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Abstract 
Military terrain assessment is the continuous process of processing geographic information to predict the impact of the 
geographic environment for conducting the military operations. One of its most important elements is terrain passability 
analysis, which involves research on the terrain characteristics in terms of the cross-country movement (CCM) ability 
(outside the road network). Factors that affect the conditions of passability include fast changeable elements such as 
weather factors (precipitation, temperature, humidity) or environmental changes: both natural and caused by 
anthropogenic factors. These elements have a decisive influence on the CCM conditions (e.g. on the traction properties 
of soils). Taking the above into account, the aim of the performed research was to develop a methodology, which makes 
enable to consider fast changeable factors in the process of developing the most up-to-date maps of passability. This 
methodology has been implemented in the IT system, which is able to generate maps of passability in real-time of a 
specified level of detail (the size of the primary field) and spatial range, completely automatically, including the acquired 
environmental data (topographic databases, satellite and weather data). Taking into account the specifics of weather 
data, the system generates maps both including the current weather situation and allows for prediction of passability 
conditions, taking into account weather forecasts. 
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INTRODUCTION 

The necessity of moving vehicles off the road network occurs most often during warfare or actions related to the broadly 
understood crisis management. Despite the fact that vehicles, as far as possible, move using the existing road network, 
often during these critical situations there is a justified necessity of their cross-country movement. This is dictated by the 
need to execute a surprise maneuver against the enemy or to reach a point far from the road network. In order to plan this 
type of operations, it is necessary to have precise information on possibly all aspects related to the geographical 
environment of conducting these operations. For this purpose, topographic maps and special studies called terrain 
passability maps are used. They are a kind of synthesis of geospatial data, classifying terrain due to the possibility of 
movement of different types of vehicles on it. Criteria, which should be taken into account while making this type of 
maps, are defined in military standardization documents (Field Manual 5-33 Terrain Analysis, 1990; NO-06-A015:2012, 
Terrain – Rules of Classification – Terrain Analysis on Operational Level, 2012) and many scientists and institutions 
work on methodology of their elaboration. They are studying the possibilities of automating the process of generating 
these maps (Pokonieczny, 2017, 2018; Rybansky et al., 2015). Much work is being done on the impact of vegetation on 
the ability of vehicles to move. Passability is also an area of interest for designers and developers of Unmanned Ground 
Vehicles (Dawid & Pokonieczny, 2021; Pokonieczny & Rybansky, 2018; Richmond et al., 2009), who conduct research 
related to the possibility of overcoming and finding by these vehicles a route to reach a chosen location. A very important 
aspect is the study of the influence of the surface on which the vehicles move (Hubáček et al., 2015; Jayakumar et al., 
2017; Rybansky, 2015). It is especially important because it is commonly known that under the influence of mainly 
precipitation (but also temperature), the properties of soils change. This is of great importance for their traction properties, 
which often decisively affect the ability of vehicles to cross-country movement. This situation occurs despite the 
continuous modernization of technology related to improving the traction properties of vehicles (upgrade of suspension, 
tires / tracks). Also, despite the increase in engine power, vehicles moving on muddy, soaked soils often have many 
problems with overcoming in these unfriendly terrains. This can be seen very clearly also in present times on the example 
of the war in Ukraine. The world circulated the information that the most modern Russian tanks were not able to overcome 
swampy, clayey soil, which particularly shows how important the above-mentioned research is (Ellyatt, 2022). 

The aim of the research was to take into account variable aspects in the passability maps made so far - mainly atmospheric 
phenomena, which were analyzed in terms of their influence on soil conditions and other land cover elements (marshes, 
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swamps, but also other watercourses). The development of a model that took into account the above-mentioned factors 
allowed the development of a methodology for developing dynamic maps of passability, which was postulated in the title 
of this paper. 

