSM and VML2 databases, with the largest variations observed for
the VML2 database. In particular, forest area 10 stands out, where there is a significant
disparity between the routes determined by different algorithms. These discrepancies are
particularly pronounced, reflecting how the choice of algorithm and the database used can
lead to distinct pathfinding results. The most substantial differences between the routes are
further highlighted in Figure 8, offering a visual representation of the variations.
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Figure 8. Variations in routes determined with the use of different pathfinding algorithms: (a) Forest
no. 10 (VML2); (b) Forest no. 7 (VML2); (c) Forest no. 7 (OSM); (d) Forest no. 5 (VML2); and (e) Forest
no. 6 (OSM).

3.3. Performance Analysis

Routes were determined from a PostgreSQL database using the pgRouting extension,
which not only supports pathfinding, but also enables precise measurement of the route
computation time. Specifically, it records the duration from the initiation of a routing
request in the database to the moment the results are returned. To ensure accuracy, the
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execution times for each route were averaged over 100 identical requests, reducing potential
measurement error. Table 4 summarizes these route computation speeds, highlighting
performance variations across different databases and algorithms. This comparison sheds
light on how the database structure and algorithm choice influence the speed and efficiency
of route calculations.

Table 4. Route determination speed by database and algorithm [msec].

Database Algorithm Route 1 Route 2 Route 3 Route 4 Route 5 Route 6 Route 7 Route 8 Route 9 Route 10

TBD

Dijkstra 33 20 28 34 57 49 58 48 62 57
A*_h0 33 21 28 35 57 50 58 49 62 57
A*_h1 35 22 29 35 58 52 61 52 63 58
A*_h2 35 22 29 36 58 52 61 53 65 57
A*_h3 36 20 28 35 59 50 60 54 63 57
A*_h4 32 19 26 33 53 48 56 49 58 55
A*_h5 35 22 29 36 56 51 59 51 62 57

OSM

Dijkstra - - 26 - 37 69 172 37 69 -
A*_h0 - - 26 - 38 69 174 37 69 -
A*_h1 - - 27 - 37 78 192 38 70 -
A*_h2 - - 27 - 39 77 182 37 73 -
A*_h3 - - 27 - 38 75 193 39 72 -
A*_h4 - - 24 - 37 67 164 36 69 -
A*_h5 - - 25 - 38 69 190 37 69 -

VML2

Dijkstra 30 23 24 24 40 33 34 36 44 36
A*_h0 31 23 24 24 40 33 35 34 44 36
A*_h1 32 24 25 26 42 34 34 35 45 39
A*_h2 32 24 24 25 41 35 33 36 45 39
A*_h3 31 24 25 25 41 34 34 37 45 36
A*_h4 28 21 22 26 38 32 30 34 42 35
A*_h5 31 23 24 25 41 35 34 37 44 37

The time required to determine the route across various configurations, spanning ten
routes from three databases (TBD, OSM, and VML2) and using different algorithms, is
presented in Table 4. Each cell displays the computation time in milliseconds for generating
a route based on a specific database–algorithm pair. Blank cells (denoted by “-”) indicate
instances where OSM failed to generate a route due to connectivity issues or insufficient
data. While the route determination times show slight variations between the databases
and algorithms, these differences are small enough to be practically negligible for the
selected areas. However, for larger regions with denser road networks, such variations
could have a more pronounced effect on the route determination efficiency.

Furthermore, the Pearson correlation between the execution time, route length, and
the number of segments was calculated. The results are shown in Table 5.

Table 5. Correlation between the route determination time, route length, and number of segments.

Algorithm Correlation Between the Route Determination Time and
Route Length Number of Segments

Dijkstra 0.62 0.90
A*_h0 0.61 0.90
A*_h1 0.59 0.88
A*_h2 0.61 0.89
A*_h3 0.58 0.88
A*_h4 0.62 0.89
A*_h5 0.58 0.88

The table clearly shows that in all cases the correlation between the route determination
time and the number of segments is higher than that between the time and route length.

4. Discussion
The results in this study reveal notable distinctions among the spatial databases and

routing algorithms used for forest route planning. These differences stem primarily from the
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varying levels of informativeness and intended purpose of each database, which influence
the accuracy and specificity of the route planning outcomes. Spatial databases differ in
terms of the richness of the geographic and infrastructural details they provide, thereby
affecting the precision and suitability of routes generated for forested areas. In parallel,
the employed routing algorithms demonstrate varying performance characteristics, with
differences in the workflow, computational demands, and operational complexity, which in
turn influence the execution time, as detailed in Table 4. These variations underscore how
algorithmic efficiency and database selection impact the feasibility and quality of forest
route planning.

