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ABSTRACT: An increasing number of Norwegians engage in ski touring in winter mountains. With 
growing traffic in avalanche terrain, there is a need for tools that can support safer travel and help reduce 
avalanche accidents. In the Alps, Skitourenguru uses terrain data to automatically generate routes be-
tween two locations. Inspired by this approach, this study investigates how a similar routing algorithm 
can be adapted to Norwegian conditions. An important challenge in developing such tools is the risk of 
unintended negative effects. While routing algorithms aim to support better decisions, they may also 
encourage uncritical reliance on suggested routes or create a false sense of safety. By simplifying com-
plex decision-making processes, they can reduce users’ active engagement and understanding of ava-
lanche terrain. This study therefore emphasizes the design of a tool that supports rather than replaces 
user judgment. The algorithm is based on a raster cost surface representing avalanche exposure and 
terrain preferences for ski touring, derived from parameters such as slope angle, potential release areas, 
trails, and forest cover. Routing is performed using least-cost path analysis, and the study explores the 
use of track data to better reflect realistic travel patterns. To avoid overly prescriptive guidance, particular 
emphasis is placed on how results are presented, introducing a route corridor that represents a range 
of near-optimal routes rather than a single path. This approach aims to support flexible route planning 
while maintaining active user involvement. A user interface has been developed to enable intuitive in-
teraction and allow user-defined routing preferences. The algorithm has been tested across six study 
areas in Norway representing diverse terrain types and touring contexts. Results show that the gener-
ated routes generally correspond well with expert-defined routes, while also revealing limitations in cer-
tain terrain settings, particularly in steep and complex mountain terrain. The study highlights both the 
potential and limitations of automated routing approaches, and underscores the importance of designing 
decision-support tools that maintain user engagement and critical thinking in avalanche terrain. 
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1. INTRODUCTION 

Ski touring has become increasingly popular in 
Norway, creating a growing need for tools that 
support safer travel and help reduce avalanche 
accidents. Terrain is the only spatially consistent 
and relatively stable factor influencing avalanche 
conditions, making it particularly suitable for 
route-planning tools (Statham and Campbell, 
2025).  

In the Alps, Skitourenguru has demonstrated how 
terrain data can be used to automatically gener-
ate ski touring routes between two locations 
(Schmudlach and Eisenhut, 2024). Inspired by 
their approach, this study investigates how a sim-
ilar routing algorithm can be adapted to Norwe-
gian terrain, conditions and available data.   

 The routing method transforms terrain 
characteristics into a raster cost surface 
representing the relative avalanche exposure 

and terrain preferences of each location for ski 
touring. A least-cost algorithm then identifies the 
route with the lowest accumulated cost between 
a start and end destination (Etherington, 2016).  

An important challenge in developing such tools 
is the risk of unintended negative effects. While 
routing algorithms aim to support better deci-
sions, they may also encourage uncritical reli-
ance on suggested routes or create a false sense 
of safety (McCammon, 2004; Zweifel and Hae-
geli, 2014). By simplifying complex decision-mak-
ing processes, they can reduce users’ active en-
gagement and understanding of avalanche ter-
rain (Haegeli et al., 2010). This study therefore 
emphasizes the design of a tool that supports ra-
ther than replaces user judgment. 

2. DATA 

Several nationwide spatial datasets are available 
in Norway for terrain-based route planning. The 
routing algorithm used data describing terrain ge-
ometry, avalanche exposure, vegetation, infra-
structure, barriers and recorded ski-touring activ-
ity (see Table 1). 
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Table 1: Terrain data used in the algorithm. 

Dataset Description 

Digital terrain model 
(DTM) 

 

Terrain elevation (10 m resolu-
tion) (Kartverket, 2026). 

 

Slope 

 

Steepness derived from DTM. 

 

Wind shelter 

 

Related to curvature, where 
positive values indicate shel-
tered depressions and nega-
tive values indicate exposed 
ridges (Toft et al. 2024; Mann-
berg et al., 2026). 

 

PRA 

 

Potential release areas, with 
values between 0 and 1 indi-
cating increasing likelihood of 
avalanche release (Toft et al. 
2024; Mannberg et al., 2026). 

 

Travel distance 

 

Horizontal distance [m] from 
release areas to runout end-
points (D'Amboise et al. 2022; 
Mannberg et al., 2026). 

 

Forest density 

(Forest attribute 
maps) 

Number of trees per hectare 
with diameter greater than 8 
cm (Schumacher et al., 2022). 

 

Water bodies 

(FKB-Vann) 

 

Including oceans, lakes, rivers 
and glaciers (Kartverket, 
2026). 

