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Abstract
The Harz National Park (NP) offers a well-developed path network with a total length of 813
km, as well as a high number of starting and destination points for hikes. It was visited by
about 1.7 million visitors in 2014. Due to its large extent, an accurate measurement of visitor
numbers and their spatio-temporal distribution is not feasible. This paper demonstrates the
possibility of simulating visitor streams around Mt. Brocken buy using the agent-based
model (ABM) methodology. The GAMA v1.7 RC2 modelling environment was chosen, because it has very extensive spatial operators and simulation tasks, combined with an easyto-understand modelling language. To reduce the simulation effort, a model reduction
factor MRF = 10 was tested successfully: no significant change to the model was required.
After an initial parameterization, a sensitivity analysis was conducted, with the results included in the final calibration. The observed error value was significantly reduced, from
𝑅𝑀𝑆𝐸𝑝𝑎𝑟𝑎𝑚 = 0,3817 to 𝑅𝑀𝑆𝐸𝑐𝑎𝑙𝑖𝑏 = 0,1069, and therefore the model was applied to the
study area. For the final validation, visitor numbers from other, independent investigations
were used. In addition to the 12 main routes and 7 hotspots identified, basic socioeconomic indicators emerged. Hikers’ changes in behaviour according to framework
conditions were analysed, demonstrating the impact of current measures on the reduction
of path use. The final result is a flexible and expandable baseline model, which provides a
realistic picture of the spatial distribution of hikers in the study area and additional key socio-economic figures.
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1

Introduction

The Harz National Park covers an area of 24,732 ha (Schliebitz, 2013), is located in a typical
German mountain landscape south of Hanover, and offers a well-developed hiking trail network of 813 km, with a large number of starting and finishing points (Nationalpark Harz,
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2011a; Nationalpark Harz, 2011b). Manual counts show approximately 1.7 million visitors in
2014 (Job, Woltering, Schamel, & Merlin, 2014). In-depth knowledge of visitors is of great
importance for National Park (NP) management (Prószyńska-Bordas, 2017), since there is a
conflict between the two goals of nature conservation (‘protecting nature’) and tourism (‘allowing tourism’). It is therefore important, for future decision-making, to understand the
complexity of the networked system. The study of the interrelations between man and nature, or socio-economic monitoring, sheds light on the opportunities and deficits of Harz
NP and forms the basis for optimal development management.
O'Connor, Zerger, and Itami (2005) apply an agent-based model (ABM) to monitor park
visitors at the Twelve Apostles National Park, Australia, and to identify the choice of trails
and length of stay of park visitors at points of interest (POIs). In the work of Baumgartner
(2013), an ABM is used for the Wildnispark Zürich in order to validate the number of visitors identified by the automatic counting stations. Rupf (2014) uses an ABM to show planning options in outdoor sports for hikers and mountain bikers. So far, ABM has been used
to model visitor flows for just one National Park in Germany. Also, in contrast to the studies
just cited, the study area of Harz NP is much greater and the path network is more than 10
times the length of those in earlier studies. Due to the large extent of the Harz NP, it is difficult to accurately measure the number of visitors and their spatial distribution.
This research aims to demonstrate that the spatial distribution of hikers in the area around
the Brocken can be simulated by means of an ABM in order to answer specific management
questions: (1) description of the visitors' total spatial distribution (e.g. counters for every way
segment); (2) total spatial distribution of Brocken hikers and of nature-oriented hikers, which
are two notable subgroups with different goals; (3) analysis of the ongoing dismantling of
trails (objective: to reduce the dissection of landscape), which is important to reach the protection goals of the NP (EUROPARK DEUTSCHLAND, 2010, SP.21).

2

Materials and Methods

An ABM visualizes spatio-temporal changes and entities. Mathematical-deterministic methods were excluded because they do not detect emergent phenomena (Heckbert, Baynes, &
Reeson, 2010). Hikers in a natural environment, which are represented by agents, suggest the
usage of ABM (Basak, Mazumdar, & Patheriya, 2013). According to Railsback and Grimm
(2012), a typical scenario for an ABM arises when the agents and their actions are important
modelling components of a simulated system.

