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Abstract
This study presents the basis for the system for the automation of the development of military passability maps,
developed by the author. The system is based on determining the index of passability for primary fields of various sizes.
It is defined with use of data on land cover elements and the “terrain resistance coefficient”, which was assigned a
priori to each class of objects. The article provides a detailed discussion of the module that visualizes the obtained
cartographic studies. To improve the usability of the generated maps, the author conducted an analysis of the base
material (raster and vector topographic maps), on which the passability maps were then overlain. The conducted
analyses were complemented by surveys, in which potential users presented their expectations concerning the discussed
maps. Thus, the key conclusion of the paper will be the answer to the question: which cartographic forms of expression
will allow us to obtain a map of passability that will be optimal for the specific type of troops?
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INTRODUCTION
One of the main components of the military terrain analysis, is the classification of the operations area in terms of
passability. It consists in dividing the terrain into three classes: impassable terrain – NO-GO, difficult to pass – SLOWGO and passable – GO TERRAIN (‘Field manual 5-33 Terrain Analysis’, 1990). It is used by the commanding officer
and headquarters to plan operations as part of the Intelligence Preparation of the Battlefield (IPB) (‘Field manual 34130 Intelligence Preparation of the Battlefield’, 1994, p. 130). This analysis constitutes the basis for generating military
passability maps. Their main aim is to design avenues of approach and mobility corridors (i.e. the directions of
movement of own and enemy forces), which, if possible, should not cross NO-GO or SLOW-GO areas. Considering the
major influence of terrain on conducting military operations (M. Hubacek, Kovarik, & Kratochvil, 2016; Martin
Hubacek, Ceplova, Brenova, Mikita, & Zerzan, 2015), such maps should be generated in a correct way and as quickly
as possible. The aim of the research on the automated development of military maps of passability is to shorten the time
of their creation. Such studies have been discussed in numerous publications. Commonly used methods include those
implemented in Geographic Information Systems (Krzysztof Pokonieczny & Wyszyński, 2016; Rybansky, Hofmann,
Hubacek, Kovarik, & Talhofer, 2015) and even artificial neural networks (Krzysztof Pokonieczny, 2017b). All the
articles quoted above, resulted in generating digital versions of passability maps, which should be visualised in a form
that enables soldiers to use the maps (often in analogue, i.e. printed form). Such maps should be transparent and, even
more importantly, they should be easily (even intuitively) readable for often unqualified users.
However, the same information on passability visualised with use of different parameters may bring completely
different results, depending on the type of the method used. Considering the above, the present paper discussed the
research problem considering the influence of cartographic visualisation parameters on the resulting terrain passability
maps. The author set two main research questions: Does the selected visualisation method of military maps of
passability (more specifically, the selection of classification thresholds) affect the resulting maps? The other question is:
Which visualisation parameters will result in the best passability maps? Due to the fact, that the concept of “best” maps
may be subjective, the research process involved conducting a survey among current and potential users of such maps,
i.e. soldiers. The authors used the method of automated terrain classification for the purposes of generating passability
maps, developed as a result of previous studies and based on determining indices of passability (IOP) calculated for
primary fields basing on vector data about land cover (Krzysztof Pokonieczny, 2017a). The developed passability maps
are overlain on topographic maps. Considering the above, the paper also discusses the problems of applying various
base maps on which maps of passability may be overlain. It should also be noted, that the scope of application of terrain
passability maps discussed herein, may be wider than merely military applications, because after introducing changes to

613

Proceedings, 7th International Conference on Cartography and GIS, 18-23 June 2018, Sozopol, Bulgaria
ISSN: 1314-0604, Eds: Bandrova T., Konečný M.

the parameters of the performed analyses, such maps may be used to estimate the possibility to reach certain points, for
example by rescue teams, while performing their tasks related to crisis management.

