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The initial aim of this project was to test, if boundaries of the Roman administration units in a large part of southern 
Germany could be approached mathematically based on known central locations and least-cost Thiessen polygon 
calculations. The boundaries derived from SRTM elevation data by applying the popular Tobler cost function 
roughly coincide with those of standard Thiessen polygons even in hilly regions. These results do not change 
significantly when choosing a slope-dependent cost function for vehicles rather than for pedestrians. For this reason, 
we decided to investigate the issue more thoroughly in a small part of the study area. For this area, we mapped some 
traditional road reconstructions of Roman roads. The known Roman roads allow estimating the costs of movement 
during Roman times in this part of Germany, i.e. for several cost models, least-cost paths (LCP) were compared with 
the routes of the known Roman roads. Based on the best performing cost model, accessibility maps were created. 
Linear features of low accessibility in these maps indicate possible locations of past or present boundaries because 
the boundaries are often aligned with topographical elements such as steep slopes or rivers. Some issues detected in 
the course of this research will be discussed, e.g. the difficulties of attributing appropriate costs for crossing the 
rivers and creeks based on the available data on modern water bodies and the drawbacks of least-cost Thiessen 
polygon approaches.  
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INTRODUCTION 

The main aim of this paper is to test mathematical approaches for boundary reconstruction of Roman administration 
units in a large part of southern Germany (Fig. 1). Boundaries separating secondary administration units east and 
west of the two provinces Germania Superior and Raetia probably coincide with the border of the two Roman 
provinces. Several studies trying to identify the location of the administrative units have been published [e.g. 
Wilmanns 1981 for Germania Superior] based on archaeological evidence, mainly inscriptions. However, the 
evidence concerning the location of the province boundary and of the secondary administration units is sparse. An 
additional boundary in the study area is the limes in the 2nd century AD, the course of which is well-known. 
Computational approaches are presented that generate new hypotheses about the exact location of the province 
boundary and of the secondary administrative units. The results generated are discussed with reference to the sparse 
evidence.  

The research presented was initiated by the project “Limites inter Provincias – Roms innere Grenzen, eine 
Annäherung”. The aim of this project launched in 2014 is to investigate the location, role, and impact of boundaries 
between Roman provinces in general and the boundary between Raetia and Germania Superior in particular [Heising 
et al. 2015]. Preliminary results discussing the situation of some regional centers mentioned in the text as well as the 
relationship between the Roman settlement pattern and the province boundary in the study area were published in 
[Schröer 2016]. 
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In archaeological computing, calculating territories based on known central locations became popular in processual 
archaeology and has a long tradition [Hodder and Orton 1976: 187–195]. The approach known as Thiessen 
polygons, Voronoi diagrams or Dirichlet tessellation allocates a territory to each settlement by dividing the area 
considered so that each settlement location ‘is enclosed by exactly one polygon which also contains all the space 
that is closer to that point than any other’ [Conolly and Lake 2006: 211]. The concept assumes that no empty space 
existed between the territories. Calculation of the standard Thiessen polygons is supported by most GIS. Already in 
1988, Sommer published a Thiessen polygon approach for the administrative units of the province Germania 
Superior. 

As mentioned above, prerequisite for a Thiessen polygon approach is a list of central places. But it is quite difficult 
to identify the capitals of administration units in the study region for the beginning of the 3rd century AD. For a 
detailed discussion of the central places in the province Germania Superior the reader is referred to these 
publications: [Wilmanns 1981; Sommer 1988; Kortüm 2015]. Especially for Raetia, the concept of administration 
units known as civitates and the location of the administrative centers are strongly disputed [Wolff 1986; Czysz et al. 
1995: 198–214; Czysz 2013] which is partly due to lack of relevant inscriptions. But nevertheless, the location of 
some central places is highly probable. For instance, the Roman settlements of Bregenz and Kempten most likely 
were the central places of two tribes mentioned by the Greek geographer Strabon (who died in 23AD). For 
Günzburg, a Roman trade center situated at a main river (Danube) crossing position, no evidence of an 
administrative role has been recorded (e.g. [Schmid 2000]), so it is not included in our list of central places (Tab. 1) 
in the study area. Moreover, 17 Roman territory indicators were mapped, i.e. mostly stone monuments with 
inscriptions, including mile stones mentioning administrative units. With the exception of a stone monument north-
east of Pforzheim recorded in secondary context referring to Baden-Baden, these indicator finds support the central 
role of several locations listed in Table 1 and the hypothesis of geographical centrality coinciding with 
administrative centrality. This table also indicates the reliability of the evidence for the status of these settlements. 

 

 

Fig. 1. Location of the study area and standard Thiessen polygons for the capitals of the secondary administration 
units in this area. 
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Table 1. List of probable Roman capitals of administrative units located in the study area shown in Fig. 1. 

 

Capital 
Roman territory 

name Roman Province Reliability Evidence Selected references  

Bad Wimpfen 
Civitas 

Alisinin(ensium?) 
Germania Superior verified 

inscriptions 
public buildings 
city wall 

Filgis 2005 
Haberhauer 1988 

Neuenstadt a. 
Kocher 

Civitas Aurelia G… Germania Superior highly probable 
sanctuary 
forum (?) 