298

Mohr & Wallentin

Figure 1: Interaction of an agent with its environment(according to Šalamon (2011), Nareyek (2001)
and Wooldridge (2013), summarized and modified)

Šalamon (2011) and Wooldridge (2013) take the very broad, general term computer system and
show how it can be used to define what we mean by an agent. According to Nareyek (2001)
and Ferber (1995), agents (1) have goals, (2) perceive their environment, (3) perform actions,
and (4) communicate with each other (see Figure 1).
A general approach to building a model is described by Grimm and Railsback (2013). The
procedure for forming an ABM, as a multi-stage iterative process, is found in Grimm and
Railsback (2013), Banos, Lang, and Marilleau (2015), and O'Sullivan and Perry (2013). Elements of all these methods are combined in the methodology for this study, as shown in
Figure 2. Today, developers have access to a wide variety of ABMs from different application domains, as Abar, Theodoropoulos, Lemarinier, and O’Hare (2017) have shown in a
recent paper. Because of its suitability for spatial simulations (GAMA Community, 2017),
GAMA was selected to implement this model.
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Figure 2: Combined methodology for modelling an ABM (after (modified) Anhalt and Cortez (2015),
Railsback and Grimm (2012), Maki and Thompson (2017), Banos et al. (2015), and O'Sullivan and Perry
(2013))
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Figure 3: Delineation of the study area in the Harz NP

The Harz NP (see Figure 3) extends from the towns of Ilsenburg and Bad Harzburg in the
north, the Brocken and its highlands in the centre, to Herzberg near Osterode in the south.
The study area is located in the north-eastern part of Harz NP. The northern, eastern and
southern edges of the study correspond to the edge of the NP, and the western and southwestern edge coincides with the federal roads B4 and B424.
According to Nationalpark Harz (2011b), the entire path network extends to around 813 km.
The attributes ‘category’, ‘summer suitability’, ‘winter suitability’, ‘nature orientation’, ‘difficulty level’ and the planning category were taken into account in the model. Carparks, bus
stops, towns and the Brocken station of the Harz narrow gauge railways were identified as
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starting points for hikers. The total of 31 carparks is important, because most hikers will start
from there. Five towns (Bad Harzburg, Torfhaus, Braunlage, Schierke and Ilsenburg) and a
total of 43 bus stops were also taken into account. The 191 destinations or points of interest
(POIs) in the study area can be divided into the categories ‘attraction’, ‘viewpoint’, ‘information facility’, ‘information point’, ‘ranger station’, ‘National Park centre’, ‘resting place’,
‘hut’, ‘Harzer Medal for hiking’ (HWN) and ‘restaurant’. Due to the spatial location and significance of all places in these categories, individual attractiveness values can be assigned to
them. This study considers hikers only, not mountain bikers, who are also allowed on several
trails.