METHOD  

Area of study and used data  

Performed tests were conducted on the area of three voivodeships in north-eastern Poland (Masovia, Warmia-Masuria 
and Podlasie Province) (Fig. 1). This region is the area of interest of both Polish Armed Force and NATO, as it is directly 
adjacent to the territory of the Russian Federation. This is an area of approx. 81 thousand km2, characterised by diversified 
land cover elements, which influence passability. It encompasses the largest water reservoirs in Poland (the Great 
Masurian Lakes), two large water courses (the Vistula and Bug Rivers) as well as large forest areas (covering 27% of the 
analysed area). The northern section of the test region contains both large slope (up to 10o) and large plains (e.g. the 
Łowicz-Błonie Plain). The test area also includes the Warsaw Agglomeration and two provincial capitals (Białystok and 
Olsztyn). The density of the road network varies and depends on the degree of land development. 

 

Figure 1. Test areas, source: own study 

Due to the fact that passability maps are mainly developed for military purposes, the study used a standardised vector 
spatial database – VMap Level 2 (VML2). In terms of detail level, it corresponds to a topographic map in the scale of 
1:50 000 and contains 250 classes of features, grouped in 9 usable thematic layers: borders, relief, physiography, transport, 
buildings, hydrography, vegetation, aviation content and industry (Military specification MIL-V-89032 Vector Smart Map 
(VMAP) Level 2, 1993). 
Soil data were obtained from the tactical soil map. This is a low-detailed digital map (data detail level is about 1:200,000 
scale) which includes the following soil types located in Poland: clays, loesses, silts, landslides, sands and gravels, magma 
and sedimentary rocks, peats and mine dumps. The data are stored in vector form and are supplemented with descriptions 
characterizing the above-mentioned soils in terms of the possibility of driving heavy military vehicles on them. 

Generation of static maps of passability  

In order to check how the precipitation affects the passability, maps were generated on the test area without taking into 
account the fast-changing conditions, taking into account only the elements normally found in topographic spatial 
databases, i.e. the elements that can be grouped into classes such as: buildings, road network, waters, vegetation (including 
forests crucial for the passability). The methodology adopted was based on a very simple method, based on determining 
the passability of a primary field, taking into account the number of different land cover elements in that primary field. 
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To make the methodology more universal, each land cover class was given a specific weight that reflects in a measurable 
way whether the class affects passability significantly (in which case its weight is high) or has little or no effect on 
passability (in which case its weight is low, or zero, respectively). In this way, all elements of the land cover in a given 
primary field are taken into account and finally, the average passability in each of the primary fields is determined. All of 
the above-mentioned calculations are performed in an information system that allows the generation of primary fields of 
different sizes and shapes. Taking this into account, the system allows to generate compositions of primary fields, creating 
more detailed maps (a larger number of smaller primary fields) or more general maps, containing in each large primary 
field several elements affecting the passability to different extent. 

The main methodological assumption of the conducted research was to refer the index of passability of the terrain to the 
primary fields of various sizes (in this article have been used squared primary fields on dimensions 1000 x 1000 m). The 
basis for calculating IOP are elements of land cover that exist in the given primary field, including, in particular:  

• surface objects (e.g. forests, lakes, built-up areas); - the total surface area of each area found in the given 
primary field; 

• for linear objects (rivers, roads, railways, contours) - the total length of the linear object located within the 
primary field; 

• for singular objects (buildings, enclosures) - the number of objects located within the given primary field. 
Additionally, each primary field was assigned the average land denivelation parameter calculated from all points of the 
numerical model of land inclinations located in the area of the given primary field (Fig. 2). 

Area (e.g. forest) Line (e.g. road) Point (e.g. building) Slope 

    

Fig. 1 Sample visualizations of the parameters obtained for specific land cover elements 

The presented approach is a specific conversion of a vector, discrete data model to a continuous (raster) model (Fig. 3), 
where the primary field is described by a defined number of parameters (Fig. 4). This way of data organization enables 
to carry out statistical analyses, which result in the determination of the index of passability for each primary field. 

 
 

Fig. 2 Conversion of a vector model based on the 
example of the “built-up area” category. 

Fig. 3 Sample land cover parameters for a primary 
field. 

In the discussed method, assumed that the IOP value would be determined based on the Vegetation Roughness Factor 
(VRF, denoted as IVRF). VRF is a numerical evaluation reflecting the degree of the speed limit related to the movement 
of vehicles through different types of land cover. This factor has been determined in a continuous range from -1 (for 
objects hindering passability) to 1 (for object classes that facilitate passability). An algorithm of calculating the index of 
passability based on the VRF, which is as follows (Pokonieczny & Mościcka, 2018): 
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• Land cover data for each primary field are normalized to the range from 0 to 1. 