4.1. General Assessment of the Results Obtained

This study employed three distinct databases to determine route courses, each of
which yielded varying results in terms of route configurations, as shown in Table 3. These
differences primarily stem from the diverse levels of detail and intended application of
each database. The TOD database is maintained by the Surveyor General in Poland and
provides highly detailed and up-to-date geographic information, designed for civilian use,
at a scale of 1:10,000. As an official database utilized widely by governmental institutions,
TOD is expected to offer the most comprehensive and reliable geographic data among the
databases studied. This expectation is confirmed by the road density calculations in Table 3,
where TOD generally shows the results with the highest density, reflecting the level of
detail crucial for precise civilian mapping and planning applications.

The second database, OpenStreetMap, is a leading example of VGI, allowing registered
users to edit and contribute data for regions globally. Due to its crowdsourced nature,
OSM’s data granularity varies widely based on the popularity and accessibility of locations,
resulting in inconsistent road density across regions. This variability is evident in Table 3,
where OSM’s road density values do not consistently align with those of TOD or the third
database, VML2. In some areas, OSM displays lower density; in others, it is comparable
or even significantly higher, as seen in the case of Forest no. 7. Here, the road density
reaches 163.2 m/ha, likely due to the area’s location within the Masovian Landscape Park,
a popular recreation destination that attracts more data contributions.

The final database, VML2, is a military database that represents topographic features
at a scale of 1:50,000, offering a lower level of detail than TOD. This difference in detail
is reflected in Table 3, where VML2 consistently shows lower road densities compared to
TOD. However, as a military database, VML2 prioritizes features relevant to operational
planning, such as roads and firebreaks, which are essential for military logistics and
maneuverability. Despite its lower nominal accuracy, VML2’s focus on key infrastructure
enables it to represent a road network that is quite similar to that in TOD, ensuring that the
database remains useful for applications where key routes, rather than exhaustive detail,
are paramount. These observed variations highlight how the intended purpose, level of
detail, and origin of each database shape the outcomes in route planning.

Furthermore, Figure 2 demonstrates the variation in route lengths across different
forest areas, with much of this variability attributable to differences in the areas of these
forested regions. Generally, larger forest areas correspond to longer routes due to the need
to cover greater distances, while smaller areas tend to result in shorter routes. This depen-
dence is supported by the average route lengths, which align closely with the forest areas
detailed in Table 3. Beyond area-related differences, slight variations in route lengths and
configurations can also be observed between the databases, reflecting the unique character-
istics and limitations of each data source. For example, Figure 5 illustrates discrepancies in
the route courses across the databases. The lower level of detail in the OSM database led to
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route unavailability in forests 1, 2, 4, and 10, as the database lacked sufficient connectivity
between start and end points, preventing complete route planning in these regions.

4.2. Analysis of Routes Generated by Utilized Pathfinding Algorithms

Out of the 30 routes determined (across 10 areas, using 3 databases), there were
15 instances where the use of different pathfinding algorithms did not alter the route’s
course. However, in the remaining 15 cases, the route course changed. These cases are
listed in Table 6, which also includes the calculated standard deviation of the route lengths.

Table 6. Routes with course alterations as a result of different pathfinding algorithms.

No. Forest Area Database Standard Deviation of Route Length
Across Pathfinding Algorithms [m]

1 1 TOD 93.2
2 1 VML2 68.3
3 2 TOD 15.1
4 4 VML2 103.9
5 5 OSM 425.5
6 5 TOD 62.5
7 5 VML2 933.1
8 6 OSM 616.8
9 6 TOD 41.5

10 6 VML2 351.3
11 7 OSM 605.6
12 7 VML2 1124.4
13 9 OSM 493.8
14 9 VML2 147.4
15 10 VML2 4918.2

Figure 8 illustrates the areas with the most significant route differences. Notably, no
route alterations were observed in regard to forests 3 and 8. The analysis of the standard de-
viations in regard to the route lengths across the pathfinding algorithms reveals noteworthy
differences in consistency depending on the database used. The TOD database generally
exhibits the lowest standard deviations across forest areas, indicating more uniform route
lengths between the algorithms. This suggests that TOD provides more stable pathfinding
outcomes, making it potentially more reliable for applications requiring consistent route
length measurements. In contrast, the VML2 and OSM databases demonstrate higher
variability in multiple forest areas, especially in forests 5, 7, and 10 for VML2, and Forest
6 for OSM. These databases exhibit considerable sensitivity to the pathfinding algorithm
applied, likely due to differences in the data resolution or geographic complexity within
certain forest areas.

The shortest routes were consistently generated using the Dijkstra and A*_h0 algo-
rithms. In regard to the A*_h0 algorithm, heuristics are effectively disabled, reducing the
computation compared to the Dijkstra algorithm (as shown in Equation (2)). The differ-
ences in the resulting routes stem from the various heuristic methods applied in other A*
algorithm variants, which influence the search direction and path selection. The resulting
routes vary across different heuristic variants because heuristics are designed to estimate
the cost to the goal, guiding the algorithm towards what it predicts to be the shortest
path. Different heuristics can prioritize certain paths over others based on factors such as
the estimated distance, leading to variations in route outcomes. For example, a heuristic
emphasizing the Euclidean distance (Equation (6)) might favor more direct but potentially
longer paths, while one based on the Chebyshev distance (Equation (4)) could result in a
different route entirely.
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4.3. Performance Analysis of Pathfinding Algorithms

