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Abstract: Creating routes across open areas is challenging due to the absence of a defined routing
network and the complexity of the environment, in which multiple criteria may affect route choice.
In the context of urban environments, research has found Visibility and Spider-Grid subgraphs to
be effective approaches that generate realistic routes. However, the case studies presented typically
focus on plazas or parks with defined entry and exit points; little work has been carried out to date
on creating routes across open areas in rural settings, which are complex environments with varying
terrain and obstacles and undefined entry or exit points. To address this gap, this study proposes a
method for routing across open areas based on a Spider-Grid subgraph using queen contiguity. The
method leverages a Weighted Sum–Dijkstra’s algorithm to allow multiple criteria such as surface
condition, total time, and gradient to be considered when creating routes. The method is tested on
the problem of routing across two areas of Dartmoor National Park, United Kingdom. The generated
routes are compared with benchmark algorithms and real paths created by users of the Ordnance
Survey’s Maps App. The generated routes are found to be more realistic than those of the benchmark
methods and closer to the real paths. Furthermore, the routes are able to bypass hazards and obstacles
while still providing realistic and flexible routes to the user.

Keywords: open space; pedestrian; shortest path; surface effects; multiple criteria; Weighted Sum–
Dijkstra’s algorithm; graph databases

1. Introduction
Justification and Objective

Access land is defined as land that the public can walk through without having to stay
on public rights of way, provided they do not violate restrictions. These areas cover large
parts of national parks in the United Kingdom (UK) such as Dartmoor, the Peak District,
the Yorkshire Dales, and the Lake District [1]. While access land gives anyone the right to
roam and find a path that suits their ability and objectives beyond marked paths, it often
contains hazards and obstructions, such as slopes, cliffs, and bodies of water, which can
make navigation challenging and risky. Therefore, providing assistance for safe routing
is an important task. Conversely, individuals may seek more challenging routes that are
not marked paths and therefore not part of traditional routing networks. Although some
progress in open access land navigation has been made by commercial companies like
Komoot and Strava, little academic research has been carried out [2–4]. Previous work in
pedestrian navigation has mainly focused on open spaces in cities, which are less complex
and typically much smaller than access land [5]. Multi-criteria decision-making has been
explored in the motorised transport space, but has not been widely adapted to work for
pedestrian navigation [6,7]. We argue that using multi-criteria decision-making allows
the routing algorithm to provide personalised routes that are more suitable for individual
users’ abilities and preferences, which in turn makes open access land more accessible to a
wider range of users.
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The aim of this research is to develop a method for routing across access land, where
routing choices are not constrained by the existing path network. The quality of routing
solutions would depend on a range of criteria associated with the walking experience, such
as vegetation cover, gradient, and the presence (or absence) of existing paths. The specific
objectives are to:

• Create a routing network that is capable of routing across open access land.
• Integrate multi-criteria into the routing system to provide routes tailored for different

user preferences or needs.
• Evaluate the generated routes against other routing algorithms, as well as routes

recorded by real walkers.

The remainder of this paper is structured as follows: In Section 2, related work on
routing across open areas is introduced. The materials and methods used in this paper are
described in Section 3, before the evaluation methods are described in Section 4. Section 5
presents the results and the discussion, and Section 6 draws some conclusions and makes
recommendations for future work.

2. Related Work
2.1. Routing through Open Areas

The most popular approach to open area routing is network-based routing graphs.
Before 2010, open area routing typically focused on robotics with the purpose of creating
collision-free paths in work spaces [5]. Today it has become popular to incorporate these
robotic techniques with human navigation, both indoor and outdoor. Outdoor open-area
navigation has focused on open spaces in cities, such as parks and plazas [5,8,9]. These
outdoor routing studies have focused on the shortness and ‘naturalness’ of the routes
created, as well as the computational time required to create the network. The approaches
usually involve creating a subgraph within the open space that can be traversed using
routing algorithms.