• The VRF coefficient is arbitrarily assigned to each category of objects. In order to do so, object classes that 
hinder passability (IVRF > 0), facilitate it (IVRF > 0) and do not affect passability (mainly point objects, IVRF=0). 
The analysis parameters may be modified freely by defining own VRF coefficients, the index of passability is 
calculated with use of equation: 

𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑛𝑛1 ∙ 𝐼𝐼𝑉𝑉𝑅𝑅𝑅𝑅𝑛𝑛1 + 𝐿𝐿𝑖𝑖𝑛𝑛2 ∙ 𝐼𝐼𝑉𝑉𝑅𝑅𝑅𝑅𝑛𝑛2 + 𝑁𝑁𝑖𝑖𝑛𝑛3 ∙ 𝐼𝐼𝑉𝑉𝑅𝑅𝑅𝑅𝑛𝑛3 + ⋯  (1) 

where: 

o 𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖 is the index of passability of the primary field i, 

o for surface objects 𝐴𝐴𝑖𝑖𝑛𝑛1 is the normalised surface (located inside the primary field i) of objects from 
the n1 thematic category, 

o for linear objects, 𝐿𝐿𝑖𝑖𝑛𝑛2 is the normalised length (located inside the primary field i) of objects from the 
n2 thematic category, 

o for point objects, 𝑁𝑁𝑖𝑖𝑛𝑛3 is the normalised number (located inside the primary field i) of objects from the 
n3 thematic category, 

o 𝐼𝐼𝑉𝑉𝑅𝑅𝑅𝑅 is the vegetation roughness factor for object classes n1, n2 and n3. 
Equation (2) takes into account all classes of objects contained in the spatial data base. It is possible to exclude a given 
class from the analysis, by removing it, for assigning it IVRF of 0 (not affecting passability). 

• The obtained results (IOPs) are then again normalised to a continuous range from 0 to 1. 
A schematic presentation of the operation of the algorithm is presented in Fig. 5. 

 
Fig. 5 Visualization of the algorithm determining the IOP for sample data according to the VRF method. 

Exemplary visualizations of the IOP values generated with use of the VRF method are presented in Figure 6  

500 x 500 m 1 000 x 1 000 m 2 000 x 2 000 m 

   

Fig. 6. Sample visualizations of indices of passability determined with use of the VRF method for various sizes 
of primary fields. 

Generation of dynamic passability maps 

Obtaining the weather data 

The developed passability maps, based on static elements of land cover and relief, were the initial point to add a time-
varying aspect to them. In the presented research, these were weather conditions and their influence on soils occurring in 
a specific area. It is commonly known that the possibility of vehicle mobility is influenced not only by the type of soil, 
but also by the amount of water it contains (this is particularly important in the case of clay soils and peats, among others). 
The more water there is, the less resilient the soil is, causing vehicles to sink into it by covering their running gear with a 
layer of sediment that prevents movement. As the primary source of water in the topsoil layer is precipitation, it was 
necessary to collect information on current precipitation, its accumulation in the soil and (in order to develop maps taking 

Kampinos 
Forest 

Vistula 

Warsaw 
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into account future traffic conditions) precipitation forecasts. The amount of water accumulated in the soil (more 
precisely, the rate of its evaporation) is also influenced by the air temperature, therefore this parameter has also been taken 
into account. The procedure to account for the weather component in the developed passability maps is as follows: 

• Downloading weather data from the OpenWeatherMap service (Сurrent Weather and Forecast - 
OpenWeatherMap, n.d.). This service is created by a team of IT experts and data scientists that has been 
practising deep weather data science. For each point on the globe, OpenWeather provides historical, current and 
forecasted weather data via developed APIs. Weather data from this service was downloaded hourly using its 
API and placed into a PostgreSQL database. Developed specifically for a computerized terrain transit modeling 
system, it retrieved this data completely automatically. OpenWeatherMap also provided weather forecasts for 5 
days with an interval every 3 hours. This information was also collected in the database (Fig. 7). The weather 
data were stored for a point, being the center of a 10 by 10 km square (this is the estimated resolution of the 
OpenWeatherMap model). 