METHOD
All the analysed passability maps were generated for the geopolitical area that is essential both for Poland and for the
whole NATO, i.e. the Suwałki Pass. This area is located in the north-eastern part of Poland and it covers approx. 3000
km2. Apart from its enormous strategic importance (Elak & Śliwa, 2016), it is characterised by diversified land cover. It
includes large forested areas (approx. 15% of the surface area), some of the largest lakes in Poland (5 %), a welldeveloped river network and marshes. Its northern part covers both large terrain denivelations (up to 10 degrees) and
large, open plains that constitute good passability terrain, as well as a large developed area (the city Suwałki, Figure 1).

Figure 1. Test area (left) and the visualisation of the M755 topographic map (right)
The source material used was a level 2 vector map (VML2), which is a standard, military, general geographic spatial
database of a level of detail corresponding to military topographic map in a scale of 1:50 000 (M755 series, on the right
side, Figure 1) This map covers 9 usable object categories, such as: borders, relief, physiography, transport, buildings,
hydrography, vegetation, and aviation content. The structure of this database is compliant with the DIGEST standard
(‘STANAG 7074, ed. 2: Digital Geographic Information Exchange Standard (DIGEST)’, 1998) that specifies the
method of defining objects for all military vector spatial databases. Due to high level of detail and costs, this product
was not developed for the whole area of interest of the Alliance (‘Military specification MIL-V-89032 Vector Smart
Map (VMAP) Level 2’, 1993).
The main assumption for the conducted research was to calculate the index of passability (IOP) for a square-shaped
primary field (the IOP was calculated for the surface area of the whole square). For this purpose, the analysed area was
covered with a grid of squares of various side lengths (100, 500 and 1000 m). Data about land cover elements that are
present in each field, were obtained for each of the fields, with use of a specially designed application (these data have
been obtained from VML2, Figure 2). Additionally, each primary field was assigned the land denivelation parameter
defined as the average slope, calculated from all points of the numerical model of land inclinations located in the area of
the given primary field. It was created with use of the Shuttle Radar Topography Mission Level 1, (Farr et al., 2007).
Area (e.g. forests)

Line (e.g. roads)

Point (e.g. building)

Slope

Figure 2. Exemplary visualisation of data in used data model
The developed data model constituted the basis for generating land passability maps. They were created with use of the
method based on the Vegetation Roughness Factor. This method enables to assign each primary field an index of
passability (IOP) in a continuous range from 0 (impassable land) to 1 (land with perfect traction characteristics). It takes
into account all land cover elements included in the VML2 and the applied digital terrain model. A detailed description
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of this method, along with the manner of calculating the index of passability, was provided in (Krzysztof Pokonieczny,
2017a).
As a result of the process discussed above, each square-shaped primary field of a side length of 100, 500 and 1000 m
was assigned an index of passability. The key issue discussed in this paper was the problem of cartographic
visualisation of the obtained indices of passability. The chronopleth method was used to provide a solution (Bielecka,
Pokonieczny, & Kamiński, 2014; K. Pokonieczny, Calka, Bielecka, & Kaminski, 2016; Krzysztof Pokonieczny,
Bielecka, & Kaminski, 2014). Grayscale was used for data visualisation. It was assumed that primary fields with the
index of passability equal to 0 (impassable land) will be represented in black, while those with IOP = 1 were coloured
white. Intermediate values were designated with grey, basing on the assumption that the intensity of grey progressed in
a linear way with the increase in IOP. In order to facilitate the interpretation of the obtained passability maps, in the
conducted tests the obtained indices of passability were divided into classes. Division into 10 and 3 classes was used.
The second division corresponds to terrain classification in terms of passability (GO, SLOW-GO and NO-GO
TERRAIN) described in the standardisation document (‘NO-06-A015:2012, Terrain – Rules of classification – Terrain
analysis on operational level’, 2012). The aim of the presented research was to perform tests consisting in assigning a
different range of values of indices of passability to each class. The division offered by the popular spatial information
system QGIS (‘QGIS project’, n.d.) was applied:
•

equal interval – division consisting in the application of intervals of the same size. If 10 intervals are used, this
size equals 0.1, while for 3 – it equals 0.33;