Hahmann et al. [8] evaluated the subgraph options based on the number of edges
(links) created, the computation time of the network, and the quality of the routing. The
following subgraphs (shown in Figure 1) were considered: Delaunay, Voronoi, Grid, Spider-
Grid, Visibility, Skeleton, and Exterior Edge [8]. Grid and Spider-Grid subgraphs are
analogous to rook and queen contiguity, respectively. According to the study, Visibility
and Spider-Grid subgraphs create the most realistic routes across open spaces and are the
most favourable for open area routing. However, Visibility graphs have problems with
concave open spaces due to a lack of line of sight. Furthermore, depending on the type, a
Visibility graph can contain unnecessary edges or miss important edges. A Spider-Grid
graph allows for the definition of start and end points anywhere in open space without the
additional computation needed for a Visibility graph [5]. However, a Spider-Grid graph
edge count, and hence computational cost, is dependent on the size of the open area, not
the node count (often representing points of entry to the space) as in Visibility graphs. This
shortcoming can be addressed by varying the spatial resolution of the grid. Furthermore,
Hahmann et al. [8] fail to compare the created routes to actual user routes, and only use
route length to evaluate the quality of the route.
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Figure 1. Examples of different algorithms for producing a subgraph and the route suggested by each
from the top left of the park to the bottom right: (a) Delaunay separates the space into triangles which
are balanced in size and shape; (b) Voronoi tries to split the spaces into equal sized areas; (c,d) Grid
divides the area into a grid at two different resolutions; (e,f) Spider adds additional complexity
splitting the grids into triangles at the same resolutions; (g) Visibility divide the space by using lines
of sight from entrances and exits of the park; (h) Visibility GCP is a modified version of (g) that
removes connections that are not linked to the network; (i) Skeleton shrinks the edges of the area until
they meet and then divides based on the meeting points; (j) Exterior Edges only uses the boundaries
of the area to create the subgraph [8].
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The ability to avoid obstacles, such as impassable terrain, rivers, or walls, is an im-
portant feature of routing algorithms in open areas. Graser [9] examined the directness
and realism of routes incorporating obstacles, comparing Grid, Visibility, Medial Axis,
and Straight Skeleton graphs (Figure 2), concluding that Visibility was the most suitable
subgraph for open area routing. The Medial Axis and the Straight Skeleton routes create
S-shaped routes, which were considered unnecessary detours and not characteristic of
normal crossing behaviour (Figure 2A,B). Alternatively, the 5-m Grid gave a zigzag pat-
tern (Figure 2C). This is a typical problem with grid-based solutions [8], where diagonal
directions have poorer results compared to the north–south or east–west routes. It is worth
noting that Graser [9] did not justify the orientation nor the resolution of the grid proposed.
Both of these factors may significantly alter the quality of the routes. Visibility was found
to provide the most preferable routes in terms of directness and realism (Figure 2D), al-
though Graser [9] did not take advantage of the existing route network in the mapped area,
only creating routes using the Visibility graph. However, this was only demonstrated on
an open space polygon, which lacked obstacles. The treatment of obstacles in Visibility
graphs depends on where the corner nodes of the obstacle are defined and increases in
sophistication with more complex obstacles [10].

Figure 2. Additional subgraph options on a different open area suggested by Graser [9]: (A): Medial
Axis, built from a set of points that have more than one closest neighbour on the polygon boundary
(often approximated by the Voronoi diagram); (B): Straight Skeleton, built by step-wise shrinking of
the polygon; (C): 5 m Grid, which is a simple square grid with a cell size of 5 m; (D): Visibility, where
nodes that have visible (straight-line) connections are linked.

Open areas typically contain a mixture of mapped path networks and freely traversable
terrain. Andreev [5] implemented Visibility graph algorithms in parks and plazas while
integrating sidewalks and walkways (paths). In plazas, the Visibility graph is a structure
similar to that of Graser [9]. Obstacles were also accounted for in a similar way. Paths
that are integrated into parks were preferred compared to ‘virtual’ paths due to being
actual walkable areas. In addition, the ability to start the walk at any point in the park was
achieved by creating a new Visibility graph from the point to the closest path or walkway.
One shortcoming is that Andreev [5] evaluates the algorithm based on two examples, which
does not capture the complexity of open space navigation.

2.2. Multi-Criteria Routing

In problems that involve routing on transportation networks, it is often desirable to
choose routes according to multiple criteria, such as distance, travel time, and comfort,
and Multi-Criteria Decision-Making (MCDM) has become increasingly popular in this
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domain [6,11,12]. Multi-criteria are combined to generate weightings, which are then fed
into a standard shortest path algorithm, such as Dijkstra’s algorithm or A* [6].

The most popular MCDM method is the Weighted Sum method (WSM) (Equation (2))
and is demonstrated in [6]. This involves normalisation of all the criteria by dividing each
value by the total of the criteria (Equation (1)). This weighted sum value then becomes the
cost for each edge in the calculation of the shortest path. The benefit of WSM is that the
results are easily explainable.

ncv =
cvi

∑m
i=1 cvi

(1)

where ncv = the normalised criterion value, cv = criterion value.

WSV =
m

∑
i=1

ncvi × wi (2)

where WSV = WSM Value, ncv = the normalised criterion value, w = weight for criterion.
Alternatively, Rosita et al. [13] suggested using the vector normalisation technique

to normalise values before applying a WSM. This allows a cost (Equation (3)) or a benefit
(Equation (4)) criterion to be implemented into Dijkstra’s algorithm. These normalised
values are then converted to a WSM value in the same way as in [6] (Equation (2)). The
justification for the vector-normalised approach is that it allows easier integration of criteria
into Dijkstra’s algorithm by inputting a value that could be a cost or a benefit to the same
dimension. However, once normalised, the values can be very difficult to interpret without
additional context.

Cost : ncv = 1 − cvi√
∑m

i=1 cv2
i

(3)

Bene f it : ncv =
cvi√

∑m
i=1 cv2

i

(4)

where ncv = the normalised criterion value, cv = criterion value.
Ebrahimi and Tadic [11] used MCDM to produce route selection when transporting

dangerous goods. The seven criteria used to evaluate the routes, such as cost of transport
or environment and accident risk, were given significance scores between 1 and 10, with
10 being most important. These values were decided by experts and then converted to
weights using additive normalisation, which involves dividing the values by the sum of all
significance values [11]. The criteria for each road link are normalised using percentage
normalisation and then converted to a WSM value similar to [6]. One of the shortcomings
of this method is there is no justification for the significance of each of the criteria beyond
them being an ‘expert opinion’.

