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Abstract: The purpose of this work is the development of an automatic procedure for the analysis
and optimization of hiking paths. The paper verifies its application to the mountain trails network
of the Trentino, alpin region of Italy, where the digital trail map of the Tridentine Alpinist Society
(Società degli Alpinisti Tridentini, SAT) is available. The map is provided in the KML, SHP and
GPX formats with Open Database License (OdbL) license. The availability of this map allows the
analysis  of  the  topological  features  and environmental  aspects  of  the  corresponding network
graph. Moreover, it is possible to implement path optimization tools, selecting distance, walking
time and upward slope as cost. The evaluation of the traveling times for each path is carried out
according to the Schweizer Wanderwege formula, which links walking speed to the slope, but
with the possibility of adding reductive coefficients of the speed as a function of the accidentality
of the terrain. The estimated time for each trail has been verified by comparing it to the empirical
travel  time published by the  SAT.  After modifying the  network topology by breaking  lines  at
intersection points, it has been possible to compute the traveling time for each trail section.
Traveling times in the two directions, length and altitude difference has been associated to each
trail section, to be used as “costs” in path minimization. Points of interest have been added to the
network to be used as nodes, i.e. points of departure and / or arrival of routes or intermediate
stop points. These points have been associated with relative "cost" values of the average stay
times. Simulations have also been done on the network graph in order to identify the minimum
paths:  starting  from  a  parking,  touching  some  significant  points  (shelters,  mountain  huts,
panoramic  sites,  ...)  and  returning  to  the  initial  parking  lot.  The  whole  procedure  has  been
automated  in  GRASS  GIS  through  a  Python  script.  Estimated  traveling  times  are  in  good
agreement with empirical times and the network analysis and path minimization have shown that
the minimum cost path can be very different depending on the cost choice.  In particular,  for
mountain paths, shortest paths are different whether the distance, the traveling time or the total
height difference is minimized.

Keywords: Hiking trails; Network; Graph analysis; Travelling salesman problem; Path 
optimization

Notation

e = number of network edge;
n = number of network nodes;
p = number of isolated sub graphs;
μ = number of possible cycles;
α = connectivity index α;
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β = connectivity index β;
γ = connectivity index γ;

Introduction

Trentino, formally the Autonomous Province of Trento, is a region of Italy in the north
east Alps. The area is currently investigated in the Trentinoland project (Gobbi et al., 2019a),
which aims to build a comprehensive dataset describing the region landscape and ecology
evolution through the analysis of historical maps (Zatelli et al., 2019) (Gobbi et al., 2019b)
(Ferretti et al., 2018) and aerial images (Gobbi et al., 2018).

Mostly covered by mountains and forests,  the region provides many opportunities for
outdoor activities, such as mountain climbing, trekking and winter sports.

The Società degli Alpinisti Tridentini (Society of Tridentine Mountaineers, SAT) is the
association that historically manages and maintains the official network of mountain trails
and  publishes  on  its  website  (SAT,  2018)  a  digital  map  of  the  Trentino  mountain  trail
network. While the main use of this map is to provide guidance through the use of the paths
in GPX format in hiking satellite navigators, the availability of the path map in digital format
makes  it  possible  to  use  this  information  in  environmental  models  in  a  Geographic
Information System GIS. It is also possible to use this map for analyzing the network and
determining optimal routes.

Network  analysis  tools  are  useful  for  managers  to  study  the  network  connectivity,
identifying some critical components, such as the sections (arcs) that make up the so-called
bridges, i.e. the connecting elements between different subnets otherwise isolated. These
are arches which, due to their relative importance, must be safeguarded and subjected to
more scrupulous maintenance.