•

quantile – in this division the same number of indices of passability is assigned to each class. Range limits are
defined as the lowest and the highest value of IOPs assigned to the given class;

•

jenks (natural brakes) - is a data clustering method designed to determine the best arrangement of values into
different classes. This is done by seeking to minimize each class’s average deviation from the class mean,
while maximizing each class’s deviation from the means of the other groups. In other words, the method seeks
to reduce the variance within classes and maximize the variance between classes (Jenks, 1967).

Divisions into classes were also performed with use of the courses of selected, mainly trigonometric, functions. The
following functions were applied: hyperbolic tangent, logistic (with a β parameter of 5), quadratic and arc sine. In cases
when functions were applied, both the arguments and values of the function were normalised to a range from 0 to 1(this
is also the range in which indices of passability are calculated). Thus, the determination of upper range limits consisted
in calculating the value of the function for arguments being the quotient of the sequential number of the class and the
number of classes used (3 or 10 in the conducted tests). The percentage share of the number of primary fields located in
the given class was also calculated (diagrams in Table 1). The obtained classes constituted the basis for the visualisation
of passability maps for three primary field sizes (columns A, B, C, Table 1). Additionally, histograms of the distribution
of indices of passability were determined for the analysed primary field sizes (Table 1, first row).
Apart from the analyses connected with selecting the limits of class ranges, the authors also performed tests concerning
the application of various underlying data as base maps used for the visualisation of the obtained maps of passability.
The tests consisted in overlaying the passability layer on three types of base maps: raster map, vector map level 1 and
vector map level 2 (Figure 3).
In order to determine the usability of the generated passability maps for planning military operations, a survey was
conducted on 159 soldiers (both cadets and professional soldiers), whose task was to answer questions concerning all
the generated passability maps (Table 2). The respondents were asked to specify those maps that, in their opinion, could
be used for the realisation of the IPB process (they could choose any number of maps). Additionally, the respondents
were asked to choose the most convenient cartographic base on which this maps were to be overlain (Table 3).

RESULTS
Histograms presenting the distribution of indices of passability and visualisations of passability maps, with a diagram of
the division into classes and the percentage of IOPs assigned to each class, are presented in Table 1. Data are provided
for all analysed primary field sizes (Columns A, B, C).
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Table 1. Distribution of indices of passability and visualisations of passability maps with a diagram of the division into
classes
Primary
field size

100 m (A)

500 m (B)

1000 m (C)

Number
of IOPs
Value
of IOP

Histograms
of IOP
distribution

Colors of
each class

1)
Equal
ranges
(10
classes)

Graph of used
function

percentage of
IOPs assigned
to each class

Value
of IOP
No. of
class

2)
Equal ranges
(3 classes)

3)
Quantile
(10 classes)
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4)
Quantile
(3 classes)

5)
Jenks
(natural
brakes)
(10 classes)

6)
Jenks
(natural
brakes)
(3 classes)

7)
hyperbolic
tangent
(10 classes)
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8)
hyperbolic
tangent
(3 classes)

9)
Logistic
(10 classes)

10)
Logistic
(3 classes)

11)
Quadratic
(10 classes)

618

Proceedings, 7th International Conference on Cartography and GIS, 18-23 June 2018, Sozopol, Bulgaria
ISSN: 1314-0604, Eds: Bandrova T., Konečný M.