Kortüm 2013 

Portus – 
Pforzheim 

? Germania Superior uncertain milestone Kortüm 1995 

Bad Cannstatt ? Germania Superior highly uncertain location 
Filtzinger 2005 
Sommer 1988 

Aquae – Baden-
Baden 

Civitas Aurelia 
Aquensis 

Germania Superior verified 
inscriptions 
public buildings 

Rabold 2005 
Riedel 1982 

Sumelocenna – 
Rottenburg 

Civitas 
Sumelocennensis 

Germania Superior verified 

inscriptions 
public buildings 
sanctuary 
city wall 

Gaubatz-Sattler 1999 

Riegel ? Germania Superior probable forum Dreier 2010 

Arae Flaviae – 
Rottweil 

Municipium Arae 
Flaviae 

Germania Superior verified 

Inscriptions 
forum? 
public buildings 
sanctuary 

Filtzinger 1995 
Planck 1975 

Iuliomagus – 
Schleitheim 

? Germania Superior uncertain 
position 
name 

Homberger 2013 

Aquileia – 
Heidenheim 

? Raetia uncertain 
public building 
former base of ala 
militaria 

Sölch 2001 
Scholz 2009 

Phoebiana – 
Faimingen 

? Raetia probable 
sanctuary 
city wall 
milestones: caput viae 

Weber 1995a 

Ertingen ? Raetia highly uncertain 
forum (aerial 
photograph) 

Meyer 2006 

Cambodunum – 
Kempten 

? Raetia highly probable 

forum 
public buildings 
sanctuary 
milestones 

Weber 1995b 

Brigantium – 
Bregenz 

? Raetia highly probable 

forum 
public buildings 
sanctuary 
milestones 

Zanier 2006, 75-87 
Grabher 1994 

 

Most of the central places were established until the second half of the 2nd century, some date back to the reign of 
Marc Aurel (160 – 180 AD) and Faimingen might have gained its central role only during or after Caracalla’s visit to 
Raetia in 212 or 213. Already in the 3rd century AD, the decline of some central settlements started (e.g. Rottweil, 
Kempten). The probable central locations listed in Table 1 are shown in Fig. 1 along with the standard Thiessen 
polygons calculated from this set of points. Including Ertingen in the calculation of the Thiessen polygons results in 
a reconstructed boundary in the hilly area northwest of the Danube known as Swabian Jura. Many researchers think 
that the province boundary is in this hilly area, but close to the steep slopes (cf. Fig. 2). However, Ertingen is not a 
verified central location, the archaeological sites and finds do not support the notion of an urban settlement.  

In the study area, the altitudes vary between 60 and 1810 m a.s.l. and some major river valleys as well as many 
small creeks can be found. Due to these landscape features standard Thiessen polygons based on straight-line 
distances are most probably not adequate. The study published by Nakoinz [2010] for Early Iron Age Princely sites 
in a large study region enclosing the area depicted in Fig. 1 compared standard least-cost Thiessen polygons with 
those derived from cost-distances and concluded that these differ substantially. For a cost distance approach, a cost 
model is required. Unfortunately, Nakoinz [2010] does not give any details on the cost model used. Anyway, costs of 
transport in Roman times probably differed from those of the Early Iron Age.  

For this reason, we tried to identify a more appropriate cost model that reconstructs the Roman movement based on 
the courses of known Roman roads in the study area. Several cost models are tested by comparing the least-cost 
paths (LCPs) derived from these models to the known Roman roads. Some issues detected in the course of this 
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research will be discussed, e.g. the difficulties of attributing appropriate costs for crossing the rivers and creeks 
based on the available data on modern water bodies.  

 

Fig. 2. Slope map of the study area and standard Thiessen polygons for the central Roman locations excluding 
Ertingen. 

EVIDENCE OF ROMAN BOUNDARIES IN THE STUDY AREA 

For the study area, only few landmarks provide evidence of the boundary between Raetia and Germania Superior 
(Figs. 1 and 2: black triangles). According to the Greco-Roman geographer Claudius Ptolemy (c. 100 - 170 AD), the 
boundary is located between the sources of the Rhine, i.e. probably its emergence from Lake Constance, and the 
Danube. He also refers to Eschenz (Roman name: Tasgetium) as a Raetian town [Benguerel et. al.2011]. The Roman 
settlement known as Pfyn (Roman name: Ad Fines) about 8.5 km south-east of Eschenz is considered by some 
researchers to be located near the border [e.g. Heuberger 1953, 49-50; Hertlein 1928, 9-10] due to the Roman name. 
Some authors shed some doubt on this idea because Pfyn is a late Roman camp [Brem et al. 2008]. In the north, the 
end of the Raetian stonewall near Schwäbisch Gmünd marks most probably the western border of Raetia. A 
fragment of an altar probably dedicated to the Fines supports this hypothesis [Nuber 2005; Sulk 2015]. The only 
control points beyond these province boundary indicators are a few sites between the Neckar and the Danube for 
which epigraphic sources provide information on the corresponding province. Due to this sparse evidence, the 
corridor of possible provincial boundary courses is quite broad. A well-known boundary reconstruction assumes that 
the boundary line is related to the Roman road connecting Eschenz with the modern town of Laiz where the Danube 
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was traversed, this line continues in north-western or north direction to the steep slopes of the Swabian Jura and runs 
along the steep slopes until the limes is reached [Heuberger 1953: 48-50; Heuberger 1932, 75-81; Hertlein 1928: 9-
10, 38-39]. In Fig. 2, the steep slopes between the rivers Neckar and Danube are clearly visible. 

The location of the limes in the time-frame considered is fairly well-known (Fig. 1). For the boundaries of secondary 
administrative units only three possible boundary indicators have been recorded, all of them relate to the northern 
border of the Roman town of Rottweil (municipium Arae Flaviae). The three locations are depicted as territory 
indictors north of Rottweil in Fig. 1. Listed from west to east these are a temple northwest of Rottweil close to a 
mountain pass [von der Osten-Woldenburg et. al. 2013], an arch monument and a relocated inscription referring to 
an Emperor [Heiligmann 1990: 39, 49, 192]. However, hard evidence for their location close to the boundary is 
missing.  