 

Road 

(NVDB Vegnett) 

Drivable roads longer than 50 
m (Kartverket, 2026). 

 

Tractor road and 
trail 

(FKB-TraktorvegSti) 

Tractor roads and trails 
(Kartverket, 2026). 

 

Track data 
Recorded track data retrieved 
from UiT/CARE, N = 55 954 
(Mannberg et al., 2026). 

All datasets were reprojected to EUREF89 UTM 
zone 33, clipped, and aligned to a common 10 m 
grid. Vector datasets were rasterized before in-
clusion in the cost surface. Dataset-specific pre-
processing included filtering minor rivers, identi-
fying bridge locations and retaining only roads 
and trails relevant for ski touring. 

3. METHODS 

3.1 Study areas  

The routing algorithm was developed and evalu-
ated in six study areas: Hemsedal (800 km2), 
Isfjorden (400 km2), Jotunheimen (1600 km2), 
Kattfjordeiedet (400 km2), Sogndal (400 km2) and 
Svolvær (400 km2). The regions were selected to 

represent different types of terrain and complex-
ity, and because they include popular ski-touring 
mountains and available track data. The study ar-
eas (Figure x) were organized into ten 20 x 20 km 
processing units totaling 4 000 km2, allowing a 
standardized workflow to be applied across all re-
gions. 

Figure 1: Location of the six study areas and ten 
20 × 20 km processing units across Norway. The 
inset provides a detailed view of the Isfjorden 
study area. 

3.2 Cost surface 

The input datasets were transformed into raster 
cost layers representing relative avalanche expo-
sure and terrain preferences for ascent-oriented 
ski touring. Cost values represent relative terrain 
preference rather than a physical quantity such 
as travel time or avalanche risk. Values primarily 
ranged from 1 to 100, with increasing values rep-
resenting less suitable terrain and values above 
this range used for barriers. Detailed transfor-
mations, parameter values, and source code are 
available in the project repository (Undheim, 
2026). Figure 2 summarizes the workflow used to 
combine the input datasets into the final cost sur-
face. The workflow consisted of four stages: 
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Combination of core terrain variables: 

The base terrain cost combined three terrain var-
iables: avalanche exposure, slope, and wind 
shelter. The avalanche exposure cost layer com-
bined potential release areas and modeled travel 
distance, following the approach of Mannberg et 
al. (2026). The three layers were combined using 
weighted summation with the following relative 
weights: 

𝐶𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒 = 0.35, 𝐶𝑠𝑙𝑜𝑝𝑒 = 0.53, 𝐶𝑤𝑖𝑛𝑑 = 0.12    (1) 

The weights were selected through iterative test-
ing of routing performance using expert 
knowledge. 

Hard barriers: 

Features that should be avoided while ski touring 
were subsequently applied as hard barriers. The 
ocean and very steep terrain (over 45°) received 
very high costs using a maximum operator. 

Cost-reducing features: 

Roads, trails, and bridges were included as cost-
reducing features where they could facilitate 
movement using a minimum operator. The reduc-
tions were suppressed in steep or avalanche-ex-
posed terrain. 

User-defined adjustments: 

To account for different seasonal and geograph-
ical conditions and individual preferences, user-
defined adjustments were applied as the final 
step. Users could additionally choose whether 
rivers, lakes and glaciers should be treated as 
barriers or not. 

Recorded ski-touring track density was also op-
tionally included as a cost modifier. A total of 
55,954 recorded ski-touring tracks were raster-
ized, with each raster cell representing the num-
ber of tracks intersecting that cell. The resulting 
track-density raster was used to modify the 
movement cost, with frequently travelled cells re-

Figure 2: Simplified workflow showing how input datasets (blue) are combined and modified in four 
stages to produce the final cost surface. 
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ceiving a cost reduction. Track density was al-
lowed to have a greater influence in forested ter-
rain, where recorded tracks may provide particu-
larly useful information on preferred travel corri-
dors. Different modes allowed users to control the 
influence of track density on the final cost sur-
face. 

3.3 Routing 

Routes were generated using raster-based least-
cost analysis in GRASS GIS (GRASS Develop-
ment Team, 2026). Accumulated movement cost 
was calculated using r.walk, which combines the 
terrain cost surface with elevation-dependent 
walking costs and accounts for differences be-
tween uphill and downhill movement. The least-
cost route was extracted using r.path, before sim-
plified and smoothed (v.generalize).  