Pamucar et al. [12] demonstrated an alternative approach using Weighted Linear
Combination (WLC) of raster datasets, a tool commonly used in GIS [14]. In this method,
the raster cells are transformed (normalised) so that the units are standardised between
the datasets. After normalisation, each raster cell is multiplied by its assigned criteria
weight, and then each raster layer has its corresponding cell added to WSM (Figure 3).
The bi-linear interpolation is then used to convert the average of the cell to the line (road)
segment [12]. Pamucar et al. [12] used 21 different criteria to propose routes for more
and less environmentally friendly vehicles to improve air quality in populated areas. The
shortcoming of this technique is that it expects the input data as a raster, and requires a
large amount of preprocessing before the weightings can be defined, which scales poorly
with the number of criteria.



ISPRS Int. J. Geo-Inf. 2024, 13, 130 6 of 24

Figure 3. Steps involved in a Weighted Linear Combination process. Given three raster lay-
ers—Population density, Slope, and Cost—the raw values are first normalised (in this case, using
inverse MinMax normalisation where minimum values of each layer become 1, and maximum values
become 0). Then, values in each layer are multiplied by each layer’s normalised criteria weight, after
which each criteria value is added for each cell to produce final raster values.

In the domain of routing across open spaces, MCDM has found application in the plan-
ning and design of forest road routes. Caliskan [7] used the Spatial-integrated Technique
for Order Preference by Similarity to Ideal Solution (S-TOPSIS) approach to integrate data
on avalanche, river, soil, geology, and slope for forest road routing. A detailed study on
TOPSIS can be found in [15]. When compared with the existing forest road, the S-TOPSIS
solution gave a shorter route, translating to a 0.5 ha reduction in required road space.
Caliskan [4] carried out a similar study in the Trabzon Province of Turkey, comparing
five MCDM methods: Analytical Hierarchical Process (AHP), TOPSIS, Promothee, Fuzzy
overlay, and SAW. The former three methods were found to perform best and produced
very similar results. Of these, AHP and Promothee allow the user to decide pairwise
relative importance of weights. This is a powerful approach in forest road routing, which is
guided by expert stakeholders. However, it may not be suitable in general routing where
the preferences vary between individuals.

2.3. Gaps in Relevant Work

A big difference between open areas in cities and open access land is that open access
land can be entered from many points on its edge. In city parks and plazas, often a single-
digit number of nodes is sufficient to represent points of access, whereas a walk in a national
park can often start and end in any settlement or car park. This poses a challenge for a
Visibility subgraph, which has to deal with a large number of edge nodes.

There is little academic literature on incorporating multi-criteria routing into human
navigation. This is particularly important when considering that each user has differ-
ent requirements and preferences due to their walking ability, reasons for walking, or
safety requirements.

While commercial applications such as Strava, Komoot, and OS Maps App offer route
planning services—allowing the routes to be modified based on popularity, terrain, and
elevation, as well as manual routing options that allow route plotting when there are no
paths—these solutions rely on ‘black box’ algorithms with unclear methodology. As such,
it cannot be guaranteed the routes produced are conducive to walking. However, using the
methods described by Pamucar et al. [12] and Ebrahimi and Tadic [11], a model traditionally
used for motorised transport can be modified to work with a subgraph network, adapting
a multi-criteria approach to pedestrian navigation in open spaces.
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The choice of MCDM method changes how the weighting is defined, which can
have a huge impact on the result [16]. Most of the research reviewed here uses subjective
weightings defined by experts [11]. However, more understandable subjective weightings
that have high explanatory power are available, such as ranking methods.

In summary, both routing over open areas and creating routes based on multiple
criteria have been studied previously. However, to date, they have not been successfully
applied to routing for access land. Additionally, pedestrian navigation in open areas in
cities has key differences from navigation on access land, including the complexity of
obstacles and hazards. In the following section, we will outline the materials and methods
used to achieve the objectives of this research.

3. Materials and Methods
3.1. Materials

This subsection describes the datasets used to generate a routing network on access
land, focusing on Dartmoor National Park, United Kingdom.

3.1.1. British National Grid

Extracted from the Ordnance Survey (OS) GitHub repository [17], this dataset contains
grids at scales of 100 km, 50 km, 20 km, 10 km, 5 km, and 1 km in the OS National Grid
reference system, commonly referred to as the British National Grid (BNG). The 1 km grid
is used to define the spatial extent of the case study areas presented here.

3.1.2. Detailed Path Network

The Detailed Path Network (DPN) dataset contains a digital representation of all the
roads, tracks, and paths in Dartmoor National Park that the public can use. It contains
the geometry and physical characteristics of routes obtained from the OS MasterMap
Topography Layer and the OS MasterMap Highways Network [18]. This dataset allows the
incorporation of official paths including footpaths, bridleways, byways, and recreational
routes into the subgraph network, which can then be used to give routing suggestions
based on walking on reliable existing paths or with a mixture of ‘virtual’ paths based on
the user preference.

3.1.3. MasterMap Topography

MasterMap topography dataset represents the real-world topography using points,
lines, and polygons [19,20]. Features contain attributes that inform users about their
presence and location in BNG coordinates. MasterMap topography includes buildings,
land, water, and roads. This study focuses on land and water features. Land features include
man-made and natural features such as slopes and cliffs. Water features include rivers
and lakes [19]. The relevant attributes include descriptive group, descriptive term, and
physical presence, which are used in intelligent querying and identification of obstructions
and hazards.