ESTIMATING SLOPE-DEPENDENT COSTS IN ROMAN TIMES 

According to Klee [2010: 53-54], only short sections of Roman roads climbed steep gradients of 10 to 15%. The 
early Roman roads in Italy tended to ascend steeper slopes than the roads constructed after the early 2nd century 
AD. The latter avoided slopes exceeding 8%. This is supported by Grewe’s observations: According to Grewe 
[2004], the slopes of Roman roads in the Rhineland, Germany, normally do not exceed 8%, at some exceptional 
locations 16% to 20% have been recorded. Verhagen and Jeneson [2012] refer to a publication that provides 
information on the maximum slope a typical Roman army cart (carpentum) is able to climb: When loaded, the 
maximum slope is 9% on a well-paved road.  

Due to the turning circle radius of 5.6 m for Roman wagons, Roman engineers tried to minimize the number of tight 
curves (i.e. switchbacks). For some of the known Roman roads in other parts of the Roman Empire building efforts 
such as removing outcrops, constructing steps or rails as well as tunnels have been recorded. The least-cost 
algorithms in general are not able to reconstruct outcrops that have disappeared for some reason or other. Moreover, 
typical least-cost approaches neither model movement on rails, nor the construction of tunnels or minimization of 
curves. In general, least-cost methods provide only a simplified model of reality.  

Table 2 presents the formulas of slope-dependent cost functions that have been used in archaeological least-cost 
studies. Several authors applied slope-dependent cost functions to reconstruct Roman roads: Güimil-Fariña and 
Parcero-Oubiña [2015] compared the LCPs resulting from the slope-dependent cost functions suggested by Pandolf 
et al. [1977], Llobera and Sluckin [2007], Herzog [2013a] (based on [Minetti et al. 2002]), and Tobler [1993] with 
known Roman roads in the north-west Iberian Peninsula. According to their analysis, the cost function estimating 
pedestrian energy expenditure suggested by Llobera and Sluckin [2007] provides the best results, the popular Tobler 
hiking function estimating walking time performs second-best. Verhagen and Jeneson [2012] investigate a 7 km 
stretch of the Roman road Via Belgica in the Netherlands. They find that openness is more important than slope in 
this area. The most likely road section prefers areas with high openness values, i.e. on the ridge which is open to 
vision. However, only for a small part of the Netherlands, slope is a relevant cost factor. In a later study of Roman 
transport in the Netherlands, Verhagen and his co-author Groenhuijzen [Groenhuijzen and Verhagen 2017] do not 
include slope in their cost model but focus on the impact of different terrain classes on movement.  

Due to the steep slopes in the study area (Fig. 2), a slope-dependent cost function is an obvious choice for modelling 
movement in Roman times. The slope-dependent cost functions tested by Güimil-Fariña and Parcero-Oubiña [2015] 
were designed for modelling the costs of pedestrian movement and therefore generate switchbacks only for slopes 
exceeding 25% [Herzog 2014]. Llobera and Sluckin [2007] discuss quadratic cost functions that result in hairpin 
curves beyond a predefined critical slope. Due to the observations concerning the slope of Roman roads mentioned 
above, applying such cost functions with a critical slope in the range of 8 to 12 % seemed more appropriate. A cost 
function with a critical slope of 8% is designated by Q08, Q12 refers to a cost function with a critical slope of 12 % 
and so on.  

A digital elevation model (DEM) is a prerequisite for a least-cost method using a slope-dependent cost function. 
Initially, the calculations were based on elevation data recorded by the Shuttle Radar Topography Mission (SRTM). 
This data is a result of the collaboration between NASA and the National Geospatial-Intelligence Agency and is 
freely available for research purposes. The 1 arc-second elevation data was transformed to the Gauss-Krüger Zone 3 
projection resulting in a raster with a cell size of c. 23 m. After the Vienna conference in November 2017, we 
received a more accurate DEM created by the Ordnance Survey in Baden Württemberg with a cell size of 30 m 
(designated by DEM30 in this paper).  
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Table 2. Selected slope-dependent cost functions 

Name / Reference Formula Properties 

Tobler [1993] 
V(s) = 6*exp(-3.5*abs(s+0.05)) 
Tcost(s, ΔD) = 60*(ΔD / V(s)) 

V(s) estimates the velocity (km/h) on a gradient with 
mathematical slope s, Tcost(s, ΔD) estimates the time in 
minutes for covering the distance ΔD in km on a gradient 
with slope s.   

Langmuir [2004]; 
implemented in r.walk 
(GRASS) 

cost(s, Δd) ={
s < -0.2125:  Δd*(a + d*s) 
-0.2125 ≤ s ≤  0: Δd*(a + c*s) 
s > 0: Δd*(a + b*s) 

Estimates time in seconds. 

s is mathematical slope (elevation difference divided by 
map distance covered) 

Δd = horizontal distance covered (m) 

 
Langmuir:  
a=0.72, b=6.0, c=1.9998, d=-1.9998 

Vehicle cost function. 

Herzog [2013a] based on 
Llobera and Sluckin [2007] 

cost(ŝ) = 1 + (ŝ / š)² 

The abbreviation Q08 refers to this cost function 
with š =8%; for Q12, š = 12% and so on 

ŝ is slope in percent. 

š is the critical slope, i.e. beyond š, switchbacks are more 
effective than direct ascent or descent.  

Walker cost function. 
Llobera and Sluckin [2007] 

cost(s) = 2.635 + 17.37*s + 42.37*s  
- 21.43*s3 + 14.93*s4 

s is mathematical slope.  

