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Abstract 

This paper investigates the archaeological topography and historical road networks of Pannonia province during the 

Early and Middle Imperial period (late 1st – late 3rd centuries AD) in the Bakony Mountains and Balaton Uplands. 

Methodologically, the study relies on Least Cost Path (LCP) analysis, extended with a network analysis approach. Instead 

of examining linear connections, the model analyses the mutual relations of approximately 70 settlements in an "all-to-

all" system, revealing the landscape’s most intensive and naturally justified transport corridors. The novelty of the 

research lies in the location, specific era, and scale (88×80 km, ~7040 km²); such large-scale LCP analysis is rare, and 

no similar study exists for this period in the region. Technical implementation utilizes an open-source environment (SAGA 

GIS, QGIS, supplemented by custom Python scripts). The model's input database is heterogeneous: terrain is represented 

by open access FABDEM (20 m resolution), complemented by published historical maps and archaeological coordinates. 

This analysis involved the combination of thousands of routes, necessitating the optimization of computational tasks. The 

results were validated through proximity analysis of contemporary settlements. The significance of the research is further 

enhanced by the model's ability to identify transport hubs that are either unknown or only vaguely mentioned in historical 

descriptions. 

Keywords: Least Cost Path, Network Analysis, FABDEM, Early and Middle Imperial Period, Bakony Mountains, Balaton 

Uplands, Open Source GIS 

INTRODUCTION 

Geoinformatics has been used as a method and related science in archaeological research for decades (Bell & Lock, 2000; 

Herzog, 2013). The analysis of historical connections between sites and the extrapolation of possible new sites can be 

carried out in a geographical context using GIS (Geographic Information Systems) tools and algorithms (White & 

Surface-Evans, 2014). When modeling the connections between known sites, we can start from the assumption that the 

communities that once lived there sought the most efficient route for transportation between the sites. In geoinformatics, 

this is called the least-cost path (Douglas, 1994).  

Least-cost path (LCP) analysis is a route planning algorithm that can be used to calculate the minimum distance between 

two points, also known as the "travel cost" (Dijkstra, 1959). The cost is determined by the values of the cells in a raster 

map, so the quality of route planning depends primarily on the resolution of the raster cells (Surface-Evans, 2012). The 

use of the LCP method in archaeological research has proven helpful in finding new sites on numerous occasions (Herzog, 

2016).  

In archaeological investigations, routes are often only assumptions that can be confirmed by scattered finds, and it is very 

rare that a definite route can be traced. The further back in time we go, the more this is the case. The vegetation cover and 

disturbance of the area under investigation also strongly influence the detectability of old road networks, but these factors 

are not significant in the formation of a road. For this reason, the cost grid is almost always determined on the basis of 

the relief during LCP studies (Herzog, 2016). However, the use of hydrographic elements in the analysis of the land road 

network may represent an additional cost, and their value is determined on the basis of maps combined with the terrain 

or analyzed separately (Herzog, 2010). When analyzing such maps, it must be assumed that the terrain has not changed 

significantly over the centuries and millennia, and that the hydrography can be reconstructed on the basis of historical 

sources and environmental studies.  

In archaeological research, the analysis of least-cost paths has long surpassed the examination of discrete point-to-point 

connections and has gradually shifted toward the modeling of complex network systems (Lock, 2000; Van Leusen, 2002). 
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Irmela Herzog's work has highlighted the critical role of cost functions and the need for refined slope-based models, 

providing a theoretical framework for more accurate simulations (Herzog, 2010, 2013, 2016). In Hungary, the spatial 

analysis of the Roman road network and land ownership systems (centuriatio) proved the validity of GIS in reconstructing 

the structure of ancient provinces and revealed the landscape-forming effects of the former road network over the 

centuries, which can still be seen today in water management and land parcelling (Bödőcs, 2008; Bödőcs & Kovács, 

2011; Szilágyi, 2013; Simon, 2016). The research of Mesterházy (2018) represents a similarly important step forward. 

Working in a flat landscape (the Great Plain), he not only generated routes but also analyzed the topological properties of 

networks (connectivity, symmetry) and demonstrated diachronic changes from the Neolithic to the Middle Ages. 