3

Short ODD Protocol

The description of the model is in a shortened form, according to the updated version of the
Overview, Design concepts and Details (ODD) protocol (Grimm et al., 2010a, 2010b).
Purpose
The goal of this model is to simulate groups of hikers in the study area around the Brocken,
in the Harz NP. As a result, national park management will be provided with key figures (e.g.
numbers of visitors to POIs, of hikers on paths) for socio-economic monitoring.
Entities, state variables and scales
The data for the structure of the study area is in the form of shapefiles. The study area has an
extent of approximately 17,850 m (N-S) x 14,650 m (E-W). All distances in the shapefiles are
in metres (m); velocities are given in metres per second (m / s). Numbers are given in units,
and proportional values as percentages (%). One cycle in the model corresponds to 300 s real
time; the simulated time period per day is 07:00 to 19:00. The length of a year is assumed to
be 365 days. In the model, 14 entities are used as agents, 2 of which serve purely for representation (main roads and railway lines), 4 are designed to determine measured values (fishnet for the heat map, count points, count polygons, total count area), 1 for both counting
and representing an entity, 1 represents the hikers’ route network (path network), 5 serve as
start and finish points (carparks, bus stops, towns, train stations and POIs), and 1 represents
the groups of hikers in the model. The model uses a global reduction factor (MRF = 10),
which reduces the number of hiker-agents to be simulated. The factor was chosen so that
there would be no noticeable influence on model results. A check of the exponentially increasing runtime of the model results in a value of tMRF,10 = 8.076 ± 668 s for MRF ≥ 10.
Process overview and scheduling
The structure of the model is shown in Figure 4. It is divided into the main areas of initialization, daily run and completion. The daily run is repeated until the desired simulation year has
ended.
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Figure 4: Flowchart of the model
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Basic principles
Figure 5 shows an Entity Relationship Diagram (ERD) to illustrate the relationships between
the individual entities. Some entities serve the same purpose, so they can be grouped into
scopes.

Figure 5: ERD illustrating the relationships between the entities

Emergence
The spatio-temporal distribution of the groups of hikers in the study area represents the
essential emergent variable of the model. This determines the usage of the paths and the
number of visitors encountered at the POIs and cannot be determined beforehand. The
distribution of nature-oriented hikers is not determined deterministically, due to how they
select paths.
Adaption
Parking is limited by the capacity of the carparks located in the study area. Since in most
cases several carparks are located near a starting point, the groups of hikers who arrive by car
select from the available carparks and thus already deviate from these starting points when
choosing their carpark. The weather influences walking speed: in poor weather conditions,
there is a stronger urge to reach the goals (POIs). In contrast, hikers may spend more time at
the POIs in better weather conditions. Nature-oriented hikers perceive the prevailing condi304
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tions differently, preferring more natural paths and avoiding paths with higher numbers of
hikers.
Objectives
Hikers in the model follow several objectives, which are also reflected in the state changes
described below (see Figure 6). First, every group of hikers has to find a starting point. Then
it selects a main POI within its available distance budget, which is based on a normal distribution (𝑥̅ = 18 𝑘𝑚) and is determined individually for each hiking group. On the way to
their POI and back to the starting point, a number of secondary POIs are available, which
can also be accessed as destinations. Return to the starting point before nightfall is also an
objective, influencing the length of the route, and taking the start time and sunset into account.
Prediction, Sensing, Stochasticity and Collectives
When adding POIs as additional targets, the hiker-agents estimate their actions using pre-set
restrictions. No additional targets are added to the hike if the permissible length is exceeded
or the return time would be after sunset. Hiker-agents take values from their environment
and are influenced by them. These are (1) weather conditions, (2) number of hikers on trails,
(3) difficulty level of trails, (4) category of trails (e.g. small paths, larger paths), and (5) the
state of the trail in winter. The model contains a number of variables which exhibit a stochastic behaviour and for which a Gaussian normal distribution is assumed. Within the model, there is no dynamic grouping of agents. Implicitly, the merging of hikers into groups of
hikers is such an approach.
Observation
The simulation within the model includes a map showing the location of all stationary entities, the current locations of the groups of hikers, and advanced dynamic information. The
simulation is equipped with 10 graph groups, which provide insights into the development of
individual values within the model at runtime. In addition, a number of value monitors are
available, with which the most important model results can be read. The 47 model outputs
are grouped into (1) general values, (2) visitor numbers and shares, (3) visitor numbers for
NP facilities, (4) visitor flows in the Brocken area, and (5) hikers who have also visited the
Brocken (‘Brockenhikers’).
Initialization
The number of groups of hikers is set at the beginning of a new day and is based on a socalled standard number, a random element, and various seasonal factors. The number of
groups to be simulated per day is approximately 876
standard_number_of_groups =

mb_total_nlp_inside ∗ k12to24h
∗ k correction
x̅members_per_group ∗ ∑365
i=1 k season,i