Estimates energy consumption in kJ/m 

Walker cost function.  

Herzog [2013a] (based on 
[Minetti et al. 2002]) 

cost(s) = 1337.8*s6 + 278.19*s5 - 517.39*s4  
     - 78.199*s3 + 93.419*s2 + 19.825*s + 1.64 

s is mathematical slope.  

Estimates energy consumption in kJ/(m*kg) 

Pandolf et al. [1977] 
cost(W,L,N,V, ŝ) = 1.5*W + 2.0*(W+L) * (L/W)²  
     + N*(W+L)*(1.5*V² + 0.35*V*|ŝ|) 

Estimates metabolic rate in watts. 

W = weight (kg), L = load (kg), N = terrain factor,  

V = velocity (m/s), ŝ is slope in percent 

INITIAL THIESSEN POLYGON APPROACHES 

Thiessen polygons based on least-cost distances have been introduced previously, but this method is not supported 
by all standard GIS software [Herzog 2013b; Nakoinz 2010]. This is the algorithm used for calculating the results 
shown in Fig. 3: For all settlement locations to be considered, stepwise increasing least-cost site catchments are 
created simultaneously. If two catchments of central locations A and B meet, this is a boundary point, i.e. the cost 
distance of this boundary point to A is the same as to central location B. The catchment growing process stops after 
all raster cells within the study area have been allocated to a catchment. Fig. 3 shows the cost distances resulting 
from this catchment growing process. The boundaries of the least-cost polygons are the ridges in this cost landscape. 

The site catchment algorithm models a spreading process in a raster grid starting at the cell of the site location. In 
each iteration the spreading process selects a low-cost step from a cell already visited to a cell not yet visited in the 
neighborhood. In many implementations of the spreading algorithm only 8 neighboring cells are considered, 
whereas our program supports 24 or even 48 neighboring cells, resulting in a better fit of the accumulated cost 
surface with the ideal outcome for the cost model chosen [Herzog 2013d]. However, increasing the number of 
neighbors considered also increases the computation times substantially. Therefore, only the Q12 outcome in Fig. 3 
was generated with the 48-neighbor option, whereas for the Tobler and the Q08 results the 24-neighbor option was 
chosen.  

The slope-dependent cost computations during the spreading process do not rely on a slope raster, but instead for 
each step considered the actual slope is calculated based on the differences in altitude between the destination and 
the origin cells. For moves beyond the 8-cell neighborhood, the altitudes of the cells traversed are also included in 
the cost computation [Herzog 2013d]. The cost functions Q08 and Q12 are symmetric, i.e. uphill and downhill 
moves on a given gradient are attributed the same costs. In our view, such symmetric cost functions are appropriate 
for site catchment calculations because the costs of moving from the site and back should be averaged [Herzog 
2013a]. For this reason, the Tobler outcome in Fig. 3 is based on the cost function (Tcost(s, ΔD) + Tcost(-s, ΔD))/2, 
the variables of this formula are explained in Table 2.  
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Fig. 3. Comparison of Thiessen polygons based on different cost functions. 

Unfortunately, the program developed by one of us crashed when dealing with the SRTM data (projected to Gauss-
Krüger, Zone 3, EPSG: 31467) due to the large amount of data to be stored for the 200 km x 200 km study area. 
After optimizing the program and resampling the elevation data to a resolution of 80 m it was finally possible to 
generate the results shown in Fig. 3. The cost function used is indicated by the label in the lower left corner of each 
image.  

The boundaries derived from SRTM elevation data by applying the popular Tobler cost function roughly coincide 
with those of Euclidian distance Thiessen polygons even in hilly regions. These results do not change significantly 
when choosing a slope-dependent cost function for vehicles rather than for walkers when considering the least-cost 
Thiessen polygon for Ertingen (Figs. 3 and 4).  

Fig. 4 shows the ridges in the cost distance landscape generated for the Q08 cost distance. The ridges were found by 
local prominence calculations with a radius of 1600 m using the algorithm proposed by Llobera [2003]. This was 
achieved in two steps: In the first step a raster storing the local average least-cost distance values is created using the 
“Mean (neighborhood)” procedure in gvSIGCE/Sextante, the radius is set to 20 raster cell sizes. In the second step 
this newly created raster is subtracted from the initial accumulated cost raster resulting in a raster where local high 
cost areas are highlighted. The areas of steep slopes depicted in Fig. 3 are also easily recognizable in the local 
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prominence image. The boundary between Riegel and Rottweil is obscured by the steep areas in this region, and a 
natural division between the corresponding territories is not discernible.  

 

Fig. 4. Left: Thiessen polygons derived from cost function Q08 and straight-line Thiessen polygons. Right: Local 
prominence of the Q08 cost distances (red = high prominence). 

As mentioned above, many researchers assume that the province boundary coincides with the steep slopes of the 
Swabian Jura. But even the least-cost boundaries derived from a cost function with a low critical slope of 8% are 
located about 10 km south-east of the slopes in the area between Ertingen and Rottenburg. For this reason, we 
shortly reviewed extensions of the Thiessen polygon methodology. Standard Thiessen polygons are only appropriate 
if all settlements are of equal size and importance. Already in 1976, a refined approach was published for creating 
weighted Thiessen polygons that take different population sizes into account [Hodder and Orton 1976: 187–195]. 
Assuming a larger Roman population in Ertingen than in Rottenburg and Rottweil would shift the boundary in the 
desired direction. However, this assumption does not agree with the archaeological data.  