Depending on the topographical conditions, LCP analysis can also be a relevant tool for interpreting earlier, Paleolithic 

land use, although environmental reconstructions further back in time also involve greater uncertainty (Anderson & 

Gillam, 2000). 

However, most of these models either focus on the network characteristics of flat, open areas or analyze the structural 

relationships between known main roads and settlement structures. In hilly, highly fragmented terrain, where the physical 

traces of the road network and junctions (smaller settlements) are incomplete, the construction of deterministic network 

graphs is uncertain. 

The focus of the present research, the Bakony Mountains and the Balaton Uplands (Western Hungary), is a typical 

example of such a complex environment, which was once part of the Roman Empire, Pannonia province. A significant 

part of the region has been covered by cultivated land under intensive agricultural use for centuries, which has effectively 

erased the surface traces of the former roads. The route of the main roads (viae publicae) that formed the backbone of the 

Roman road network is relatively well known, but the reconstruction of the internal network connecting rural settlements 

still raises many questions. An excellent example of this is the case of Mogentiana, a significant settlement known from 

written sources (Itinerarium Antonini), the existence of which is indisputable, but whose exact geographical location – 

traditionally assumed by researchers to be in the Somló Hill region – remains uncertain due to a lack of archaeological 

evidence (Szabó, 2003; Bödőcs, 2008; Firnigl, 2012). 

Figure 1. Overview map of Pannonia provincia indicating the major settlements and roads (data from AWMC - Ancient 

World Mapping Center) 

In our study, we apply a novel methodology based on network density (Network Density Heatmaps) to examine the road 

network of the early and middle imperial period (late 1st century AD – late 3rd century AD). In contrast to the traditional 

method of searching for a single optimal route, our models analyze the mutual "all-to-all" connection system of 

approximately 70 archaeological sites in a sample area of 7040 km². The densification zones of the generated routes 
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outline the "natural transport corridors" of the landscape, thus providing a more robust prediction of the former road 

network that also handles uncertainty, compared to traditional linear models. 

The primary objective of this research is to test a route planning method (Least Cost Path – LCP) based on a detailed 

digital elevation model (DEM) and known location data on a regional scale. During the study, we seek to answer how 

much overlap there is between the theoretically optimal land routes computed solely on the basis of topographical and 

hydrographical features and the locations of the excavated archaeological sites and the known former road network. 

Within this framework, we have formulated three specific research questions. First, we examine whether the method 

reveals Mogentiana (presumably the Somló Hill region) as a significant transport hub. Second, we analyze the computing 

capacity and time required to run the model, with particular regard to data processing of a regional scale and detailed base 

data. Finally, in order to validate the model, we examine the average distance of Roman villas and other archaeological 

sites from the generated road network, thereby testing the predictive power of the model. 

THE HISTORICAL AND GEOGRAPHICAL CHARACTERISTICS OF THE STUDY AREA 

The studied area, the Bakony Mountains and the Balaton Uplands, was one of the most topographically diverse regions 

of Pannonia provincia (later Pannonia Superior, then partly Pannonia Prima and Valeria), and as a result, it had a unique 

landscape structure. While the rugged, densely forested mountainous interior served primarily as a source of raw materials 

and a transit zone for passing traffic, the southern slopes of the Balaton Uplands, with their favorable climate and 

hydrography, allowed for intensive agricultural use from the early imperial period onwards (Firnigl, 2012). During the 

integration that followed the Roman conquest (1st century AD), the area became part of the empire's economic circulation. 

The long-distance main roads (viae publicae), which formed the transport backbone of the province, typically avoided 

major topographical obstacles and ran along the edges of the region (Bödőcs, 2008). The north-south and east-west roads 

starting from the colonies, traces of which can still be seen in many places in the former province of Pannonia (Bödőcs 

& Kovács, 2011), were connected to a secondary road network that was organically integrated with the natural features 

of the landscape further away from the settlements. 