(1)

and is broken down as follows: car = 479, car stopover = 85, bus = 59, town = 32 units, and
train station = 221 units.
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Input data
The total of 83 input variables with their starting values for the calibration of the basic model
include: (1) the model controlling parameters; (2) the areas’ standard numbers and factors;
(3) model representation and output; (4) number of groups of hikers; (5) environment, and
(6) daily information. Additional values are required to load shapefiles with fixed entities, to
control the program flow, and to configure the GUI of the model. The day-dependent parameters are summarized as a CSV file and are loaded during the simulation run.
Sub-models
Hikers can adopt 7 different statuses. The status transitions are defined as in Figure 6. This
sub-model (or state engine) is used for each individual travelling group. The route selection
in the model is carried out by means of a Dijkstra shortest-path algorithm, which reflects the
hikers’ use of maps, handheld GPS and other mobile devices. The division of the overall
model into additional sub-models is typical for a structured programming language.

Figure 6: Sub-model of the state transitions of groups of hikers
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4

Parameterization, sensitivity analysis, calibration and validation

The parameterization of the model was done by assigning attraction levels to the start and
finish points. For towns as starting points, their attractiveness is assumed to be proportional
to their number of inhabitants. The bus stops of the two routes inside the NP receive an
attractiveness of 1/10 of the attractiveness of the remaining bus stops, because they have a
reduced timetable compared to the bus stops on the federal roads. Bus stops at the Molkenhaus and the Lynx Enclosure are set to 10 and 40 times higher respectively because of their
popularity; stops in the Torfhaus are set at 20 times higher compared with the normal bus
stops. For the carparks located in the study area, the attractiveness is considered to be proportional to the usage of the carpark combined with its capacity. The attractiveness of the
possible return points for hikers travelling down the Brocken is assumed to be inversely
proportional to the distance travelled. For the attractiveness of the destination points, the
initial estimated values shown in Table 1 are determined. These reflect a factor proportional
to their estimated importance in the NP.
In the sensitivity analysis, selected values were examined for their realistic value limits and
their influence on the model: (1) average tour length, (2) percentage distribution of the 3
groups of hiker types, and (3) number of winter days. The hiker density as a function of the
length of the tour shows a clearly visible change in the interval
of [𝑎; 𝑏] = [3,000; 15,000] 𝑚. For a mean tour length of approximately 18,000 m, the
density distribution varies only occasionally. The percentage distribution of the different
hiker-group types has only a low sensitivity in the model. For this reason, the assumed proportions of target-oriented, nature-oriented and HWN hikers are maintained at 80%, 15%
and 5% respectively. It was shown that the number of winter days in the simulation [𝑎; 𝑏] =
[0; 15] has little influence on the results and therefore has a low sensitivity. For this reason,
the number of winter days is set at n = 10, in line with expert opinion.
Table 1: Attractions of the different POI types

POI-type
Touristic attractions
Viewpoint
Information facility
Ranger station with Information point
National Park Centre
Ranger station only
Picnic area
Harzer hiking medal
Restaurant

Attractivity (basic value)
100, Baumwipfelpfad: 2.000
10, Brocken: 1.000, Rabenklippen: 100, Wurmberg: 100
20, Luchsgehege: 50
40
5
5
10
5, HWN 170, 169, 168, 136, 001: 10, HWN 012, 002, 009:
20
150, Brocken, Molkenhaus and Rabenklippe: 250
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For the calibration, an iterative process was chosen, in which the attractiveness of the POIs
was adjusted over a total of 11 runs. The determination of the quality of the individual models during the calibration was based on the percentage deviation 1 − 𝑦𝑖,𝑚𝑜𝑑𝑒𝑙 / 𝑦𝑖,𝑡𝑎𝑟𝑔𝑒𝑡 . In
order to obtain an overall, model-wide, index based on Railsback and Grimm (2012), an
RMSE error (used by Hedderich & Sachs (2016) value was calculated.