3.1.4. Terrain 5

Terrain 5 is a digital terrain model (DTM), which is a three-dimensional model of the
surface of the bare earth [21]. The dataset is interpolated from the OS Triangulated Irregular
Network (TIN) [21]. This is a digital three-dimensional model of the surface morphology of
Great Britain segmented using triangles. Mean high- and low-water representations have
been acquired from local tide tables. Each height has a root mean square error (RMSE) of
2.5 m in mountain, rural, and moorland areas. In this study, the height values for each node
are extracted from the pixel.

3.1.5. Devon County Council Access Land and Dartmoor Commons

Access Land and Dartmoor Commons is a dataset that includes polygons that define
areas mapped as access land [22]. Areas of land designated as access land in the UK are
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defined as those that the public can walk across without having to stay on public rights of
way. On Dartmoor, these are areas created by the Countryside and Rights of Way (CROW)
Act 2000, such as Registered Commons and Open country, Registered Commons defined
by the Dartmoor Commons Act of 1985, access land that was defined before the CROW Act
2000 covered in section 15, such as National Trust Common Act and Law of property Act of
1925, and finally section 16 of the CROW Act 2000, which includes lands voluntarily made
access land by land owners, which are not moorland or registered common land [23].

3.1.6. Dartmoor National Parks Authority Habitat Classification Map

The Habitat Classification map is a land cover raster map of Dartmoor National Park
represented as a 10× 10 m grid classification of habitats, which was created using Sentinel-2
and Lidar data [24]. The chosen characteristics were Sentinel-2 bands, vegetation indices,
aspect, and slope (extracted from Lidar data) [24]. Classification was performed using
a trained random forest classifier, and the 2021 land cover map achieved an accuracy of
76.9% [24]. The classified habitats were taken from the UK Habitat Classification System
(Table 1).

Table 1. Class labels and accuracy used for land cover compared to the land cover classification from
the UK Centre for Ecology and Hydrology Land Cover Map (CEH LCM2019), modified from [24].

Gatis et al. 2022 [24] CEH LCM2019 [24]
Class Label Accuracy (%) Areal Extent (km2) Areal Extent (km2) Class Label
Lowland acid grassland 78.4 22.9 372.6 Acid Grassland
Upland acid grassland 78.4 57.1
Bracken 80.0 175.5

0.1 Calcareous Grassland
Lowland meadows 70.8 1.5 1.9 Neutral Grassland
Upland hay meadows 70.8 0.5
Modified grassland 79.7 273.2 271.3 Improved Grassland
Upland oakwood 0.0 0.4 122.3 Broadleaved woodland
Other broadleaved, mixed
and yew woodland

79.5 136.9

Coniferous woodland 100.0 23.5 34.5 Coniferous woodland
Lowland Heathland 54.7 13.5 12.7 Heather
Upland Heathland 54.7 58.1 0.1 Heather grassland
Gorse scrub 45.5 10.5
Blanket bog 75.0 6.2 97.4 Bog
Acid grass over degraded blanket bog 70.0 79.5
Heathland over degraded blanket bog 70.0 41.2
Unvegetated degraded blanket bog 70.0 6.2
Purple moor grass and rush pastures 61.5 9.2
Flushes, fens, marsh, and swamp 90.0 5.4 0.0 Fen, Marsh, and Swamp
Cropland 73.9 5.8 22.9 Arable and Horticulture
Urban 59.3 19.8 0.8 Urban

0.0 18.2 Suburban
Inland rock 62.5 5.3 0.1 Inland Rock
Rivers and lakes 93.8 3.0 0.7 Freshwater

This dataset is important to incorporate as it informs us of the vegetation that is present
on Dartmoor. This can then be converted into the cost of walking over different types of
habitat classes, where areas with easy terrain are assigned a low cost and vice versa.



ISPRS Int. J. Geo-Inf. 2024, 13, 130 9 of 24

3.1.7. OS Maps User Generated Routes

This dataset contains user routes extracted from the OS Maps app, spanning the
period from April 2019 to May 2022. To ensure data quality, a two-step filtering process was
applied. First, duplicate routes based on geometry were removed. Second, routes exceeding
a distance threshold of 10 m between consecutive GPS points were excluded. This threshold
aimed to eliminate manually created routes or those recorded while the user was inside a
vehicle. The total number of user routes extracted was 1353. By implementing these filters,
we ensure the dataset comprises walking routes collected during actual navigation, and
can be used to assess the quality of routes generated by the routing algorithms.

3.2. Methods
3.2.1. Creating a Spider-Grid Subgraph

To enable users to route from one node to another and to cope with the complexities
of obstructions and hazards, a Spider-Grid was chosen instead of the popular Visibility
diagram as the subgraph. A 25-m Grid was chosen to balance the computational time with
the level of detail to enable accurate routing based on the selected criteria.

The following subsections describe a step-by-step process of creating the subgraph.
The process is illustrated in Figure A1 in the Appendix A.

Node Creation

The 1 km bounding dimensions for the grid are extracted from the OS British National
Grid dataset. A grid is generated with nodes placed at 25-m spacing along the X and Y axes
(Figure 4A). Using the Terrain 5 DTM, the elevation is then extracted for each point.

Figure 4. (A): An illustration of nodes created for a subgraph at 25 m resolution in both x and y axes.
(B): The same subgraph, but with queen contiguity links.

Link Creation

To create links between the nodes, queen contiguity is used. In queen contiguity, the
primary cell is linked to all eight adjacent grid cells (see Figure 4B).