The calculation of routes solves the classic optimization problems on a network: shorter
route between two points, shorter route that passes through a given set of points and shorter
ring route that passes through a given set of points. This last case constitutes the so-called
"Traveling Salesman Problem, TSP" which requires the identification of the shortest route to
reach all customers and return to the base. In operational terms, the solution to the problem
involves  the  construction  of  a  graph  whose  nodes  represent  the  headquarter  and  the
customers’ venues of the traveling salesman, while the arcs correspond to the paths between
the nodes, in order to identify a circular path that touches all  the nodes minimizing the
distance. The problem, however simple to describe, is somewhat complex to solve, since the
number of its solutions grows very rapidly as the number of nodes increases (Reinelt, 1994).
The optimal route is determined by minimizing a "cost", which usually corresponds to the
geometric  distance  between  two  points.  Often,  however,  depending  on  the  field  of
application, it may be advisable to use other quantities as an element of "cost": in particular,
for mountain routes, due to the strong altimetric variations, it can be more significant to
minimize the travel time or the total height difference.

This  paper  describes the topological  analysis  of  the Trentino mountain trail  network
maintained by the SAT, with particular respect to its connectivity and redundancy. Moreover,
the network connectivity and centrality is evaluated also with respect to SAT’s alpine huts.

Finally, an application of the network analysis methods for the optimization of routes on
alpine  paths  with  minimization  of:  distance,  travel  time,  altitude  difference  in  uphill  is
presented for a sub network in the north west part of the region. The analysis of the actual
network is  necessarily  preceded by the correction of  its  topology.  The calculation of  the
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walking times of  the paths and the difference in height uphill  on each stretch has been
performed using a custom algorithm.

1    Materials and methods

The area  of  the  Trentino  region is  about  6200  km2,  mostly  covered  of  forests,  with
elevation ranging from 64 m.a.s.l. (Valle del Sarca) to 3769 m.a.s.l. (Monte Cevedale).

The SAT trail network1 includes 858 alpine trails, 123 equipped alpine trails and 70 vie
ferrate (protected climbing routes) (Table 1).

Type of trail Number Length [m] Equipment length [m]
Alpine trails 858 4,376,280 436
Equipped alpine trails 123 866,990 8,364
Vie ferrate 70 265,090 19,956
Total 1,051 5,508,360 28,756

Table 1 – SAT trail network features on 31/12/2018.

A vector map of  the trail  is  available in KML, SHP and GPX formats with Open
Database License (OdbL) license (Database Contents License v1.0, 2018). This license
allows the free use of the map and its derivatives also in commercial applications.

The list of the alpine refuges managed by the SAT is available as a spreadsheet2, which
includes the coordinates of the refuges in different datums and map projections. A vector
map for the refuges has been created in the ETRS89/UTM32N (EPSG 25832) datum.

Elevation,  elevation  changes  and slope  has  been evaluated  using  the  Digital  Terrain
Model  (DTM) available on the Portale  Geocartografico Trentino3 with Creative Commons
Attribuzione 3.0 Italia (CC BY 3.0 IT) license. The map is provided in the ETRS89/UTM32N
(EPSG 25832) datum with 10 m resolution.

Map management  and  the  network  analysis  has  been  carried  out  using  GRASS GIS
(GRASS Development Team, 2017), a Free and Open Source GIS widely used for research
(Neteler et al., 2012) and education (Ciolli et al., 2017) in the geospatial field. GRASS GIS
provides 16 modules for the management and analysis of networks.

2    Topological analysis of the trail network

For the determination of the optimal paths, the trail network is represented by a set of
nodes and arcs that indicate their connections. Therefore, the possible paths between the
nodes and their features can be evaluated.

The original vector map, in ESRI Shape format, does not provide the topology, which
must therefore be reconstructed during the acquisition phase in a GIS system. The map
contains the single trails as lines, the common sections between trails are reported either
with overlapping segments or with close but separate lines. Moreover, intersections between
trails  do  not  correspond  to  nodes.  This  requires  pre-processing  the  map  to  eliminate
duplicate sections and break the lines of the trails at the intersections. The application of
automatic tools for correcting the topology, which removed 163 duplicate lines and created
1625 nodes at  the intersections,  solved most  of  the problems but  in  some cases  it  was
necessary to intervene manually, in particular where some trails intersected several times
over a short distance.

1https://sentieri.sat.tn.it/?page_id=594
2https://www.sat.tn.it/rifugi/elenco-rifugi
3http://www.territorio.provincia.tn.it
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Alpine refuges managed by the SAT have been added to the trail  network as nodes,
representing points of interest for hikers. Each node has been assigned a typical residence
time, which can be used as the "crossing" cost of the node in determining the optimal routes.