The Thiessen polygon approaches discussed so far are appropriate if the landscape is fully occupied, i.e. hardly any 
suitable locations for new settlements are left. Ducke and Kroefges [2008] present a variant of the Xtent algorithm 
that allows allocating territories based on several parameters including the importance of the central location and a 
maximum cost distance that varies depending on the importance of the location. Due to the maximum distance 
parameter the resulting territories are not necessarily adjacent. But selecting the parameters for this model is hardly 
possible for our data because of lack of relevant information in historical and archaeological sources.  

Anyway, the cost functions used for generating the results presented in Figs. 3 and 4 might not be appropriate. 
Therefore, we tested several cost models for known Roman roads in a small part of the study area. In addition to 
slope, costs of crossing rivers and creeks were included in most of the cost models tested.  

KNOWN ROMAN ROADS  

Known Roman roads allow estimating the costs of movement during Roman times in this part of Germany by 
applying least-cost path (LCP) analysis. Therefore, 90 Roman road sections with cumulative length of 250 km were 
mapped based on the publication by Hertlein and Goessler [1930], unpublished data by the volunteer archaeologist 
Hans-Dieter Lehmann as well as the federal monuments and sites data base ADAB (Fig. 5).  

The Roman roads considered are located in a part of the initial study area covering about 56 km x 64 km, allowing 
to use the higher resolution DEM data. Additional Roman road sections have been recorded in the Rhine valley. But 
the slopes do not vary significantly in this region and landscape change since Roman times seemed more dramatic 
than in the Rottenburg/Rottweil region, so that we decided to focus on the smaller study area shown in Fig. 5. 
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Fig. 5. Known Roman roads in a part of the study area (indicated by a brown frame in the overview map).  

 
Table 3. Reliability of the Roman road sections in Fig. 5 

Reliability Class # sections total length (m) length (%) 

vaguely conjectured 1 10 56259 22.5 

conjectured 1 41 118382 47.4 

high probability 2 7 12737 5.1 

partly verified 2 13 36962 14.8 

verified 3 19 25257 10.1 

Sum  90 249597 100.0 

The reliability of each road section was assessed, and the five initial reliability categories were reduced to three 
classes (Tab. 3). A Roman road is considered verified, if large parts of the road have been recorded by archaeological 
investigations or aerial photography; partly verified was chosen, if only some parts of the road could be verified. 
According to Table 3, only about 30 % of the distances covered by the Roman roads in Fig. 5 are in the highly 
probable class or at least partly verified.  
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Table 4. List of selected Roman road sections in the study area. Each section is designated by the start and the end 
point no. in Fig. 5. The list is sorted according to the lengths of these sections. The reliability classes are explained 

in Tab. 3. 

Road 
section References 

Total 
length (m) 

Number of 
subsections  Class 1 (m) 

Class 1 
(%) 

Class 2 
(m) 

Class 2 
(%) 

9-11 Hertlein & Goessler 1930: 39-43 27087 13 15228 56.2 10079 37.2 

15-19 Lehmann (unpublished)  20099 1 20099 100.0 0 0.0 

4-5 Hertlein & Goessler 1930: 8-19; 
ADAB 

18876 6 14233 75.4 3750 19.9 

6-10 Hertlein & Goessler 1930: 27-30 16142 10 10290 63.7 0 0.0 

6-9 Hertlein & Goessler 1930: 33-34 15606 8 4048 25.9 1304 8.4 

4-7 Hertlein & Goessler 1930: 24-26 15232 5 10590 69.5 4642 30.5 

3-12 Hertlein & Goessler 1930: 20-21 13637 2 13637 100.0 0 0.0 

1-12 Hertlein & Goessler 1930: 6-7; 
ADAB 

13405 9 10939 81.6 1638 12.2 

18-19 Lehmann (unpublished) 12919 1 12919 100.0 0 0.0 

12-13 Hertlein & Goessler 1930: 5-6 12584 2 0 0.0 12584 100.0 

3-4 Hertlein & Goessler 1930: 18-19 12270 2 5126 41.8 7144 58.2 

4-20 Hertlein & Goessler 1930: 12-23 11494 7 5576 48.5 579 5.0 

8-18 Hertlein & Goessler 1930: 30-32 9943 1 9943 100.0 0 0.0 

9-22 Hertlein & Goessler 1930: 38-40 7716 2 4552 59.0 3164 41.0 

1-3 Hertlein & Goessler 1930: 17-18 7105 3 7105 100.0 0 0.0 

7-14* Lehmann (unpublished)  5809 1 5809 100.0 0 0.0 

1-2 Hertlein & Goessler 1930: 7, 22 4419 3 4108 93.0 0 0.0 

7-18 Hertlein & Goessler 1930: 30-33 4128 3 4128 100.0 0 0.0 

2-10 Hertlein & Goessler 1930: 27-28 3989 3 3286 82.4 702 17.6 

2-20 Hertlein & Goessler 1930: 22 3876 2 1198 30.9 2678 69.1 

10-22 Hertlein & Goessler 1930: 38-39 3565 1 3565 100.0 0 0.0 

16-17 Hertlein & Goessler 1930: 61 3534 2 2101 59.4 1433 40.6 

20-21 Lehmann (unpublished) 3072 1 3072 100.0 0 0.0 

21-22** Lehmann (unpublished) 2284 1 2284 100.0 0 0.0 

* The LCP 7-14 is calculated, but the Roman road section suggested by Lehman is only the eastern part (branch of the 6-9 road). 

** The LCP 21-22 is calculated, but the Roman road section suggested by Lehman is only the western part (branch of the 10-22 road). 