Generally, the TOD database, providing high-detail geographic data, shows the longest
route determination times, ranging from 20 to 62 milliseconds across the routes. This
pattern suggests that TOD’s data-rich structure may increase the computational load.
Among the A* variations, the h4 heuristic achieved the shortest determination times within
TOD, such as 32 milliseconds for Route 1 and 26 milliseconds for Route 3. OSM, on
the other hand, experienced connectivity issues for several routes (1, 2, 4, and 10), as
shown by the blank cells. For the routes that it could calculate, OSM displayed longer
determination times, particularly for Route 7, where times reached up to 172 milliseconds
with Dijkstra and exceeded 190 milliseconds with certain A* heuristics. These extended
times highlight OSM’s variability in regard to data quality, which can differ significantly
based on user contributions in each region. In contrast, the VML2 database consistently
showed the shortest route determination times across all routes and algorithms, with
Dijkstra times typically ranging from 23 to 44 milliseconds. Using the A* algorithm with
the h4 heuristic minimized the times further, reaching as low as 28 milliseconds for Route 1
and 30 milliseconds for Route 7.

The A* h4 variant of the algorithm stands out as the optimal choice for this application,
due to it consistently producing the shortest computation time across all the test cases. This
heuristic approach leverages the Euclidean distance, which provides a direct, straight-line
estimate to the target, allowing the algorithm to focus more precisely on paths that are
likely to lead toward the goal. By effectively guiding the search process, this heuristic
minimizes the number of explored nodes, thereby limiting the search space and reducing
the computational overhead. In comparison, other A* variants were slightly slower than
the Dijkstra algorithm. Despite the A* algorithm’s intention to be faster than Dijkstra
by limiting the search space through heuristic guidance, in this case, it demonstrated
slightly longer execution times. This performance difference may be due to the additional
computational load required by the heuristics in the A* algorithm, while the Dijkstra
algorithm, which does not use heuristics, performs simpler calculations, making it faster in
this particular instance.

As for the Pearson correlation, the higher the correlation with the number of segments
indicates that the complexity of the route, as defined by the number of segments, has a
greater influence on the computation time than the overall length of the route. This suggests
that the number of segments is a more critical factor in determining the processing time, as
it likely reflects the level of detail or the number of calculations required to process the route.
More segments typically imply more decision points or turns along the path, requiring the
algorithm to process additional nodes and edges. This added complexity can increase the
computational effort needed to evaluate and select the optimal route. In contrast, although
longer routes cover more distance, they do not always involve as many decision points as
routes with many segments. Routes with more segments require the algorithm to process
more intermediate steps and decisions (such as handling more intersections or changes in
direction), which increases the computational load. As a result, the number of segments
has a stronger influence on the execution time than the total route length, as it directly
impacts the number of calculations and decisions the algorithm must make.

This study is limited in scope as it focuses exclusively on the Mazovia region, analyzing
only 10 forest areas. Expanding the analysis to cover a larger geographical area, such as
the entire country or even larger regions, would provide more comprehensive insights
and allow for a better understanding of how the algorithms perform under different
conditions and across diverse terrain types. Additionally, the viability of the determined
routes should be verified through terrain analysis to ensure their practicality in real-world
applications. Another limitation of the study is the reliance on a limited set of heuristics in
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regard to the A* algorithm, as only six variations are available through PostGIS, with the
pgRouting extension. Exploring other heuristics, or utilizing alternative software that offers
greater flexibility for customization, could potentially lead to more efficient or accurate
routing solutions. Furthermore, a broader exploration of other shortest path algorithms
is needed to create a more holistic understanding of routing technologies. Comparing
different algorithms would allow for a more nuanced evaluation of their strengths and
weaknesses, ultimately contributing to the development of more effective routing strategies
for complex networks.

5. Conclusions
The conducted research demonstrated that based on the databases utilized widely in

Poland for various purposes, namely the Topographic Objects Database, OpenStreetMap,
and Vector Map Level 2, there is a possibility to determine routes within forest areas. This
task is pivotal from a crisis management or military point of view, because it allows effective
planning for various operations.

The analysis revealed significant variations in the route outcomes, emphasizing the
need for terrain verification to ensure the selection of the optimal route for each tested
area. Given the inconsistencies observed across the different databases and algorithms,
it is clear that relying solely on computational models may not always result in the best
path, especially in complex or variable terrain. Therefore, in future research, the authors
plan to conduct terrain validation to ensure that the selected paths are not only computa-
tionally efficient, but also practically viable and appropriate for the specific environmental
conditions. Moreover, considering the differences in the route outcomes observed with
various heuristics, it may be beneficial to develop custom heuristics that not only prioritize
the distance between the starting and ending points, but also integrate additional terrain
factors. This approach could enhance route planning by more effectively addressing the
complexities in the terrain, resulting in more accurate and efficient pathfinding in forested
and challenging environments.
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