From the newly created links, the length is extracted using BNG. The elevation for
each node is extracted from the Terrain 5 dataset, and is used to calculate the height change
for each link. Height changes are subsequently used to calculate the gradient and the time
to cross each link in minutes. The angle of gradient for each link is calculated using simple
trigonometry with the length of the link and the change in height. Naismith’s rule, which
considers distance and elevation gain, is used to estimate the average total time to cross
each link in minutes [25]. The rule assumes a 5 km/h walking speed. The link length is
divided by 5 (km/h) and then by 60 (minutes/hour) to give the base travel time in minutes.
To account for elevation gain, one minute is added per 10 m of ascent.

3.2.2. Enhancing the Subgraph

This subsection discusses incorporating datasets to enhance the subgraph by removing
hazards and obstacles, integrating a path network, and defining a terrain coefficient.
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Integrating a Path Network

The path network (PN) is integrated by extracting paths within the bounds of the
subgraphs using an intersection query. To add the PN, each path is converted into segments
of its coordinates. The intersection coordinates collected are used to find the corresponding
links in the subgraph network to include the PN path (Figure 5A). Located subgraph
links are split into two links: one from the start to the intersecting point and one from the
intersecting point to the end of the link.

Figure 5. (A): Example identification of intersecting points with subgraph. Points in red represent
the intersecting points and lines in red represent the link they correspond with. (B): Fully integrated
example of PN path into the subgraph.

The intersection points are added to the coordinates of the original PN path line string
segments. The new line is broken into individual links using new coordinates. These
links are given attributes such as length, gradient, and climbing time, using the method
described in the Link creation subsection above. The converted PN links and points are
combined into the network, leaving a new network with an integrated PN (Figure 5B). The
advantage of this approach is that detailed information about existing paths is not lost in
the subgraph.

To incorporate the PN into a shortest-path algorithm, a cost is needed. We use binary
weighting; PN links receive a cost of 0, which means they are free of additional cost and are
the preferred path, while other links receive a cost of 1.

Removing Obstructions, Hazards and Private Land

To prevent routes from being created in private or hazardous areas, links and nodes
in these areas must be removed. A spatial intersection is used to remove nodes and links
that intersect with areas defined as slopes, cliffs, rocky outcrops, and obstructions such as
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boundaries and watercourses (as illustrated in Figure 6). An exception is made if the PN
is present, as these paths can be permissive footpaths offering safe navigation of hazards,
such as a bridge intersecting a body of water, or a gate (stile) intersecting an obstruction
such as a wall.

Figure 6. Example of spatial intersection to only leave blue area (access land) with maroon objects
signifying hazards, obstructions, or private land.

Incorporating Land Cover

The high resolution and variety of the Habitat Classification map allows the enhance-
ment of the links by incorporating terrain conditions. Classification values are extracted
from the raster for each node and link. A cost is applied to each habitat based on the effect
that land cover has on walking.

Studies have shown that terrain affects walking speed, energy consumption, and
mood. Taylor et al. [2] established that nine out of ten people agreed that the terrain
they walked on affected their walking pace. Thus, an accurate value (terrain coefficient)
is required to quantify the effect of terrain on walking speed [2,26]. This is particularly
important for routing across open access land, where suggested routes do not have to stick
to paths or roads and can incorporate a variety of different terrains.

In the literature, two approaches have been taken to measure a terrain coefficient:
measuring oxygen consumption to calculate the energy cost [3,27,28] and comparing
travel times over different terrains [29]. In our study, we use Herzog’s paper on terrain
coefficients [30], which reviewed a number of coefficients from previous studies (see
Table 2 and Equation (5)). Approximations were made for land covers not covered by these
studies [24].

Table 2. Terrain coefficients for different terrains as compiled by Herzog [30].

Terrain Coefficient
Asphalt/blacktop 1.0
Grass and Dirt road 1.1
Light brush 1.2
Ploughed field 1.3
Heavy brush 1.5
Hard-packed snow 1.6
Swampy bog 1.8
Loose sand 2.0

Energy cost prediction equation:

M = η(W + L)[2.3 + 0.32(V − 2.5)1.65 + G(0.2 + 0.07(V − 2.5))] (5)

where M = metabolic rate (kcal/hr), η = terrain factor defined as 1 for treadmill walking,
W = body weight (kg), L = external load (kg), V = walking speed (km/hr), and G = slope
(grade) expressed as percentage, as presented in [3].
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The urban land cover classification refers to “constructed, industrial and other artificial
habitats” [24]. In the subgraph, this refers to roads and man-made tracks primarily covered
by rock or asphalt. According to Soule and Goldman [3], roads offer optimal surface
conditions for walking due to their high level of visibility and smooth terrain with little
difference compared to walking on a treadmill. These are assigned the terrain coefficient
of 1.0 (Tables 2 and 3). Acid grasslands and modified grasslands are associated with low-
growing habitats such as fine grasses and low-growing herbs (Figure 7A) [31]. The closest
association is grass, and therefore a terrain coefficient of 1.1 is used (Tables 2 and 3).

Bracken and meadow habitats are associated with ‘light brush’ and receive a terrain
coefficient of 1.2. (Tables 2 and 3). Cropland is generalised to the terrain coefficient of the
‘ploughed field’ of 1.3. Woodlands are associated with the terrain coefficient of the ‘heavy
brush’, although different forests have varying impacts on walking [32] (Tables 2 and 3).
Heath land is also associated with the ‘heavy brush’ terrain coefficient (Figure 7C) [31].