2.1 Global connectivity evaluation

Global connectivity indexes have been evaluated following (Gattuso and Miriello, 2005)
and (Taczanowska et al., 2014), based on connectivity indexes (Unwin, 1981) (Haggett and
Chorley, 1969). Given the number of edges  e,  the number of nodes  n and the number of
isolated subgraphs p, it possible to define:

 number of cycles
  which  compares  the  number  of  cycles  in  a  graph  to  the  maximum

number of possible cycles. High values of the index indicate a well-connected network
with high redundancy;

  which expresses the level of connectivity in a graph by the ratio between the
number of edges (e) over the number of nodes (n). The value of β is lower than 1 for
simple networks and trees, it is 1 for a connected network with one cycle and has
values higher than 1 for complex networks, with a large number of possible paths;

  which measures the connectivity through the relationship between the
number of observed and possible links. Its value ranges between 0 and 1, with γ =1
for completely connected networks.

After the creation of nodes at the intersections and the removal of duplicate lines, the
SAT trail network has 2518 edges (e) and 2016 nodes (n) with 66 isolated subgraphs (p).
Therefore,  for  this  network  μ=478,  α=0.12,  β=1.20 and γ=0.40.  These  values  indicate  a
medium connectivity,  with an average of 1.20 connections (edges)  per node (β).  The low
value of α indicates a low number of possible cycles, while an intermediate value of γ denotes
a medium connectivity. Altogether these values indicate a network structure between the
core (tree) and the grid configuration.

For comparison, Kołodziejczyk (Kołodziejczyk, 2019) has evaluated the same quantities
for two trail networks with roughly a tenth of edges and nodes. For the Krkonoše National
Park (Czech Republic), with 358 sections and 194 nodes, the values μ=167, α=0.44, β=1.84
and γ=  0.61  correspond  to  a  grid  scheme,  while  for  the  Peneda-Gerês  National  Park
(Portugal) with 177 sections and 124 nodes, the values  μ=68,  α=0.28, β=1.42 and γ=0.48
suggest a core/grid configuration. 

Taczanowska  et  al.  (Taczanowska  et  al.,  2014)  have  found  similar  values  for  trail
networks for a much smaller  recreational  area in  Austria,  comparing the results  for  the
network  taking  into  account  all  the  used  trails  with  those  calculated  when  only  the
designated (marked) trails are considered. The complete network, with 405 edges and 268
nodes,  α=0.25, β=1.51 and γ= 0.50, corresponds to a grid configuration. The sub network
corresponding to designated (marked) trails has lower values β=0.61 and γ= 0.21, therefore
it is closer to a core configuration.

The  minimum  spanning  tree  for  the  trail  network  (Fig.1),  i.  e.  the  sub  network  of
minimum length connecting all the nodes, contains 2193 arcs out of the original 2681, for a
total length of 3982.86 km instead of the original 5393.43 km. This means that only 81.80%
of the arcs, corresponding to the 73.85% of the total trail network length, are needed to
connect all the nodes.
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Figure 1 - minimum spanning tree for the trail network.

2.1 Local connectivity evaluation

Local  measures  of  the  connectivity  have  been  evaluated  to  investigate  possible
differences in different parts of the network and to highlight local topological features. 

The first analysis has determined the number and location of  bridges and articulation
points. Arcs are bridges if and only if they are not part of any cycle. The deletion of a bridge
increases the network connectivity. Articulation points (cut points) are nodes belonging to
every path between some pair of other nodes. The removal of articulation points increases
the number of connected components. The SAT trail network contains 899 bridges (Fig. 2)
and 793 articulation  points  (Fig.  3).  Trail  sections  constituting  a  bridge  need particular
maintenance  since  they  are  the  only  path  to  an  ending  node.  At  the  same time,  nodes
representing  articulation  points  must  be  careful  maintained  because  they  connect  sub
networks.
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Figure 2 – Bridges (trail sections not part of any cycle) of the trail network.

Figure 3 – Articulation points (nodes belonging to every path between some pair of
other nodes) of the trail network.