3.4 Route corridor 

A single least-cost route may give misleading im-
pression of precision, as several alternative 
routes may have similar accumulated costs. A 
route corridor was therefore generated to repre-
sent the area of near-optimal route choices 
(Etherington, 2016; Schmudlach and Eisenhut, 
2024). Accumulated cost surfaces were calcu-
lated from both the start and end locations using 
r.cost (GRASS Development Team, 2026) and 
added together. The cost of the optimal least-cost 
connection was then subtracted: 

𝐶𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙(𝑥) = 𝐶𝑠𝑡𝑎𝑟𝑡(𝑥) + 𝐶𝑒𝑛𝑑(𝑥) − 𝐶𝑜𝑝𝑡(𝑥)   (2) 

The resulting value represents the additional cost 
of routing through each cell relative to the least-
cost solution. Cells with values close to the mini-
mum represent near-optimal route alternatives 
(Lechner et al., 2017). Corridor thresholds of 
10%, 20%, and 30% of the total least-cost route 
cost were tested. The balanced 20% threshold 
was selected for presentation as a compromise 
between route flexibility and corridor extent. As il-
lustrated in Figure 3, the corridor widens where 
several near-optimal choices are available and 
narrows where movement is constrained by the 
terrain. In this example, the corridor identifies two 
comparable route alternatives. 

3.5 Evaluation 

The routing outputs were evaluated against 55 
reference routes delineated by experts across the 
six study areas. Routes were generated using 
four track-based cost reduction modes, resulting 
in 220 route-mode cases. Geometric agreement 
was assessed using symmetric point-to-line devi-
ation, reference-route coverage within 25, 50, 
and 100 m, and route-length ratio. The metrics 

were combined using predefined thresholds to 
classify each generated route as having low, 
moderate, high, or very high geometric similarity 
to its reference route. Corridor performance was 
measured as the proportion of each reference 
route contained within the corridor. Because ge-
ometric similarity does not necessarily  indi-
cate route quality, routes generated without and 
with track influence were also visually classified 
as good, acceptable, problematic, or clear fail-
ures. The evaluation therefore focused on 
whether the outputs represented realistic ski tour-
ing routes rather than exact reproductions of a 
single reference route.  

Figure 3: Example of a route corridor where two 
comparable route alternatives were found. 
Darker blue indicates lower additional cost rela-
tive to the least-cost solution. 

4. RESULTS 

The resulting cost surface represented relative 
avalanche exposure and terrain preferences for 
ski touring ascents (Figure 4). 

Table 2 summarizes the geometric agreement 
between the 55 routes generated without track-
based cost reduction and their corresponding 
reference routes. 

Manual visual inspection classified 51 of the 55 
routes (92.7%) generated without track-based 
cost reduction as good or acceptable. With track-
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based cost reduction, this increased to 54 of 55 
routes (98.2%), while the number of routes 
classified as good increased from 37 to 41. 
Figure 5 shows the relationship between 
geometric similarity and manually assessed route 
quality. Without track-based cost reduction, 27 of 
the 30 routes with moderate or low geometric 
similarity were nevertheless assessed as good or 
acceptable. With track-based cost reduction, the 
number of routes with high or very high geometric 
similarity increased from 25 to 37. No routes were 
classified as problematic with track-based cost 
reduction, although one failure remained. 

Figure 4: Example of the final cost surface. Green 
indicates low-cost terrain, yellow and brown indi-
cate increasing cost, and black represents barri-
ers such as the ocean and very steep terrain. 
Light-green linear features show local cost reduc-
tions along roads and trails. 

Table 2: Geometric route-comparison and corri-
dor metrics for 55 routes generated without track 
influence. 

Metric Value 

Median symmetric deviation [m] 35.0 

P95 symmetric deviation [m] 167.6 

Reference route within 50 m buffer [%] 58.1 

Reference route within 100 m buffer [%] 82.3 

Generated-/reference route length ratio 0.964 

Mean corridor coverage of reference 
route [%] 

98.1 

 

Two examples of generated routing outputs 
compared with reference routes are shown in 
Figure 6. In the first example, both generated 
routes were assessed as good, although the 
route without track-based cost reduction differed 
from the reference route in the upper section. 
Track-based cost reduction shifted the generated 
route closer to the reference. In the second 

example, the generated routes differed more 
substantially from the reference route and 
included potentially more problematic route 
choices. 

Figure 5: Relationship between geometric simi-
larity and manually assessed route quality for 
routes generated without track-based cost reduc-
tion (left) and with track-based cost reduction 
(right). Cell values show the number of routes in 
each category. 

Figure 6: Two examples of generated routes with 
(light blue) and without (dark blue) track-based 
cost reduction compared to the reference route 
(red).  