Habitats near peat deposits and impoverished soils, such as blanket bog and purple
moor grass, are associated with ‘swampy bog’ (Tables 2 and 3). Blanket bogs are almost
permanently waterlogged, making traversal difficult [31]. Acid grass and unvegetated
degraded blanket bogs have some uncertainty in defining their terrain coefficient. Degraded
blanket bogs are areas where drainage has caused the loss of peat-forming species that
have been overlain with other vegetation [24]. Association with blanket bogs suggests a
terrain coefficient close to ‘swampy bog’, but loss of peat-forming species suggests a lower
coefficient. To account for this uncertainty, a terrain coefficient was defined in between
(Tables 2 and 3).

According to Herzog [30], some vegetation provides difficult or highly hazardous
terrain and is given an extremely high terrain coefficient to demonstrate the likelihood of
obstruction or hazard (Table 3). Gorse scrub land dominates this category on Dartmoor,
and although its closest terrain coefficient is heavy brush, its height and high density make
it extremely difficult to traverse (Figure 7D) [33].

Figure 7. Images of different land covers at Haytor Down. (A): Acid grassland; (B): Braken; (C): Heath-
land; (D): Gorse.
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Table 3. Terrain coefficient scores assigned to each land cover classification.

Terrain Coefficient Land Cover Classification

Asphalt/blacktop 1.0 Urban

Grass and Dirt road 1.1
Lowland acid grassland,
Upland acid grassland,
Modified grassland

Light brush 1.2
Bracken,
Lowland meadows,
Upland hay meadows

Ploughed field 1.3 Cropland

Unclassified 1.4
Acid grass over degraded blanket bog,
Unvegetated degraded blanket bog

Heavy brush 1.5

Upland oakwood,
Other broadleaved, mixed and yew woodland,
Coniferous woodland,
Lowland Heathland,
Upland Heathland,

Hard-packed snow 1.6

Swampy bog 1.8
Purple moor grass and rush pastures,
Blanket Bog,

Loose sand 2.0

Hazardous 3.0
Gorse Scrubland,
Flushes, fens, marsh and swamp,inland rock

3.2.3. Creating Routes

The next step is to create routes in the subgraph. We used Weighted Sum–Dijkstra’s
algorithm to create routes based on multiple criteria.

Single Criterion vs. Multi-Criteria Routes

To create these routes, we follow a similar process to that of Kien Hua and Abdullah [6].
This involves using a Weighted Sum-Dijkstra’s algorithm, which combines WSM with
Dijkstra’s algorithm. WSM requires that the criteria values for each link are normalised
(Equation (1)). Each criterion is then multiplied by the weight of the criteria to produce
the final value of the criteria. This value is then summed with the other criteria values to
obtain a WSM value for each link (Equation (6)).

Weighted Sum method equation modified for specific criteria:

WSV = (Gnorm × Gweight) + (PNnorm × PNweight) + (TCnorm × TCweight) + (TTnorm × TTweight) (6)

where WSV = sum of all the final criteria values, Gnorm = normalised gradient value for
the link, Gweight = normalised weight for the gradient criterion, PNnorm = normalised Path
Network value for the link, PNweight = normalised weight for the Path Network criterion,
TCnorm = normalised terrain coefficient value for the link, TCweight = normalised weight
for the terrain coefficient criterion, TTnorm = normalised total time value for the link, and
TTweight = normalised weight for the total time criterion.

Converting Criteria to Be Implemented in Dijkstra’s Algorithm

Due to the nature of Dijkstra’s algorithm, we need to adjust the gradient, terrain
coefficient, and PN values to be proportional to the length of each link. This normalisation
is achieved by multiplying each link’s criterion value by its length.
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Choosing a Weighting Method

Choosing the correct weighting for the routes is important, as different weights will
change the outcome of the routes. While previous studies have used sophisticated methods
such as TOPSIS and AHP, these are more suited to problems where a single ideal solution
is sought, such as forest road routing. In the case of walking routes, weightings are subject
to change based on user preferences, so should be easy to adjust. Therefore, subjective
weightings were chosen because they reduce computational complexity and are easy to
explain and understand [16]. The ranking method was chosen to assign criteria weights
due to their simplicity when the number of attributes is low [16]. Ranking methods include
three ways to calculate weights: rank sum, rank exponent (see Equation (7)) and reciprocal
rank. Each process requires ranking the attributes from most to least important. After
calculating the weights, they are normalised by dividing each weight by the sum of all
the weights.

Rank exponent:
(n − r + 1)p (7)

where n = number of ranking attributes, r = rank given to the criteria, and p = exponential
parameter chosen by the user.

We chose the ranking exponent method due to the flexibility of adjusting the expo-
nential parameter p [34]. To determine the most suitable exponential parameter p, weights
were calculated using a value of zero to five similar to [35]. Three was chosen as it provided
a sufficiently steep weight distribution for the most important criteria to be the dominant
route decider. This was particularly important for routes that needed to preferentially
follow the PN, where if p was less than four, the routes significantly deviated from the PN,
while a p of five produced the same result as a single criterion method.