The  relative  importance  of  nodes  in  a  network  can  be  assessed  by  computing  their
centrality measures (Borgatti and Everett, 2006):

 degree centrality, which is the number of edges connecting a node;
 closeness centrality, defined as the average length of the shortest path between a

node and all the other nodes in the network; the more central a node is, the closer it
is to all other nodes;

 betweeness centrality, measuring the average length of shortest paths between two
any other nodes passing through the node; the value is 0 if no shortest path passes
through the node;
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 eigenvector centrality, which assesses the influence of a node on a network by its
connections to other nodes with high eigenvector centrality.

Table 2 shows the main features of the four centrality indexes, their spatial distribution
is mapped in Fig. 4, Fig. 5, Fig. 6 and Fig. 7.

Table 2 - Degree centrality, closeness centrality [m], betweeness centrality [m] and
eigenvalue centrality distribution parameters for the SAT (Società degli Alpinisti Tridentini)

trail network.

Degree centrality ranges from 1 (a node connected by just one edge) and 5 (a node with
5 connections), Figure 4 shows that, as expected, the degree centrality is higher for nodes
close to the centers of trails sub network. The median value of 3 indicates that more than
half of the nodes can be reached using more than one trail.

Figure 4 – Degree centrality (number of edges connecting a node) of the trail network
nodes.

Closeness centrality, the average length of the shortest path between a node and all the
other nodes in the network, has a mean value of 28209.08 m, with a high variability between
446.07 and 85633.16. Nodes with average short connections are located in the peripheral
parts of the sub networks, while nodes of the north east part of the network correspond to
higher values of closeness (Figure 5).
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Figure 5 – Closeness centrality (average length of the shortest path between a node and all
the other nodes in the network) of the trail network nodes.

Betweeness centrality has a maximum value of 99176.00 m, corresponding to a node in
the north east extremity of the network (Figure 6). The distribution of the values is very
heterogeneous, with very high values in the east part of the network.

Figure 6 – Betweeness centrality (average length of shortest paths between two any other
nodes passing through the node) of the trail network nodes.

Finally, eigenvector centrality, which ranks the nodes depending on their connection to
well-connected nodes, is maximum for two nodes in the eastern part of the network, with a
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third high ranking node nearby (Figure 7).

Figure 7 – Eigenvector centrality (influence of a node on the network) of the trail
network nodes.

3    Paths optimization

The route optimization methods have been applied to a sub set of the trail network,  in
the north west part of the region. This area corresponds to the Brenta mountain group and
includes 47 of the 1051 SAT trails, for a length of 119,975 meters, compared to 5,508,360
meters  of  the entire  trail  network,  i.e.  2.2% of  the total.  15 refuges,  2 huts  (“baita”  or
“baito”) and 2 high mountain pasture huts (“malga”) have been added to the network, to be
used as points of interest for path optimization.

The network thus prepared was used in GRASS GIS for the determination of the paths
along  the  trails  that  minimize  the  quantities  associated  with  each  section  of  the  path:
planimetric distance, travel time and uphill altitude difference.

The entire procedure has been coded in a Python script in GRASS GIS 7.6, making the
procedure automatic, requiring only a vector map containing the trail network and a Digital
Terrain Model (DTM), for calculating slope and elevation changes, to evaluate travel times.

Point of interest Elev. Point of interest Elev.
Baita Ciclamino 927 Rifugio Croz dell'Altissimo 1.441
Baito Brenta Alta 1.668 Rifugio Montanara 1.507
Malga Cavedago 1.852 Rifugio Pedrotti 2.500
Malga Spora 1.857 Rifugio Pradél 1.364
Rifugio Alberto e Maria ai Brentei 2.179 Rifugio Sella 2.282
Rifugio Alimonta 2.589 Rifugio Selvata 1.656
Rifugio Brenta 1.357 Rifugio Tosa 2.449
Rifugio Cacciatori di Spora 1.868 Rifugio Tuckett 2.270
Rifugio Casinei 1.825 Rifugio XII Apostoli 2.490

Table 3 – Points of interest used as nodes for optimal paths determination and their
elevation.
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Figure 8 – The trail sub network used for the paths optimization tests.