Each starting and end point of a Roman road section as well as each road crossing was assigned a point number. The 
22 point numbers along with the corresponding place names are listed in Fig. 5, and their location is shown. Joining 
consecutive Roman road sections between crossings resulted in 24 combined road sections that form the ground 
truth for the LCP calculations (Tab. 4). 

RIVERS AND CREEKS 

Güimil-Fariña and Parcero-Oubiña [2015] note that LCPs modelling Roman roads should not run on water courses. 
Therefore, they assign the cost of climbing a slope of 27% to water grid cells. Moreover, they take possible locations 
of Roman bridges into account.  

Similarly, we tried to adjust the modern layer of rivers and creeks for the study area so that the data on the streams is 
as close to the situation in Roman times as possible. For instance, the layer contained many canals that had to be 
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removed. Moreover, two river classes were defined: The larger rivers were assigned a weight of 6 for all raster cells 
within a buffer zone of radius 80 m, whereas the weight of small rivers and creeks is 3 within 50 m buffer. The 
slope-dependent costs are multiplied by these weights. For the reduced study area, we could work with the 23 m 
resolution SRTM data or later with the DEM30. For these DEM resolutions a buffer radius value of 50 m ensures 
that the LCPs do not breach the linear barriers by diagonal moves across a string of corner-connected grid cells 
[Conolly and Lake 2006: 216; Herzog 2013d].  

The landscape change with respect to streams is quite dramatic in our study area: About 50 % of the streams 
underwent either considerable, significant or complete modifications, which can be seen on an official map focusing 
on manmade stream modifications [Büro Schmeißer - Kartographie und Geomatik, Karlsruhe. 2017]. Therefore, we 
also used the rectified cadastral maps at a scale of 1:2,500 created in the years 1818-1848 (available online 
https://www.leo-bw.de/themen/historische-flurkarten). Based on these maps, 294 probable locations of fords or 
bridges were mapped for the river Neckar and its main subsidiaries (Eschach, Prim, Schlichem, Glatt, Eyach, and 
Starzel) as well as the Donau and the Schmeie/Schmiecha in those areas where crossing is difficult due to the 
breadth of the stream. These river crossing locations were assigned a weight of 1.5. For the rivers listed above, the 
modern river courses were compared with those on the cadastral map set. Sections that deviated by more than 50 m 
from the old course were replaced by digitized cadastral map river segments.  

LCP RESULTS 

The DEM30 was used to generate the LCPs presented in Fig. 6. In the first step of the algorithm for generating the 
LCPs the accumulated cost surface is computed. The implementation of this part was described in more detail in the 
section “Initial Thiessen Polygon Approaches”: 48 neighboring cells are considered during the spreading process, 
and the slope of a move is derived from the altitudes of the cells traversed. Backlinks stored during the spreading 
process ensure that the true optimal path for the cost model considered is found [Herzog 2013d]. 

The cost model “Tobler, no water” relies only on slope costs estimated by Tobler’s hiking function. The results of 
this cost model are not realistic: The LCP connecting points 1 and 12 runs for 2 km on the river Neckar, walking 
LCP 4-5 will result in wet feet for more than 2 km, and LCP 11-14 stays in the bed of a creek for about 1.6 km. Not 
surprisingly, Table 6 shows that this approach is outperformed by models taking the costs of traversing rivers and 
creeks into account as summarized in Table 5. For many Roman road connections, these cost models provide very 
similar results, for instance for the section connecting points 3 and 12.  

Except for the “Tobler to and fro” LCPs, symmetric slope-dependent cost functions were used, assuming that a 
Roman road was used in both directions (Tab. 5). For most connections, the “Tobler to and fro” LCPs coincide for 
both directions of movement. The largest straight-line distance of about 2.4 km between such a pair of cost paths is 
found for the connection between points 6 and 10. Seven minor creeks are located in the area enclosed by these 
paths. The corresponding Roman road section, which is highly reliable, traverses these small creeks in a fairly 
straight course, the creeks do not seem to impede the road construction. In fact, these creeks are not depicted on the 
map dealing with manmade stream modifications [Büro Schmeißer - Kartographie und Geomatik, Karlsruhe 2017], 
so they are probably very small. This is not the only area where small creeks have no impact on the course of the 
Roman road; therefore a more refined classification of the creeks in the water layer most likely will generate 
improved LCP results. 

The LCP quality assessment approach presented below expects only one LCP for each of the connections to be 
considered (Tab. 6). Some effort is needed for a modification taking also “to and fro” paths into account. But 
inspection shows that the “Tobler to and fro” cost paths do not perform significantly better than the bidirectional 
Tobler model, and therefore we refrained from implementing this modification.  
 

Table 5. Summary of the cost calculations for moving from origin cell A to destination cell B  
within the neighborhood of cell A 

Costs(A�B) = SlopeCosts(A�B) * StreamTraversingCosts(A�B) 

Slope costs (see Table 2) Stream traversing costs (multipliers) 

Tobler to and fro: Tcost(s, ΔD) 

Tobler: ((Tcost(s, ΔD) + Tcost(-s, ΔD))/2 

Langmuir: (cost(s, Δd) + cost(-s, Δd))/2 

All other slope-dependent cost functions:  Costs(A�B) = (cost(ŝ) + cost(-ŝ)) / 2 

Ford locations: 1.5 

Large rivers: 6 within a buffer zone of radius 80 m 

Small rivers, creeks: 3 within a buffer zone of radius 50 m 

all other cells: 1 
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Fig. 6. LCP results for the known Roman roads depicted in Fig. 5. 