 
Fig. 7 Weather data mining algorithm 

Thanks to the implementation of this operation in the system there is the latest information on current, past (archive data 
are not deleted) and future (for 5 days from the weather forecast) weather conditions. The weather data, with a resolution 
of 10 by 10 km, has also been linked to the static maps of passability. In this way, it is clear what the weather conditions 
are for each primary field of the static map of passability (Fig. 8). 

 

Fig. 8 Overlapping of the weather fields and primary fields of the passability map 

Calculation of updated passability value 

• Determination of cumulative precipitation for each primary field of the static passability map. For each primary 
field, information about the weather conditions (temperature and precipitation) that occurred in that primary field 
for the past few days (5 days in the present study) was obtained from the weather database. It is known that water 
content after rainfall decreases due to soaking and evaporation. Therefore, a simple model was implemented in 
the system, according to which the water content in soil decreases as many times per day as the so-called "water 
loss factor". It depends on the air temperature and changes in the range from 1.5 to 3 according to the function: 

Wi = 0.05 * Ti + 1.5    (2) 
where: 

o Wi - water loss factor in i time interval, 
o Ti  - average temperature during i time interval. 

From the formula (2) it is clear that the precipitation disappearance is smallest for the temperature of 0 °C, while it 
reaches its maximum for the temperature of 30 °C (Fig. 9, left side). 
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Fig. 9 Chart of changes in water loss factor in relation to temperature (left side) and chart of changes in soil water 
content in relation to time and water loss factor (right side)  

 The cumulative precipitation is determined from the formula 

Pk = O1 * (1 / W1 ^ t1) + O2 * (1 / W2 ^ t2) + O3 * (1 / W3 ^ t3) + ……    (3) 

where: 
o Pk – the resulting cumulative precipitation for the k primary field, 
o O1,2,3… - precipitation 1, 2, 3... hour after the moment for which the passability is generated, 
o W1,2,3… - water loss coefficients determined from equation (2), 
o t1,2,3… - time after 1, 2, 3... hour from the moment for which passability is generated (in days). 

From the formula, a relation is apparent for which even a large but distant in time precipitation will have little effect on 
the value of Pk. Decisive for its value is precipitation occurring during or immediately after a fixed point in the 
generation of the dynamic maps of passability (Fig. 9, right side). 

• Determination of the updated value of the passability coefficient. Depending on the value of cumulated 
precipitation (Pk) determined by formula (3) and the type of soil in the primary field, the value of the IOP 
correction is determined. It is directly proportional to the value of Pk and its limits depend on the type of soil in 
the primary field of the passability map. The Fig. 10 shows how the value of the correction (VIOP) varies with 
soil type and Pk size. 

 

Fig. 10 Graph of the effect of individual soil types on passability as a function of cumulative precipitation values 

• The final value of the dynamic coefficient of passability, after taking into account the weather correction, is 
determined from the formula: 

DIOPk = SIOPk - VIOPk 

where: 
o DIOPk – dynamic passability coefficient k considering weather, 
o SIOPk – static passability coefficient for field k, 

Water loss 
factor 
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o VIOPk – weather correction, determined using the methodology described above. 

RESULTS  

Based on the methodology described above, three example passability maps were developed. The first is a static map 
automatically generated from GIS data from VML2. Map #2 is a study that takes into account soil and weather conditions 
but was developed for a period when there was no precipitation in the test area. Map #3 is a study that takes into account 
the heavy precipitation that occurred in the test area. The figure indicates what cumulative precipitation value, determined 
from equation (3), occurred in the area of map #3. 