During the early and middle imperial periods (late 1st century AD – late 3rd century AD), an extensive network based on 

villa economies (villa rustica) and rural settlements (e.g. vicus, logistic and industrial centres) developed in the Balaton 

Uplands and the wider valleys of the Bakony Hills (Firnigl, 2012). The maintenance of this economic network, the 

distribution of the goods produced, and their integration into imperial trade would have been inconceivable without the 

functional accessibility of local hubs such as Mogentiana (Szabó, 2003), which is well known from inscriptions and 

historical sources but has not yet been precisely located. 

Over the centuries, landscaping (farmlands, plantations, settlements, regulation of waters, etc.) and afforestation have 

largely erased the physical remains of this finer, internal road network. Therefore, a GIS-based analysis of settlements 

and complex topographical conditions is crucial for reconstructing the region's contemporary road network. 

METHODS 

In this research, we embedded traditional, deterministic LCP (Least Cost Path) algorithms into a regional-scale, “all-to-

all” network iteration. The modeling steps ranged from data preparation and cost surface calibration to the generation of 

thousands of routes and their aggregation into a heatmap. We performed the GIS operations using open-source tools 

(QGIS, SAGA GIS) and in-house Python scripts. 

Data Sources and Preparation 

The input data for the models consisted of two main components: topographic and environmental raster data, and 

archaeological vector data representing the nodes of the network under study. Since a significant portion of the study area 

(the Bakony and Balaton Uplands) is densely forested today, we used the FABDEM (Forest And Buildings removed 

Digital Elevation Model) for terrain modeling. Using machine learning algorithms, FABDEM filters out the distorting 

effects of vegetation cover and the built environment, thereby providing a terrain model (bare-earth DEM) that reflects 

the true morphology of the surface (Hawker et al., 2022). The raw arcsecond-based data were transformed into the UTM 

34 N coordinate system and resampled into a raster with a spatial resolution of 20 meters using bicubic interpolation. The 

total study area of 88×80 km thus resulted in a matrix consisting of more than 17.6 million cells.  

In addition to topography, hydrological barriers also posed a critical constraint on contemporary transport. To account for 

this, we excluded the surface of Lake Balaton from the analysis (masking it as a NoData value) and marked the Rába 

River, which runs through the northwestern part of the area, as difficult to cross on the cost grid (more on this later). Due 

to the inaccuracy of historical sources, we adopted the shoreline data from current open-source data (OSM, 2026). 
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The starting points and targets of the network analysis were the archaeological sites known from the region and dating to 

the Early and Middle Imperial periods (villa estates, vicus settlements, castrums and towns). Based on the literature and 

published site inventories (Bödőcs, 2008; Firnigl, 2012; Bödőcs, 2025), we defined a total of 70 nodes using road remains 

excavated near these sites (58) and “exit” points located at the edges of the modeled area (12). The latter were positioned 

along the edge of the model area in the direction of larger contemporary settlements located in the immediate vicinity of 

the model area (Figure 1), at locations that, according to historical sources (e.g., Itinerarium Antonini, Tabula 

Peutingeriana, First and Second Military Surveys of the Austrian Empire – see Bödőcs (2025)) were transportation routes 

used for centuries (and still are today). These points served as anchor points for all-to-all route planning. 

Parametrizing the Models 

Determining the cost (friction) of travel over the terrain and properly parameterizing the algorithm are the most critical 

steps in route planning. The SAGA GIS Accumulated Cost tool provided the basis for the network analysis (Conrad et 

al., 2015). During the calculation, the software accumulates the resistance values assigned to the cells of the input cost 

surface by radiating out from a starting point (source). Depending on the specified parameters and the values of the cost 

surface, the behavior of the model can change significantly.  

If only the base cost raster is provided for the calculation, the spread remains isotropic (direction-independent). However, 

if a directional raster (Direction of Max Cost, in our case the slope aspect, i.e., the Aspect raster) is also included, the 

model becomes anisotropic. In this case, the algorithm distinguishes between favorable and unfavorable options based on 

the direction of travel. That is, it takes into account whether the movement is uphill or downhill on the same slope. The 

software calculates the effective cost using the formula: 

Costeff = Costbase
f  (1) 

f = cos(α)K (2) 

where the f exponent is the result of the cosine of the angle between the direction of travel and the direction of the 

maximum cost (slope aspect) multiplied by a weighting K-factor (equation 2).  