12)
Quadratic
(3 classes)

13)
Arc sine
(10 classes)

14)
Arc sine
(3 classes)

Sample visualisations of passability maps overlain on different types of base maps are presented in Figure 3.
Raster map

Vector map level 1

Vector map level 2

Figure 3. Maps of passability and different types of base maps
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Table 2 and 3, contains the results of the conducted survey. Map designations correspond to the columns and lines in
Table 1. The numbers at each map represent the number of votes for each map among 159 respondents.
Table 2. Results of conducted survey (usability of the generated passability maps for planning military operations,
red – hight, blue – low number of votes)
Equal ranges

Quantile

Hyperbolic
tangent

Jenks

Logistic

Quadratic

Arc sine

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Sum

A

84

147

81

73

115

152

37

41

21

0

51

45

141

154

1140

B

70

132

95

78

132

154

40

29

45

0

53

41

152

137

1157

C

64

105

43

85

89

109

5

19

43

0

40

33

107

122

864

Sum

217

384

219

235

336

415

81

89

108

0

144

119

400

413

Table 3. Results of conducted survey (most convenient base map)
Raster map
135

Vector map level 1
21

Vector map level 2
112

DISCUSSION
42 different maps of passability were created as a result of the research. The main task set for such maps is to provide a
clear yet accurate representation of the terrain passability conditions. Considering the above, it is desirable to highlight
the biggest differences (contrast) between passable and impassable areas. Additionally, from the point of view of the
level of detail, it is important that for the applied division into classes each of them should ideally contain a large
number of primary fields. Situations when the range limits are selected in such a way that part (or one) of them is
assigned a large number of primary fields and the other ones are completely or nearly empty, is undesirable.
Considering that and analysing the resulting maps (Table 1), one may reach the following conclusions concerning the
application of the methods of dividing into categories:
•

Equal ranges (Table 1, rows 1-2) – the division allows to present the actual values of indices of passability.
Separating NO-GO and SLOW-GO areas is not a problem, but the maps (row 1) clearly show that passable
areas are represented in grey. The number of primary fields in each class corresponds to the passability
distribution presented in the histograms.

•

Quantile (Table 1, rows 3-4) – placing the same number of objects in each class enables to highlight the variety
of indices of passability in the best possible way. Thus, maps developed with use of this method are
characterised by the highest level of detail. However, this division is artificial, as the assignment of indices of
passability to specific classes was not based on their values. This may lead to errors in reading and
interpretation of data contained in maps created with use of this method.

•

Jenks (Table 1, rows 5-6) – in this classification, the limits were determined with use of a calculation
algorithm, so they are dependent on the input data. Maps generated with use of this method are a compromise
between the two methods described above. It is noticeable, that the indices of passability are distributed more
evenly in specific ranges than in the equal ranges method, while at the same time maintaining the nature of the
actual IOP distribution (as opposed to the quantile method).

•

Hyperbolic tangent (Table 1, rows 7-8) – the applied function creates classes that place nearly all primary
fields in the first 6 ranges (row 7) or first 2 ranges (row 8). This limits the legibility of maps considerably, as
they have become dark.

•

Logistic (Table 1, rows 9-10) – the situation is similar to the distribution discussed above. Nearly 100% of the
primary fields are assigned to ranges 5-7 (row 9), which makes the differences between NO-GO and GO areas
hardly noticeable. It is impossible to use this function for the division into 3 classes, as all primary fields are in
range 2 (row 10).

•

Quadratic (Table 1, rows 11-12) – when this function is applied, most of the primary fields are assigned to
ranges 6-10 (row 11). In practice, this makes the resulting map “lighter” as these ranges represent high
passability values, which, in the adopted visualisation method, are marked in grey to white colours.
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•

Arc sine – (Table 1, rows 13-14). The course of this function generates ranges that divide indices of passability
while maintaining the characteristics of input data distribution. The resulting maps are legible, with clearly
contrasting GO and NO-GO areas.