The travel times of the individual sections of the paths have been assessed in the two
directions using the indications of  the Swiss Body Pro Sentieri  (Schweizer Wanderwege,
2006), which relate the walking speed of a standard person (adult individual in good physical
condition but without specific athletic skills) with the slope of the path. On the basis of this
parameter, a relationship between travel speed and slope of the path was then formulated as
a piecewise third degree polynomial (Ciolli et al., 2006a), as shown in Table 2.

It is possible to introduce penalizing coefficients according to the characteristics of the 
terrain (altitude, accidentalness of the terrain and density of the vegetation) and the person 
(gender, age and fitness) (Ciolli et al., 2006b; Ciolli et al., 2006c), but here the analysis refers
to a standard person.

Slope interval [degrees] Speed polynomial [Km/h]
[-90 ÷ -80] 0.05
(-80 ÷ -45] 0.0002 p2 + 0.0285 p + 1.162
(-45 ÷ -7] 0.0005 p3 + 0.0067 p2 + 0.3169 p + 5.8524
(-7 ÷ 4] 0.0012 p3 − 0.0194 p2 − 0.1559 p + 4.2097
(4 ÷ 25] −0.00008 p3 + 0.0091 p2 − 0.3296 p + 4.5583
(25 ÷ 80] 0.0003 p2 − 0.0437 p + 1.6718
(80÷ 90] 0.05

Table 4 – Polynomials for calculating the walking speed of the paths as a function of the
slope p.

The paths were discretized in sections of 10 m and for each section altitude, slope and
travel speed were calculated in both directions. This is because the same stretch can have a
significantly different cost depending on the direction of travel, due to its slope. For this
reason, the graph and the implemented calculation model are asymmetric.

The altitude is obtained from a digital terrain model (DTM) with a resolution of 10 m.
Tests previously conducted on some trails in another area in central Trentino, in the Vigolana
mountain group, have shown that using DTMs with higher resolution leads to a significant
difference in the assessment of travel times only for short and winding paths.
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Cat Time forward [h] Time backward [h] Elev. change.
forward [m]

Elev. change.
backward [m]

3 0.033 0.026 6.588 0
11 0.008 0.005 2.485 0
13 0.058 0.035 20.479 0
15 0.086 0.071 12.765 0
20 0.033 0.037 0 4.213
21 0.188 0.234 0 43.094

Table 5 –  Attributes associated with the path sections. The null  value, in the height
difference columns, indicates that the corresponding value of the other column must be used
but with a negative sign.

The calculated travel times were compared with the times reported by the SAT itself (an
example is in Table 2): good agreements were found, with an underestimation of the times in
some cases,  also  taking  into  account  the  fact  that  published  times  have  typically  a  15'
resolution, while times are calculated with 1' resolution.

Evaluated time SAT tables times

Trail num. Forward Backward Forward Backward
447 4:44h 2:59h 5:00h 3:45h

442 2:55h 1:46h 3:00h 2:00h
431 5:09h 3:14h 5:15h 4:00h

425 5:06h 4:12h 4:40h 4:00h

Table 6 – Walking times of some paths in the Vigolana group.

3    Results

For the tests, a ring route was studied, which starts from the Casinei refuge at an altitude of
1825 m and passes through the Tosa refuge (2449 m), the Montanara refuge (1506 m) and
Malga  Cavedago  (1852  m),  to  return  to  the  Casinei  refuge.  The  optimal  routes  were
determined in three different ways, using the planimetric distance, the travel time and the
difference in altitude respectively as the cost to be minimized. Table 7 shows the distance,
travel time and altitude difference for the three optimal routes.

Minimized cost Distance
[m]

% Time [h] % Elev. change [m] %

Distance 34.797 100,00 25,24 100,52 2.626,74 102,79
Time 35.398 101,73 25,11 100,00 2.815,55 110,18
Elevation change 41.927 120,49 31,80 126,64 2.555,52 100,00

Table 7 – Distance, travel times and uphill gradients for the three routes determined by
minimizing the three sizes and percentage of each cost with respect to its minimum value.