During the modeling process, we did not define cells with a cost of 0, but we did examine the role of the Threshold 

parameter in SAGA GIS. This parameter defines the tolerance—that is, the difference in cost between two possible 

directions of travel that must exist for the software to treat them as separate (alternative) routes. If its value is 0 (or very 

close to it), the algorithm strictly selects only the single optimal neighboring cell with the lowest resistance. This results 

in a fast and deterministic run. However, if the threshold value is increased, the software begins to retain and examine 

"near-optimal" (showing a deviation within the threshold) parallel path branches as well. In our experience, increasing 

the threshold value exponentially increased computation time due to the branches, and on a large (17.6 million-cell) 

regional matrix, it led to the algorithm exhausting computational capacity, causing path generation to stop "halfway." 

Since the "all-to-all" concept resulted in many thousands of unique iterations and path combinations for the 70 

archaeological nodes, performing the calculations manually via SAGA’s graphical user interface (GUI) would have been 

impossible. To address this, we automated the entire workflow: the runs were performed in the background by invoking 

custom Python scripts through SAGA’s command-line (CMD) modules. 

To identify the appropriate friction surface, we created and calibrated the cost grids using two different approaches: 

normalized costs between 0 and 1, and physiological costs above 1. 

Cost grids in the range of 0 to 1 

In the first group of models, we scaled the elevation raster to a range between 0 and 1. With this solution, due to the 

specific characteristics of SAGA GIS’s anisotropic formula, using the default value of K=2 would have yielded incorrect 

results: because of the even exponent, the value of cos(180°)=-1 becomes positive ((-1)^2=1), so the software would have 

penalized both ascending and descending movements on the slope equally. To avoid this, we set the K-factor to 1. The 

odd exponent ensured that the negative prefix was retained, so for ascending movements, the algorithm used the reciprocal 

of the base cost. 

Since the reciprocal of numbers less than 1 results in a higher value (greater cost), the radian values of the slope angles 

had to be inverted to achieve the correct physical model. During the transformation, completely flat areas were assigned 

a cost value of 0.99 (close to neutral), while the steepest slopes were assigned a cost value closer to 0. However, using 
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values that were too small could have caused distortion, as moving upward on steep terrain would result in the reciprocal 

operation generating an exponential penalty (extremely high cost), while moving downward would result in the low base 

value allowing for extremely easy movement. Therefore, we did not include values below 0.33 in the models (see Table 

1). 

Table 1. Examples of the balance between the penalizing and rewarding effects of anisotropy for different grid ranges 

when K=1. 

Grid value "Penalty" (Uphill) "Bonus" (Downhill) Evaluation 

0.33 3.00x cost 0.33x cost Difficult climbing but a bit too easy descending 

0.50 2.00x cost 0.50x cost Strenuous but balanced (hiking trail level) 

0.80 1.25x cost 0.80x cost Mild and balanced (Gentle hills) 

0.90 1.11x cost 0.90x cost Barely noticeable difference (flat surfaces) 

 

Cost grids with costs above 1 

In the second group, we used physiological and speed-dependent functions instead of mathematically rescaling the slope 

angles. Tobler’s hiker function (Tobler, 1993) and Minetti’s metabolic cost equation (Minetti et al., 2002) are widely used 

in the literature to generate cost grids (Herzog, 2013). These equations are inherently asymmetric and express the actual 

energy expenditure (J/kg/m) or time required for movement; thus, the raster cell values are always greater than 1 (they 

have a positive baseline value even on flat terrain). 

When running these models, it is not advisable to include the K-factor that controls anisotropy, as it either yields an 

incorrect value or induces unnecessary calculations. If the K-value is set to 1, due to the formula used in SAGA GIS (see 

above), walking uphill would be easier than walking on flat ground or a gentle slope; and if we used the default K=2, this 

again eliminated the distinction between slopes and ascents (penalizing both equally), thus forcing the route to zigzag on 

level ground and unnecessarily multiplying the computation time. Therefore, for Minetti- and Tobler-based cost surfaces, 

we omitted direction-dependent K-factor anisotropy and ran the models based on the asymmetry already built into the 

cost grids. 