Table 1. Resulting maps of passability 

1) Static map 2) Soils without precipitation 3) Soils with precipitation 

   

   
Average: 0.61 0.57 0.39 

Std. Dev.: 0.14 0.13 0.17 

Median: 0.66 0.60 0.40 

Skewness: -0.87 -0.82 -0.41 

DISCUSSION 

The resulting maps of passability differ significantly from each other. Map No. 1, which does not take soil parameters 
into account, shows in its content large areas of good passability. These are open areas, not covered with vegetation, water 
and buildings over which vehicles can apparently move without any obstacles. The histogram very clearly shows that 
most of the passability coefficients are in the range of 0.5 - 0.7, for an average IOP of 0.60 (this is also confirmed by the 
median, which is even higher - 0.66). The data give the impression of occurring in a relatively small range (the standard 
deviation with a numerical interval of the data from 0 to 1, is only 0.14). The skewness is confirmed by a very clear shift 
in the size of the IOP (and the size shown by the histogram) towards higher values of the indexes of passability (the graph 
is shifted to the right in the histogram). Such a map, taking into account only the data collected in the topographic database, 
shows the analyzed area as an area with generally good passability parameters, limited only by locally occurring obstacles 
in the form of dense forests and wide watercourses. 

Quantity 

IOP 
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Map no. 2 is an analysis made taking into account soil parameters, but with the assumption that these are dry soils, i.e. 
that it did not rain on them for several days. Taking that into account, this study does not differ from the map no. 1. 
Admittedly, there are soils which influence the passability even in the lack of precipitation (these are clays and peats), 
but their influence in the lack of precipitation is insignificant, moreover, they occur on a limited area, not covering the 
whole test area. Despite this, the determined estimators show that the overall passability of the test area has slightly 
deteriorated. The average passability coefficient decreased compared to map #1 (by 0.04). Slight changes also occurred 
in the other determined parameters of the IOP distribution. It is worth noticing that the histogram is slightly shifted 
towards lower values of IOP (what is shown by lower median than for map no. 1) and that its course is slightly more 
"smoothed" than in case of the histogram of map no. 1. 

Map 3 is the appropriate study, taking into account both the soil type and precipitation that occurred in the study area. At 
first glance, the map is much darker than the other two studies, indicating that the passability of the area is much worse, 
especially in the northern area, for which the highest precipitation was assumed to occur. As the precipitation intensity 
decreases towards the south, the passability improves to take the form of map 2 for the southernmost area for which no 
precipitation was observed. The statistical estimators determined in this case are completely different from those for maps 
1 and 2. The histogram is significantly shifted towards lower IOP values and clearly flattened. The obtained distribution 
of passability coefficients is much more homogeneous (this is confirmed by the flattening value of the distribution). The 
terrain became clearly less passable (much lower mean passability coefficient and median than for maps no. 1 and 2). In 
addition, the values of the coefficients became much more dispersed, as evidenced by the much higher value of the 
standard deviation (0.17). The increase in the effect of the growing total precipitation on the value of the generated 
passability coefficient is very clearly visible. Where the precipitation is highest the passability is lowest and as the 
precipitation decreases it changes (improves) according to the model presented in the Method section. 

CONCLUSIONS 

The approach to passability presented in the paper is consistent with general assumptions prevailing in Poland: in case 
of good atmospheric conditions, little or no precipitation, passability of open areas (and thus soils) is very good. A 
slight difficulties are areas of clays and peats, but in dry conditions there are no major problems with crossing them. 
The situation changes completely when there is intense precipitation. Then the soils, after absorbing large amounts of 
water, become muddy and often very difficult to overcome, even with specialized tracked vehicles. This is also 
extremely important due to climate change. Nowadays, heavy but short-lived rainfalls are much more common in 
summer than rainfalls of only a few days' duration. 

The results of the study clearly showed that a passability map that did not take soil conditions into account was a study 
that could be misleading. Perhaps just such a mistake was made by Russian commanders, who directed tanks through 
clayey, muddy terrain that at first glance appeared to be open terrain with excellent traction characteristics.  

It should be very clearly emphasized that the discussed maps of passability are generated in a fully automatic way. Both 
the generation of primary fields, analysis of the topographic situation and collection of weather parameters as well as their 
inclusion in the model are carried out completely automatically thanks to the use of a specially prepared IT system. Such 
a solution allows us to generate dynamic traffic maps which change their content depending on the changing weather 
conditions in time. It allows to obtain the most up-to-date information on passability and completely revolutionizes the 
planning of military operations and management of crisis situations. Further research will be aimed at obtaining more 
precise information about soils, which will increase the accuracy of the analysis carried out, and at developing more 
accurate models of the influence of weather conditions on terrain passability conditions. 
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