A  different  choice  of  the  quantity  to  be  minimized  determines  optimal  routes  with
significantly  different  characteristics,  for  example  minimizing  the  difference  in  altitude
increases the distance by about 20% compared to the shortest route and the walking time by
about 27% compared to the fastest route. Figures 9 to 11 show the three minimum routes: it
is  possible to note that  some sections are selected whatever the cost  (distance,  time or
difference  in  altitude)  that  is  minimized,  while  other  sections  change,  especially  in  the
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eastern part of the map.

Figure 9 – Path minimizing planimetric distance.

Figure 10 – Path minimizing travel time.

Figure 11 – Path minimizing slope (uphill altitude difference).
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4    Conclusion

The availability of the digital SAT map with OdbL license opens the possibility of a wide
range of interesting analyses, both for the network managers and for its users.

As  a  precondition  for  any  analysis  of  this  type,  the  topology  of  the  map  must  be
corrected, passing from a map corresponding to a simple collection of the lines representing
the  paths  to  a  network  configuration,  without  duplicate  arcs  and  with  nodes  at  each
intersection.

The analysis of the trail network topology has indicated some interesting features, such
as the heterogeneity of the centrality of the nodes, with few high ranking nodes with respect
to the eigenvalue centrality. The automatic determination of the differences in height and the
travel times of sections of paths allows to attribute differences in level and times to each
arch of the network and therefore to use these quantities as costs to be minimized in the
calculation  of  the  routes.  The  test  carried out  has  shown that  a  different  choice  of  the
optimization parameter leads to significantly different paths.

For final users the present study provides an efficient tool to customize the routes based
on individual preferences with respect to points of interest, distance, slope and travel time.
This type of service has the advantage to support individuals in maximizing the utility they
derive from outdoor recreational activities in mountain areas. An increasing effort have been
made  to  study  preferences  and  demand  of  tourists  and  hikers  for  Cultural  Ecosystem
Services (CES) (Carvalho Ribeiro et al., 2013) and to map, globally and locally, the provision
of these services (Albert et al., 2016). In fact, outdoor recreational activities are the result of
the  combination  of  attitudes  of  final  users  and  the  natural  environment  in  which  these
activities are experienced. For this reason, the analyses provided in this study can be used to
efficiently  manage  the  trails  networks  in  order  to  fully  exploit  the  attractiveness  of  the
mountain areas and to maximize the quality of  tourism experiences (Bachi  et  al.,  2020).
Furthermore, it is widely recognized that the provision of CES generates a flow of benefits
with a measurable, and significant, economic value (inter alia de Groot et al., 2012; Schirpke
et al., 2016; Stålhammar and Pedersen, 2017) that should be taken into account in designing
management plans. 

For the network managers, the analyses presented in the previous sections could be an
excellent  tool  to  manage  conflicting  interests  in  use  may  potentially  arise  (Jacob  and
Schreyer, 1980). The literature on this topic has focused mainly on interpersonal conflict, i.e.
when  “another  person's  behaviour  can  actually  alter  the  desired  social  or  physical
components of the recreation experience” (Jacob and Schreyer, 1980; p. 369). Examples of
these conflicts are the ones rising between hunters and non-hunters (Vaske et al., 1995),
hikers and mountain bikers (Carothers et al., 2001), alpine skiers and snowboarders (Vaske
et  al.,  2000).  Moreover,  the  management  of  trails  network  should  take  care  of  the
unavoidable  trade-off  between  conservation  and  recreation  in  natural  environments
(Tomczyk  et  al.,  2017).  Recreational  activities  can  create  revenues  for  conservation
interventions and benefits for users in terms of personal satisfaction and well-being (Sandifer
et al., 2015). However, recreational activities may interfere with the “natural” dynamics of
the ecosystem causing negative impacts. In light of this, the present study aims to be the
base  to  build  up  an  instrument  able  to  support  managers  in  prioritising  ordinary  and
extraordinary investments and in designing policies for conflicts reduction. 

The study will continue with the analysis of the real use of the trail network by analyzing
the available GPS tracks, in particular in terms of connectivity, following (Taczanowska et al.,
2014).  Other points of  interest  derived from an inter-visibility analysis for the automatic
determination of the panoramic points could be added to the traditional points of interest,
such as refuges, huts and car parks.
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