Computational Environment and Test Areas 

To evaluate the performance (computation time, file sizes) of different cost grids and model settings, we carefully 

documented the modeling process. We ran large-scale, regional-level iterations on a standard office computer (Table 2) 

to assess the resource requirements of the LCP and network algorithms. 

Table 2. Computer specifications used for modeling  

Processor 
11th Gen Intel(R) Core(TM) i5-1135G7 @ 2.40GHz 

(2.42 GHz) 

RAM 16.0 GB (15.7 GB usable) 3200 MT/s 

Operation System Windows 11 Pro 

Graphic Card 128 Mb Intel Iris Xe 

 

The entire study area, which covers the Bakony and Balaton Uplands regions, with a particular focus on the area between 

the settlements of Várpalota and Kemenesszentpéter, formed a raster matrix consisting of 4,400 × 4,000 cells. During the 

preparation of the digital elevation model, we had to pay special attention to the handling of hydrographic features, which 

were critical constraints. We completely excluded Lake Balaton, the only major water body known to have existed in 

Roman times, and the surrounding marshy areas from the terrestrial road network modeling by assigning them a NoData 

value, so the algorithm bypassed these areas. 

Water bodies appear as flat areas in the DEM, and with the exception of Lake Balaton, this would have resulted in 

calculation errors in some of the models (where aspect was also a model parameter) if not handled properly. For this 

reason, where water surfaces showed a completely flat (NoData) aspect based on FABDEM, we replaced the values with 

random Brownian noise between 0 and 2π per pixel, thereby eliminating software anomalies. In contrast, we integrated 

the Rába River into the model as a passable but extremely difficult-to-traverse obstacle. We adjusted the magnitude of 

the physical obstacle to match the cost model used: for normalized slope-based models, the river line received a cost value 

of 0.99, while for the physiological Minetti model, it received a cost value of 100. For the anisotropic models, we applied 

a random apect value to these cells to simulate the direction of maximum resistance. 
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Prior to conducting resource-intensive simulations covering the entire area, we also designated smaller sub-sample areas 

(such as Badacsony Hill, Várpalota, Kemeneshát along the Rába River, and the northern foothills of the Bakony 

Mountains). The purpose of these sub-areas of varying sizes was to quickly test the behavior of cost surfaces and settings 

in environments with different topographic features and data densities. In these sub-areas, the initial assessment was visual 

in nature: we checked whether the generated LCP lines resulted in realistic paths that fit organically with the terrain. 

Figure 2 clearly illustrates how the anisotropic model works: between two identical points, the route heading east and the 

route heading west differ from one another, as the model prefers a zigzagging path on ascents and a more direct, downhill-

oriented path on descents. If the modelled path partly followed a track used by recent roads, it was also considered 

acceptable (Fig. 3). We did not perform mathematical validation in these subregions, as a significant portion of the 

validation points fell outside the study areas, and the absence of transit routes originating from outside the region would 

have distorted the statistical results. 

 

Figure 2 The LCP models for the route heading east (red) and the route heading west (blue) between two identical 

points show some differences in the sloping areas in the Badacsony Hill sub-area. In the background a local heatmap is 

shown calculated from the anisotropic model of the Badacsony Hill sub-area. 

As illustrated by the route comparisons within the test areas (Figure 2, 3), a heatmap-based visualization was also utilized 

for the preliminary visual verification of the model-generated paths, a technique that subsequently played a crucial role 

during the formal validation phase. 

 

Figure 3. The LCP based on a pysiological (Minetti) model between the same two points in the Badacsony Hill sub-

area. In the background a regional heatmap is shown calculated from the same physiological model for the whole 

region.  

Validation and Statistical Evaluation of the Models 

Validating the reconstructed ancient road networks was challenging because the exact physical traces of the roads have 

been largely obliterated by centuries of human activity and erosion, and contemporary maps were not available. Therefore, 
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the validation was performed using a proximity analysis approach based on the known locations of Roman-era 

settlements, villa farms, and sparse road fragments. 