The quality of the LCPs was evaluated by applying the simple buffer method suggested by Goodchild and Hunter 
[1997] also used by Güimil-Fariña and Parcero-Oubiña [2015]. Buffer radius values of 200 and 500 m were 
selected. Circles with radius 200 or 500 m respectively were created for the start or target points listed in Fig. 5. 
These circular areas were subtracted from the buffers because the LCPs cannot avoid running through these areas.  

Nearly all publications on Roman roads mention the popular preconception that these roads were constructed as the 
crow flies (e.g. Klee 2010: 34). The straight-line connections form the baseline for assessing the performance of the 
LCPs generated (Tab. 6). 
 

Table 6. Performance of the LCPs with respect to the buffer criterium 

Rank  
200 m 

Rank  
500 m LCP method Length factor 

% within  
200 m buffer 

% within  
500 m buffer 

9 9 Straight-line connection 0.91 25.3 43.6 

8 8 Tobler [1993], no water 0.95 39.4 56.5 

2 4 Tobler [1993] 0.96 54.7 63.5 

7 7 Langmuir [2004] 0.97 48.8 59.5 

5 6 Llobera and Sluckin [2007] 0.96 52.8 61.8 

1 1 
Herzog [2013a] based on 
Minetti et al. [2002] 

0.98 55.1 64.8 

6 5 Q08 1.03 50.8 62.8 

4 3 Q10 1.01 53.0 63.7 

3 2 Q12 0.99 53.3 63.8 

 

The arguments put forward in the section “Estimating Slope-Dependent Costs in Roman Times” suggested that the 
quadratic slope-dependent cost functions outperform the pedestrian cost functions. But to our surprise, the cost 
function estimating energy expenditure of walkers presented in Herzog [2013a] resulted in a better overall fit of the 
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LCPs to the known Roman roads. Some improvements of the quality assessment method might change this 
outcome, for instance by taking the reliability classes into account. Moreover, using map distances instead of least-
cost distances for quality assessment is counter-intuitive because a route in the river valley differs significantly from 
a parallel route on the river terrace though the two routes might be close in terms of Euclidian distance. 

Focusing on a subset of the Roman road sections listed in Table 4 might have changed the ranks in Table 5. For 
instance, Q08 and Q10 provide the best cost model for the 9-22 connection. The cost models based on quadratic 
functions also result in better approximations to the northern part of the 9-11 Roman road connection than the 
alternative models. The Roman road connecting points 6 and 9 is best reconstructed by the Tobler cost function 
combined with stream traversing costs. For this connection, a long section of the LCPs generated by Q08, Q10, and 
Q12 run on a ridge about 3.8 km southeast of the Roman road. But in the west, the LCP generated from the Q12 cost 
model connecting points 7 and 14 is fairly close to the 6-9 Roman road (and the Tobler LCP) until the fork to point 
14 is reached, where this LCP proceeds quite close to the Roman road. The LCPs based on the Q10 and Q08 cost 
models for connection 7-14 differ in that they remain in the vicinity of the Roman road towards point 9 for about 2 
km after the fork location. 

In Table 6, the length factor for each LCP outcome is the total length of all LCPs divided by the total length of all 
Roman roads (259,833 m), taking the special cases 7-14* and 21-22** into account where optimal reconstructions 
should use Roman road sections of 6-9 and 10-22. Table 6 shows that the total length of each LCP set is in the range 
of 91 to 103 % of the total length of the true Roman road length. But in many cases, the LCP provides a more direct 
connection than the Roman road.  

Including additional cost components such as visibility might improve the LCP results. Some studies suggest that 
Roman roads prefer areas with large viewsheds [e.g. Verhagen and Jeneson 2012]. But some of the known Roman 
roads are in the river valleys with very limited viewsheds, such as the connection between points 4 and 5 close to the 
river Kinzig. Some of the Roman roads seem to prefer ridges, such as the 1-12 connection. Maybe different cost 
models were used in different times or depending on primary use or importance of the road. Anyway, the landscape 
modifications since Roman times probably do not allow a perfect road reconstruction. The best cost model found by 
LCP calculations is quite similar to the initially selected models. For this reason, no substantially different least-cost 
Thiessen polygons are expected when applying the best-performing cost model.  

ACCESSIBILITY MAPS 

According to common sense and many historical maps, topographical elements such as ridges or rivers often 
coincide with past or present boundaries [e.g. Nakoinz and Knitter 2016: 162]. In case of territories delimited by 
topography, people in the past had no need to quarrel about the border’s exact location or to set up boundary 
indicators such as boundary stones. The traditional Roman road reconstructions mentioned above mostly rely on 
topographical features. For this reason, we created accessibility maps that highlight the topographical features in 
terms of human movement. We expect that the boundaries will mostly be located in areas of very low accessibility 
i.e. in the vicinity of natural barriers. The algorithm used for calculating accessibility maps applies least-cost kernel 
density estimation for a grid of point locations with a grid distance of 200 m. The radially symmetric kernel 1 – 
LeastCostDist² (limited in the interval from -1 to +1) models a distance decay function. For each grid point a 
modified catchment is computed, where the travel cost increase with distance is balanced against distance decay. 
The accessibility map is the sum of the modified catchment values created for each grid point location. For a limited 
kernel, the radius parameter controls the scale of the accessibility: By increasing the radius, a larger catchment for 
each point is taken into account, and the computation times increase as well. Details of this algorithm are discussed 
in Herzog [2013c]. 