𝑅𝑀𝑆𝐸𝑀𝑜𝑑𝑒𝑙 =

√

𝑦𝑖,𝑀𝑜𝑑𝑒𝑙 2
𝑦𝑖,𝑡𝑎𝑟𝑔𝑒𝑡 )
𝑛

∑𝑛𝑖=1 (1 −

(2)

For the 34 result values of the baseline model, this is calculated as 𝑅𝑀𝑆𝐸𝐾𝑎𝑙𝑖𝑏 = 0,1069 for
n = 28 simulation runs. For comparative purposes, the value of the previously parameterized
but not yet calibrated model was 𝑅𝑀𝑆𝐸 𝑃𝑎𝑟𝑎𝑚𝑡 = 0,3817, and an improved degree of suitability of the calibrated baseline model to the study area was clearly given. During calibration,
the attractiveness of the starting points and POIs, and the standard start values (car = 442,
car (stopover) = 80, bus = 57, city = 31 and train station = 207) and number of winter days
(p = 0.11) were changed.
For the final validation of the basic model, visitor numbers from additional studies by
Steingaß and Wendt (2006), Menzel, Groß, and Drexer (2013) and Groß and Menzel (2016)
were available, which were not used when building the model. A closer look at the results of
the 13 validation scores shows that the spread of hikers across trails was between good and
very good. A comparison with the ‘Goetheweg’ trail provides values with a small absolute
deviation of 1.10 %. For longer distances, the absolute deviations increase by up to 10.48 %.
This suggests that at least one predictor in this area was not included in the model. Since the
ratios of the results are consistent (and not reversed), a fundamentally plausible model can be
assumed.

5

Results

For the whole study area, the annual sum of visitors is 1,515,464, with a concentration of
561,702 (about 37.1%) at the Brocken. 389,613 people (about 69.4%) travel using the Brocken Railway, and 172,089 (about 30.6%) hike to the Brocken. Thus, there is a spatial concentration of visitors in the area around the Brocken in the central part of the study area, which
can be examined in more detail (see Figure 7). This concentration is primarily in the Scharfenstein, Torfhaus, Schierke and Hohne areas. Noticeable in this context is the area to the
east of the Brocken, which receives a comparatively small number of visitors. One of the
main causes is the difficulty for hikers of finding a suitable starting point, as this eastern area
is furthest away from points of entry to the NP. Inspection of the visitor counts at the level
of the path segments shows more differentiated results, which allows the identification of 12
main travel axes (see Figure 8 a) for the basic model. There are further zones with small
numbers of visitors, in the southern and northern parts of the study area, as well as in the
Bruchberg area.
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Figure 7: Overall presentation of hikers’ spatial distribution (paths, POIs and individual areas)
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Figure 8: Schematic representation of main paths, hotspots and coldspots in the study area
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The distribution of visitors between the POIs ranges very widely, from 291 to 536,256, with
an average of 21,970 people. This leads to the formation of 7 hotspots, with a clear concentration at Torfhaus (620,729 at the counting point) and on the Brocken plateau (561,702).
Further hotspots are located around hikers’ primary starting areas at Schierke, Drei Annen
Hohne, Ilsenburg and Bad Harzburg.
There is a wide distribution of nature-oriented hikers in the study area. At the same time,
there is a shift of hikers away from the main routes to side routes or new hotspots (see Figure 8 b). This leads to an increased use of the Torfhaus–Eckerstausee, Torfhaus–Wurmberg
and Torfhaus–Schierke routes, and in the Plessenburg area. In contrast, the paved Brocken
road between Schierke and the Brocken attracts only a small proportion of nature-oriented
hikers. To bypass the Brocken road towards Hohneklippen, they use a north-eastern route.
The distribution of hikers in the district of Plessenburg falls sharply, an effect which is also
noticeable towards the northern and southern edges of the study area. The largest concentration of hikers is found in a corridor between Torfhaus, Schierke and Drei Annen Hohne. A
significantly increased use around the Eckerstausee is found, which corresponds to the suitability of the paths for nature-oriented hikers.
The concentration of the Brockenhikers, who have the Brocken as their main target, results
in a different spatial distribution from that of the group comprising all hikers. There is a
concentration on 6 of the 12 main axes, with 2 that are clearly recognizable as the most-used
ones (see Figure 8 c): Torfhaus–Brocken, and Schierke–Brocken. On the Brocken itself, the
viewpoint and the two restaurants have high numbers of visitors (view point: 536,256 visitors; restaurants: 266,485 and 182,855), so that they also belong to the group of the 10 most
visited POIs in the Harz NP.
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Figure 9: Consequences of dismantling paths up to 2020 in the Harz NP
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The ‘Brockenhikers’ increasingly also visit POIs along the main routes used. By contrast, in
the area around Plessenburg, hardly any ‘Brockenhikers’ are found. A similar picture emerges
in the northern part of the study area, where north of the line Bad Harzburg–Scharfenstein–
Ilsenburg no hikers of this type are encountered.
The simulation of the dismantling of paths 2011–2020 (Nationalpark Harz, 2011a) shows
that a change in the path network without a significant change in the overall number of visitors is not possible. While there are 31,533 fewer hikers on the Brocken, the simulation
shows up to 39,110 more hikers on other path segments (see Figure 9). Thus, the ongoing
changes in some parts of the Harz NP have a clearly measurable impact on the number of
hikers and visitors. For the NP management, this means that potential measures should be
analysed in advance and the possible changes weighed carefully. During and after the dismantling of paths to the extent that has been planned, the 12 main axes and 7 hotspots that
are already known will continue to be recognizable.