For simplicity, walking ability was divided into three categories: easy, intermediate,
and challenging, based on similar factors to route grading by OS Maps App, Ramblers
England, and Komoot [36–38] (Table 4). Referring to the classification from the OS Maps
App and Ramblers England, an easy walking ability (EWA) route should be generally
flat, be completely on the PN, and be on a well-paved surface. Intermediate walking
ability (IWA) is for the average walker with surface condition and gradient becoming a
less important factor. However, this classification still primarily follows the PN for easier
navigation. Challenging walking ability (CWA) is focused on including more flexibility on
the suggested route, and criteria such as staying on footpaths and gradient of the route are
less important.

Table 4. Characteristics of route difficulty defined by Ordnance Survey Maps [36].

Easy Moderate Difficult Severe

Gradient Generally Flat Moderate gradient Steep ascents and descents
Very steep ascents and
descents

Remoteness
Never far from the
road or an access point

Route could be exited in
around one hour

Route could be exited in
a few hours

Upland or very remote areas
far from any
habitation; could take
over half a day to exit
the route

Path type
Generally accessible paths,
surface usually paved or
hardened

Narrower paths but
mostly firm and stable
surfaces, rocks and
other obstacles maybe
be present

Mountainous with steep,
rocky sections requiring
very good coordination;
may involve crossing
streams or marshes

Involves non-existent or
unmarked trails and
scrambles, technical
equipment such as
rope may be required

Navigations
Well-marked paths, only
basic navigation required

Paths generally well
defined, signage or
marking may also
be present

Little signage, paths may
be poorly defined; map
and compass skills essential,
particularly in poor weather

“Off-the-beaten-track”:
extensive navigation
experience using compass
required
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These preferences are then converted into rankings (Table 5), which in turn are con-
verted to weightings using the ranking exponent and normalised (Table 6). An example of
the impact of the weightings and rankings on the network can be seen in Figure 8.

Table 5. Ranking assigned to each walking ability and criteria.

Criteria Gradient PN Surface Cost Total Time

Easy 3 1 2 4

Intermediate 4 1 3 2

Challenging 4 3 2 1

Table 6. Rankings converted into normalised weightings for each walking ability using rank exponent.

Criteria Gradient PN Surface Cost Total Time

Easy 0.045 0.723 0.229 0.0028

Intermediate 0.0028 0.723 0.045 0.229

Challenging 0.0028 0.045 0.229 0.723

Figure 8. Cost Maps for all the weightings in the Spider-Grid algorithm. © Crown copyright and/or
database rights 2022 OS (Research Licence).

The routing algorithm is implemented in Python and uses the following packages:
Shapely, NetworkX, Rasterio, and GeoPandas [39–42].

4. Evaluation Methods
4.1. Study Areas
Haytor Down (SX 7677) and Hound Tor (SX 7478)

Haytor is one of the most famous tors on Dartmoor (Figure 9). It draws tourists due
to panoramic views of Dartmoor from the top of Haytor Rocks and its accessibility from
major roads. The area contains a large number of footpaths, which can be used to test the
integration of the PN. In addition, Haytor Down incorporates large areas of private land to
the south-east, and a large number of obstructions such as streams and rocky slopes, which
will help test the algorithm’s ability to distinguish and remove such features.

In contrast, Hound Tor offers a more complex test environment due to its abundance
of walls and obstructions in the study area, limiting potential user paths. Furthermore,
prominent rocky outcrops like Hound Tor and Greator Rocks require clear identification
and removal as they pose safety hazards.
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Figure 9. Ordnance Survey MasterMap extract of Haytor Study area. © Crown copyright and/or
database rights 2022 OS (Research Licence).

4.2. Routes

To compare the Weighted Spider-Grid with other network-based routing graphs, the
start and end points of the user generated routes were extracted and used for routing.
A Visibility graph network was created using the pyvisgraph [43] Python package, and
combined with obstructions to create a direct comparison to the Weighted Spider-Grid. A
non-weighted version of the Spider-Grid was also created to compare the effectiveness of
weighting criteria.

Criteria chosen to evaluate the generated routes are as follows:

• Average PN as %: average percentage of the route that is on the Path Network;
• Average surface cost: average surface cost score over all the routes;
• Average gradient in degrees: average gradient change across all routes;
• Average total time in minutes: estimated average walking time in minutes across all

routes, calculated using Naismith’s rule;
• Average total length in metres: average distance of the routes in metres.

Furthermore, to visually compare the generated routes with user routes, line density
maps were created and overlaid to identify areas of common intersection. This analysis
provides insights into the quality of the generated routes by assessing their alignment with
real user preferences.

5. Results and Discussion

Tables 7 and 8 show how different routing algorithms scored on average across five
metrics. In the tables, Unweighted refers to Dijkstra’s algorithm without multi-criteria
weights. EWA, IWA, and CWA use the different weighting schemes outlined in Table 6.
Although several previous studies highlighted the efficacy of Visibility graphs for open
areas [5,8,9], the results suggest it may not be the most suitable for complex open areas. Al-
though the Visibility-generated routes offer slightly quicker and shorter routes, only about
10% of the Visibility routes follow the existing PN. This can be seen in Figures 10 and 11,
where the Visibility routes have very little overlap with the user-generated routes.
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Table 7. Comparative results for each routing algorithm for Haytor.