5. DISCUSSION 

The cost surface is the most important and chal-
lenging component of the framework, as all gen-
erated routes and corridors depend on how ava-
lanche exposure and terrain preferences are rep-
resented. Combining avalanche exposure, slope, 
and wind shelter provided information that could 
not be represented by slope alone, but also intro-
duced trade-offs when the layers favored differ-
ent terrain choices. Determining which compo-
nent should dominate is not straightforward and 
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may depend on the terrain and conditions. The 
selected weights performed well overall and were 
developed through iterative testing and expert re-
view, but they may not be equally suitable across 
all terrain types. The model is also primarily de-
signed for ascent and does not necessarily rep-
resent desirable downhill terrain. 

Track data improved routing, particularly in for-
ests and lower-elevation terrain where suitable 
travel corridors may be missing from mapped 
trails and terrain data. However, recorded move-
ment reflects accessibility, popularity, and previ-
ous user behavior rather than the underlying av-
alanche exposure and terrain characteristics rep-
resented by the cost surface. 

The generated routes generally performed well, 
but visual inspection showed that geometric sim-
ilarity to a single reference route is an incomplete 
measure of route quality. Several geometrically 
different routes represented reasonable alterna-
tives, meaning that reference routes should be 
treated as expert-informed examples rather than 
absolute ground truth. Conversely, a geometri-
cally similar route may still contain undesirable lo-
cal terrain choices. Evaluation should therefore 
combine quantitative route-comparison metrics 
with expert assessment. 

Route corridors represent route flexibility and 
near-optimal alternatives more appropriately than 
a single precise route, as movement in avalanche 
terrain is rarely restricted to one route. Rather 
than providing a definite route, a corridor can 
function as soft decision support by highlighting 
favorable terrain while preserving the user’s re-
sponsibility for assessing and selecting the final 
route (Dahl et al., 2026). However, whether corri-
dors actually promote active terrain assessment 
remains unknown. Corridors are also derived 
from the same cost surface as the least-cost 
route and therefore share the same assumptions 
and limitations. They represent near-optimal ter-
rain according to the model, not terrain that is 
necessarily safe under current avalanche condi-
tions. 

Several limitations should be considered when in-
terpreting the results. The framework is based on 
static terrain data and does not account for cur-
rent snowpack, weather, or avalanche conditions. 
Individual preferences, skiing style, experience, 
and technical ability are also not represented. 
Furthermore, the 10 m resolution limits the repre-
sentation of small cliffs, narrow passages, and 
other micro-terrain features. The algorithm will 
also always generate a least-cost route whenever 
a connection exists, even when no suitable ski-
touring route exists between the selected loca-
tions. The generated routes and corridors should 

therefore be interpreted as planning support, not 
as safe or recommended routes. 

Future work should focus on refining the cost sur-
face through more systematic calibration. A 
broader validation involving several independent 
experts and user testing is also needed. In addi-
tion, expert-defined route corridors may provide a 
more appropriate basis for evaluation than single 
reference routes. 

Although the algorithm can be used for user gen-
erated routes, a more promising application may 
be a new nationwide ski-touring map based on 
route corridors as proposed by Bachmann 
(2020). The algorithm could generate corridors 
representing suitable movement spaces for ski-
touring mountains across Norway, including 
mountains not covered by existing route maps. 
These corridors could then be reviewed, ad-
justed, and quality-controlled by avalanche pro-
fessionals or experienced route planners before 
publication. This approach would combine the 
scalability of automated routing with expert 
knowledge, while presenting an area for further 
assessment rather than a single recommended 
route. 

6. CONCLUSIONS 

This study demonstrates that terrain-based least-
cost routing can generate realistic routes across 
varied Norwegian ski-touring terrain. Most gener-
ated routes were assessed as good or accepta-
ble, and use of recorded track data generally im-
proved route quality. The evaluation also showed 
that geometric similarity to a single reference 
route is not sufficient to determine route quality, 
as several geometrically different routes repre-
sented reasonable alternatives. 

A key reflection from this study is that route corri-
dors may be more suitable than single generated 
routes in decision-support tools, because they 
encourage active route planning and support ra-
ther than replace user judgment. However, both 
routes and corridors depend on the assumptions 
of the underlying cost surface and do not account 
for current snowpack, weather, or avalanche con-
ditions. The output should therefore support ter-
rain assessment and route planning and not be 
interpreted as safe route alternatives. With further 
calibration, expert validation, and user testing, 
the scalable framework could provide a basis for 
expert-reviewed, corridor-based ski-touring maps 
across Norway. 
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