6

Conclusion and outlook

This research shows that, using an ABM methodology based on available data, a comprehensive spatial simulation of visitor flows in the area around the Brocken can be successfully
created and can be used as a basis for further analysis. Input variables are existing visitor
counts, the topology of the network of hiking trails and other characteristics of routes, and
starting and finishing points. The attributes of the variables influence not only the degrees of
attraction of the starting and finishing points for the groups of hikers, but also their choices
of route.
After an initial parameterization, a selective sensitivity analysis was carried out for the parameters tour length, number of winter days, and percentage distribution of the groups of hikertypes whose results were included in the calibration. In this way, the error value
𝑅𝑀𝑆𝐸𝑝𝑎𝑟𝑎𝑚 = 0,3817 was reduced significantly, to 𝑅𝑀𝑆𝐸𝑐𝑎𝑙𝑖𝑏 = 0,1069, and the model
was successfully adapted to the study area. For the final validation of the basic model, visitor
numbers were available from other independent studies. Based on the validated base model,
n = 28 simulation runs were used to analyse key socio-economic figures (visitor numbers)
and the behaviour of hikers under changed conditions, thus demonstrating the effects of
current management measures to reduce the density of paths. The results of the basic model
for the 12 main routes and 7 hotspots identified are in line with the regional level of
knowledge of the National Park Administration. This verified comparison of spatially aggregated characteristic values of the model, in addition to the validation, is a strong indication of
a consistent basic model.
The model represents a flexible, modular starting point for further modelling and answering
in-depth questions of NP Management. The sensitivity analysis was performed on 3 parameters only, however, and should be extended to other parameters in order to create a generic
model for different NP and hiking areas. Of particular importance would be parameterization using a terrain model (DEM). In this way, travel speeds could be differentiated and the
suitability of the terrain for different groups of hikers and types determined. The carparks are
located on the outskirts of the study area, and the model assumes that all vehicle occupants
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are hiking towards the study area. In the surrounding area, however, there are also a large
number of potential POIs. Additionally, carparks could be full, which would influence the
model, since busy carparks lead to a lower level of attractiveness. These improvements
should be the subject of further work.
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