Different ways of division into classes were used for three primary field sizes (Table 1, columns A, B and C). The
comparison of the resulting maps in this aspect shows, that a smaller field size offers the possibility to design a larger
number of narrower avenues of approach and mobility corridors for troops. The degree of generalisation increases with
increasing primary field size. The cartographic representations in maps developed for primary fields of a side length of
1000 m are noticeably more general, which makes them suitable for use on higher, operational levels of command. The
analysis of the IOP distribution histograms for maps created with use of a 100 m primary field, shows a rapid increase
in the number of primary fields with an index of passability of approx. 0.8. The location of these primary fields
corresponds to the position of roads on the map, and roads are a key element for determining passability conditions.
Due to this and to the fact that the level of detail in these maps is the highest, such maps should be used for planning the
movement of small tactical units or they may be applied in crisis management.
The survey results unambiguously confirm the findings discussed above. A major part of respondents considered maps
that highlight the differences between passable and impassable areas as usable for IPB-related purposes. The maps
considered as the most useful were those, where the division had been performed with use of the Arc sine method (85%
of all votes), Jenks method (79 %) and Equal ranges (63 %). According to the respondents, the least useful methods
were the Quadratic (28 %), Hyperbolic tangent (18 %) and Logistics methods (11 %). The preferences of the
respondents concerning the number of classes used are nearly identical. 50% votes were cast for 3 classes and 45%
votes for the division into 10 classes. The analysis of results related to the size of primary fields demonstrates that the
respondents prefer smaller primary fields – 51% votes for the 100 m field, 52% for the 500 m field, while 39% voters
supported the 1000 m field.
The survey of preferences concerning the selected base material for the resulting passability maps showed, that most of
the respondents prefer the application of raster maps (85 % votes). These maps, generated from analogue topographic
maps, are commonly used by soldiers and are characterised by high legibility. Slightly fewer respondents (70 %) voted
for the visualisation of level 2 vector map. The fewest supporters (39 %) voted for the base material generated from
level 1 vector map (which corresponds to an operational map in a scale of 1 : 250 000).

CONCLUSIONS
The obtained results demonstrate unambiguously that the application of various methods of division into classes has a
vital influence on the final visualisation of passability maps. All the resulting maps, although they were generated with
use of identical indices of passability, are radically different. These differences result from the course of the function
that has been used to create the given range. The linear function does not enhance any ranges of value of the IOPs. In
the course of the hyperbolic tangent function, half of all the classes used fall in the range of IOP values between 0.85 to
1. The opposite situation occurs for the quadratic function. Here, half of the ranges correspond to IOP values from 0 to
0.3. The function that resulted in very transparent passability maps was the Arc sine function. In this division, half of
the breaks cover the medium values of indices of passability, i.e. from 0.4 to 0.7. This division gives very good results,
as it reflects the distribution of IOPs (most of the primary fields fall into this break, see histograms in Table 1).
Considering the above, the nature of the terrain for which passability maps are developed should be considered when
selecting the method of visualisation. The hyperbolic tangent function that brought very poor results for the analysed
area, will allow to generate legible maps in areas with perfect passability conditions. This results from the fact that this
function enables to represent areas of good passability with use of a large number of breaks (this diagram allows to
represent high IOP values with a high “resolution”). Among the functions featured by commonly used GIS software, the
Jenks method is worth noting. What makes this method universal is the fact that when it is applied, break thresholds are
determined depending on the distribution of variables.
The visual analysis of the generated maps, confirmed by the conducted survey, demonstrates that the final passability
maps should clearly depict the differences between passable and impassable land. This facilitates the interpretation of
the maps and marking the avenues of approach and mobility corridors. The research demonstrated, that the application
of three classes facilitates the interpretation of passability conditions, as the IOPs are classified analogically to the
classification used in standardisation documents (NO-GO, SLOW-GO, GO areas). Such way to represent passability
conditions may prove more friendly for many users, who value the "traditional” approach to the classification of land in
terms of passability. However, the level of detail is lower than in maps that use 10 classes, which is a disadvantage. The
application of a higher number of classes improves the possibility to recognize smaller (more subtle) differences in
passability on the resulting maps, which may be of key importance in the process of detailed planning of military
operations.
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