Accessibility maps were created based on the cost distances derived from the cost model that provided the best 
reconstruction of the known Roman roads. The kernel radius used for the calculations is 1600 m, i.e. for each point 
in the accessibility map, the transects considered terminate after expending the costs required for covering 1600 m 
on level dry ground. This radius value was selected, after inspecting accessibility maps with radius 1000 m, 1600 m, 
2000 m, and 2400 m for the area depicted in Fig. 7. A kernel radius of 1600 m shows relevant and distinct low 
accessibility areas whereas the lower radius parameter resulted in a more fragmented accessibility raster. Using a 
larger radius does not only increase computation times, but also blurs the areas of low accessibility. 
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Fig. 7 shows that nearly all known Roman road sections are located in areas of high accessibility as expected. Only 
the western part of the Roman road connecting points 4 and 5 traverses an area of low accessibility for about 8.5 km. 
This could not be avoided because there is no high accessibility corridor in the vicinity of point 5.  

 

Fig. 7. Accessibility map for cost function Herzog/Minetti. 

As mentioned above, calculating the accessibility maps is quite time consuming, and the size limitations 
encountered with our first attempts of least-cost Thiessen polygon generation apply as well. But whereas the initial 
Thiessen polygons were calculated on the basis of the SRTM grid with a cell size of 80 m, the accessibility maps 
were generated using the more accurate DEM30 with a cell size of 30 m. To avoid difficulties with the large data set 
at a higher resolution, neighborhoods of 24 grid cells were considered during the spreading processes and two 
accessibility maps covering different parts of the study area were combined (Fig. 8). Some edge effects are visible in 
Figs. 7 and 8, this is most striking in the overlapping area of the two rectangular accessibility rasters in Fig. 8 (right). 
However, the edge effects are only relevant in a small band along the border line of each map section considered, the 
band width is below the radius parameter.  

A section of the tentative province boundary based on the descriptions by Heuberger [1953: 48-50] is also shown in 
Fig. 7. Most parts of this boundary line are located adjacent to low accessibility areas. The additional accessibility 
map shown in Fig. 8 depicts the tentative boundary line mostly in the vicinity of low accessibility zones as observed 
in Fig. 7. But after the turn in north direction towards the limes the boundary line traverses areas of widely varying 
accessibility. Heuberger’s [1953] descriptions are quite vague concerning this northern part. So if topography 
determined the course of the Roman province boundary, the tentative line should be adjusted so that the turn in 
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northern direction is found east of the turn depicted in Fig. 8. After the turn, the boundary should proceed along an 
arc close to the low accessibility zone towards the limes.  

 

Fig. 8. Left: Elevations and main rivers in a part of the study area. Right: Accessibility maps in this area. 

CONCLUSION 

Archaeological evidence for Roman roads in Southern Germany is quite sparse, most archaeologists still rely on 
Roman road reconstructions proposed by scholars in the first half of the 20th century. Hypotheses of a volunteer 
archaeologist supplement these reconstructions. Consequently, the proportion of reliable Roman road sections in the 
set of sections considered is fairly low. But hopefully, due to the total length of 250 km, the Roman road sections 
provide a substantial basis for the analysis of Roman land mobility. The considerable landscape change since Roman 
times in our study region is an issue. This issue was addressed by erasing canals from the modern water layer as well 
as by checking the courses of the main rivers on 19th century maps and correcting the modern stream layer 
accordingly. Moreover, probable ford or bridge locations were digitized from these historical maps. Due to the size 
of the study region and time limitations of this small project that was instigated by the research for Sandra Schröer's 
PhD thesis, it was not possible to compile a more detailed landscape reconstruction. For several cost models, 
systematic comparisons of LCP results with the set of Roman road sections mentioned above were carried out. The 
outcome suggests that traversing water courses is an important cost component, but not all of the small creeks in the 
modern stream layer were avoided by Roman roads. The cost model based on the water component combined with a 
slope-dependent cost function estimating energy expenditure of walkers outperformed the other cost models 
considered (Tab. 6).  

Our initial aim was to create least-cost Thiessen polygons using the best performing cost model for the capitals of 
Roman secondary administrative units in Southern Germany. But the size of the initial study area presented some 
computational problems, our software was only able to deal with DEM data for this 200 km by 200 km study area at 
a resolution of 80 m or lower. The least-cost Thiessen polygons generated based solely on a slope-dependent cost 
component exhibited hardly any differences when compared to the traditional straight-line distance Thiessen 
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polygons for the boundaries that interested us most, i.e. the boundaries of the secondary administrative units that 
most probably coincide with the boundary between the provinces Germania Superior and Raetia (Figs. 1-3). For this 
province boundary, hardly any archaeological evidence is available. According to a well-known hypothesis based on 
topographical arguments, the boundary is close to the steep slopes of the Swabian Jura. But both the straight-line 
and the least-cost Thiessen polygon boundaries keep a distance of about 9 km to these slopes. Adjusting the cost 
model by including the costs for traversing streams might shift the boundaries of the least-cost Thiessen polygons 
somewhat in the desired direction because only a few creeks can be found on the Swabian Jura whereas the Neckar 
near Rottenburg has many subsidiaries. But we presume that this boundary shift is not substantial. Applying the cost 
model derived from the Roman roads for generating least-cost Thiessen polygons for the capitals of secondary 
administrative units is currently not possible due to size limitations of our programs. Modified Thiessen polygon 
approaches taking the size of the capitals into account do not result in the shift of the boundary in the desired 
direction. Anyway, the equal distances principle motivating the Thiessen polygon approach does not seem 
appropriate for reconstructing the natural boundary in this area. 

But the natural boundary is highly visible in accessibility maps based on the Roman road cost model. The maps 
show that the tentative boundary line is located adjacent to low accessibility zones except for the north part covering 
about 20 km. The accessibility maps suggest a modification of this part of the tentative boundary line according to 
the “close to low accessibility zone” principle.   
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