A spatial proximity analysis was conducted to statistically evaluate the accuracy of the generated Network Density 

Heatmaps. The core assumption was that an accurately modeled transit corridor should pass in close vicinity to the known, 

independently verified archaeological sites. We measured the minimum and average distances between the model-

generated road networks and the validation points (settlements). A threshold of one Roman mile (1480 m) was established 

to filter and analyze the relevant road segments passing near the sites.  

 

Figure 4. Histograms and main statistics of the two best models (23 and 27) producing both 100% hit rate on the 33 

validation points, but having different error and run time parameters.  

Throughout the research, numerous iterations were executed (Models 1 through 27) testing various parameters, including 

different cost surfaces (e.g., normalized 0.5–0.99 slopes vs. physiological cost functions), threshold values, and the 

integration of hydrological barriers (e.g., avoiding Lake Balaton and incorporating the Rába river). The validation phase 

allowed for a quantitative comparison of these scenarios. For instance, the statistical evaluation of the large-scale models 

(such as Model 23 and Model 27, which both processed the entire 17.6 million-cell matrix) provided metrics such as the 

mean distance, median distance, and standard error (Figure 4). We examined a total of 33 validation points, all of which 

are well-documented road remains (Bödőcs, 2025). None of these were included among the points used to construct the 

models. By comparing these statistical outputs, we could objectively determine which cost surface and parameter 

combination yielded a network that most realistically aligned with the actual archaeological data and historical settlement 

intensity. 

Beyond the statistical proximity analysis, the final validation was supported by visual correlation. The densest zones of 

the generated heatmaps were compared against the routes depicted in later historical and recent maps (e.g., the 18th-

century military surveys), confirming that the modeled Roman-era natural corridors strongly overlap with persistent 

transit routes. 
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Figure 5. Map representation of the best model result (No. 27) showing the heatmap network and the validation points.  

RESULTS 

The spatial proximity analysis of the various scenarios showed that it was possible to generate a road network that blended 

organically into the landscape using both complex physiological models run with values above 1 and inverted and 

normalized rasters between 0 and 1, and with the application of anisotropy (physiological models). Running the validation 

against the 33 independent archaeological points revealed exceptionally high accuracy. All validation points were 

perfectly located within the strict 1 Roman mile (1480 m) buffer zone. For example, the site at Hajmáskér (18.024 E; 

47.142 N) showed an outstanding hit rate, with hundreds of modeled routes converging near it, while even the weakest 

performing site (Dudar – 17.908 E; 47.301 N) had eight-nine adjacent generated routes within the 1-mile radius. The 

regional-scale Network Density Heatmap (Figure 5) visually confirms that the densest modeled corridors strongly align 

with the historically persistent transit routes and archaeological sites across the entire study area. 

DISCUSSION AND CONCLUSIONS 

The modeling process revealed critical insights regarding the impact of cost raster parameters on computational 

efficiency. The difference between the minimum and maximum cell values of the cost raster heavily influences the run 

time; smaller differences yield significantly faster results, which translates to hours of saved processing time in regional-

scale analyses. Furthermore, physiological equations like the Minetti formula inherently penalize steepness. When 
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Aspect-based anisotropy is added to this, creating extreme penalties for steep, uphill movements, the cost values grow 

exponentially. This extreme growth can occasionally exceed the software's internal floating-point precision, causing the 

gradient to reach zero and the LCP algorithm to terminate the route prematurely before reaching its destination. To 

mitigate these computational bottlenecks, migrating the calculations to a cloud-based architecture represents a logical 

next step for future research. 

In conclusion, the highly positive validation results confirm that our density-based "all-to-all" methodology provides a 

realistic reconstruction of the ancient Roman road network. The model successfully manages the uncertainty inherent in 

rugged, agriculturally disturbed terrains by highlighting probabilistic travel corridors rather than single deterministic lines. 

The ultimate proof of this predictive model will be the future archaeological field survey and excavation of newly 

identified network hubs, such as the exact location of the long-sought settlement of Mogentiana. 
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