Avg. PN(%) Avg. Surface Cost Avg. Gradient (◦) Avg. Total Time (min) Avg. Total Length (m)

Visibility 10.25 1.50 3.90 9.41 607.42

Unweighted 63.26 1.19 3.51 9.63 637.42

Easy (EWA) 97.01 1.04 3.31 11.00 735.26

Intermediate (IWA) 96.70 1.04 3.31 10.90 728.41

Challenging (CWA) 83.21 1.08 3.36 9.79 652.60

Table 8. Comparative results for each routing algorithm for Hound Tor.

Avg. PN(%) Avg. Surface Cost Avg. Gradient (◦) Avg. Total Time (min) Avg. Total Length (m)

Visibility 10.54 1.31 3.30 4.68 326.06

Unweighted 72.68 1.11 4.43 11.93 732.01

Easy (EWA) 88.85 1.08 4.51 12.64 772.25

Intermediate (IWA) 88.90 1.08 4.50 12.59 769.25

Challenging (CWA) 79.10 1.09 4.30 11.95 736.60

In addition, Visibility routes have high surface costs, indicating the presence of harder-
to-walk terrain such as heavy brush (Table 3). In comparison, the CWA routes have a
surface cost that is closer to that of grass and dirt roads (Table 3), which is more conducive
to walking, while only being 50 m longer on average for Haytor. This can be seen when com-
paring the density overlap of the CWA routes to the Visibility routes in Figures 10 and 11,
where the CWA routes have a much higher overlap than the Visibility routes.

One limitation of the current algorithm is a mismatch of obstructions between the real
world and the MasterMap Topology dataset, as observed in the southeastern portion of
Houndtor. During the creation of the Spider Grid, a large number of nodes and links were
removed from this area due to the presence of numerous walls and other obstacles. Conse-
quently, it was impossible to generate routes in this region for comparison with the user
routes. This limitation appears to stem from the MasterMap Topography dataset, which
seems to lack up-to-date information regarding where walls exist that users can traverse.

Interestingly, EWA and IWA routes have very similar characteristics in terms of
gradient, surface cost, and PN. Both algorithms prioritise using the PN (i.e., both have a
PN rank of 1), which cause the calculated routes to remain on the PN for almost 89% of
the routes in Hound Tor and over 96% in Haytor. Additionally, the EWA and IWA routes
have an average surface cost in the range between 1.0 and 1.1, which suggests that the
routes are likely to be easier to traverse if accessibility is an issue (Table 7). This preference
seems to match the user largely with routes with both EWA and IWA having a high degree
of intersection.

A likely explanation for this similarity between EWA and IWA is the high weighting
of the PN, which prevents the IWA routes from deviating to routes that have significantly
different characteristics.

In summary, the EWA and IWA routes are very similar, on average, to the user routes
and offer the best routes when using the PN, a less challenging terrain, and a flatter gradient.
Alternatively, CWA routes, which prioritise total time and ranks the PN% third, are indeed
more off the footpaths, and shorter in both time and distance. Interestingly, for Haytor,
they also offer the most similar routes to the user routes—a likely explanation is that the
algorithm picks up ‘unofficial’ footpaths which are more direct towards the end point.

All three methods built using the Weighted Sum–Dijkstra’s algorithm are likely to
be considered more favourable for walking compared to the Visibility routes due to their
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higher percentage of on-the-path network, lower surface cost, and less extreme gradient.
And most importantly, they do resemble the actual user-generated routes.

Figure 10. Density Comparison of the routes generated and the user routes for Haytor. © Crown
copyright and/or database rights 2022 OS (Research Licence).
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Figure 11. Density Comparison of the routes generated and the user routes for Houndtor © Crown
copyright and/or database rights 2022 OS (Research Licence).

6. Conclusions and Recommendations

In this paper, we proposed an algorithm for routing on access land that incorporates
multi-criteria decision-making. The proposed approach uses a spider grid subgraph and a
Weighted Sum–Dijkstra’s algorithm, and is tested on case studies in Dartmoor National
Park. The algorithm is able to generate routes that consider multiple criteria such as
gradient, surface cost, path network, and total time, with different criteria weights resulting
in different route preferences. The algorithm performed better than other network-based
routing methods such as Visibility graphs in terms of realism and flexibility of the routes. In
particular, incorporating the existing PN and adjusting its weight provides routes tailored
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to a range of capabilities, from easy to challenging. These findings have implications
for improving accessibility and safety of access land for walkers with different abilities
and preferences. They also contribute to the existing literature on open area routing and
multi-criteria decision making.

Moreover, this research has potential applications for other domains and scenarios
related to access land. The results could be used to:

• Inform national park agencies on where to create alternative routes when erosion of
the footpath means that a path must be diverted;

• Make protected habitats inaccessible to users and prevent further damage and disrup-
tion of local ecosystems;

• Provide alternative routing in emergency scenarios, such as finding the most favourable
route for the evacuation of people due to flooding or landslides.

Some directions for future research include testing the algorithm on other areas of
access land with different characteristics and data sources, incorporating user feedback and
preferences into the route generation process, and developing a user-friendly interface for
the algorithm.
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Appendix A
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Figure A1. Complete subgraph creation process for Haytor Down. (A): Node creation, (B): Link
creation, (C): Detailed Path Network integration, (D): Non access land removal, (E): MasterMap
polygon layer removal, (F): MasterMap line layer removal. © Crown copyright and/or database
rights 2022 OS (Research Licence).
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