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Chapter 1 General Introduction 

1.1 Introduction 
The Dutch archaeologist Bakker already stated in 1976: “It is a fascinating thought to 
travel - today - over parts of roads which have existed since the dawn of history” (Bak-
ker 1976). Indeed, it is not only thrilling to experience historic roads and paths nowa-
days but is also fascinating to realize how important these have been for historic socie-
ties. It is safe to state that historical transport, and all the aspects involved, can tell us a 
lot about the landscape and its use in the past. Therefore, historical road research is 
strongly linked to local, regional as well as national and international entities and to po-
litical, military and socio-economic systems. Indeed, transport networks represent an 
important means to communicate. With respect to these road connections all kinds of 
research questions arise about travel conditions and transport modes, migration, mobili-
ty, and mutual contacts and exchange between various cultures and societies. 
 
Roads and paths are an inherent part of any landscape. Road networks develop 
through time and their investigation tells also about landscape history: They can be 
shaped organically by tracks of humans and animals or built in a more organised way 
by groups of people (e.g. Roman roads).  
Terrain conditions are decisive factors for the viability of a road or path (Murietta-Flores 
2010). Especially in premodern history, topography, weather and seasonality affected 
the state of roads considerably, and often determined if a road could be used or not. 
This can be seen on old maps, for example those of  the province of Drenthe in the 
North-eastern Netherlands, where the expression somer paßabel along a road means 
that the road was only viable in the summer (see fig. 1).  
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Fig. 1 Detail of southeast Drenthe of the Pijnacker map of 1634.  The writing “Somers 
paßabel“ along roads meant that these roads were viable only during the summer. 
 
Although waterways have had their own importance as communication routes, for land 
routes they could form huge obstacles. Bridges and fords crossing these waterways 
seriously influenced the course of road networks (Baumann 1992, Brolsma 2010). The 
same accounts for passes in mountainous areas (Doswald 2014). Factors like 
territoriality and supply and demand should not be underestimated. Indeed, political and 
economic changes can lead to a reduction or an increase of movement along certain 
routes (Barisitz 2017). The use of a road and its maintenance are crucial for its 
condition (Bishop 2014, Gibson 2007) However, intensive use in combination with soil 
properties can lead to decline in viability. As a result, in some cases a new track would 
be created next to the old one (Denecke 2007a).  
Examples of planned roads are those in the Early Modern and Modern polder 
landscapes in the Netherlands, which are strongly related to reclamation processes, 
land divisions and design principles of the project developers and their customers (Reh 
et al. 2007). In other areas, the economic function of roads is more related to the 
exchange of goods and the extraction of raw materials,like the roads made for coal 
extraction in the Harz mountains in Germany (Liessmann 2010). However, roads can 
also have a sole political motive as an expression of power, like the straight royal 
hunting roads built by French, English, Dutch, Danish and Swedish monarchs in the 17th 
and 18th centuries (Konold 2015). 
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A differentiation in function is also possible, like in the ancient Maya societies where 
different causeway-systems existed for political and economic purposes or ones for reli-
gious purposes (Chase and Chase 2001, Erickson 2009). 
 
All these examples show that roads are strongly linked to landscapes and their history. 
Therefore, it is very worthwhile to investigate roads and paths in order to learn more 
from them about our past. It is not only useful to investigate the history of roads, but it 
could - or even should - be one of the main frameworks to build landscape historical 
research on, for instance in a landscape biographical approach (Elerie & Spek 2010, 
Kolen & Renes 2015). The disciplines of landscape archaeology and historical 
geography could considerably benefit from such an approach (Denecke 2007b, Gibson 
2007). As stated before, road and path networks were necessary to shape the 
landscape. Water transport networks had similar importance and for some landscapes 
even more (Denecke 2007b). However, the focus of this dissertation lies on historical 
roads and paths.  
 

1.2 Problem definition, research aim and central research question 

Scientific research regarding (pre-) historic road and path networks is a field in which 
there is still much research to be undertaken (Guttormsen 2007). The physical, 
geographical, and jurisdictional knowledge of (pre-) historic roads can provide important 
insights into the use of past landscapes. Where roads have been abandoned in 
previous times, their physical remains can often still be found. Unfortunately, many of 
the remnants of roads have vanished or are not visible to the naked eye because of 
(modern) agriculture (Vletter & van Lanen 2018), building activities, and geological 
processes. Nevertheless, prospection techniques like aerial photography, satellite 
imagery and geophysical prospection can help us to detect former roads which are 
hidden on or below the modern ground surface.  
 
For a long time, the application of prospection techniques in heavily vegetated or 
forested areas has been very problematic. This has had a negative impact on research 
as roads and paths tend to be better preserved in vegetated areas. Over the last 
decades, Airborne Laser Scanning (ALS) has changed this situation. With this remote 
sensing technique, it is possible to visualise on a large scale the microtopography of 
landscapes. Moreover, it can also be applied in heavily vegetated areas. Therefore, it is 
nowadays possible to conduct research on road networks on a large scale in these 
areas. Since the beginning of the 20th century, research has been dedicated to the use 
of ALS data for road and pathway detection (David et al., 2009, Štular 2011, Doneus 
2013, Opitz & Cowley 2013, Sevara et al 2016, Kazimi et al 2018, Nuninger et al. 2020, 
Li et al 2021). This dissertation is part of that research and focuses on the application of 
airborne laser scanning for the reconstruction of road networks on a large scale.  
 
The main aim of the dissertation is to develop a methodology for the reconstruction of 
road and path networks based on ALS data. Basic research will be tested in two 
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different case-study areas with different landscape settings on an interdisciplinary basis.  
 
The central research question has been: What are the possibilities of large-scale ALS 
data for the reconstruction of (pre-) historic road and path networks? 
 
The underlying objective has been to develop a methodology to use ALS data for 
historical road and path research, which is applicable in different areas of Europe or 
even the world. 
 
Reconstructing path networks needs to follow several basic steps: identification of 
paths, mapping of paths, creating a (relative) chronological model of the mapped 
instances, reconstructing paths in void areas, validating the results, and finally the 
visualisation and discussion of the results.  
 
Based on these steps, several sub questions will have to be addressed: 

• In how far can techniques for line extraction be used for a semi-automatic 
identification and mapping of roads and paths on ALS data? 

• What factors can be applied to determine the relative chronology of road 
networks and how can this be visualised? 

• What model based on landscape characteristics together with found networks 
can help us predict paths in order to complete missing parts of our path 
networks? 

• How can the development of road and path networks over time and space be 
visualised? These questions will be discussed and tested in the mentioned case-
study areas.  
 

Some methodological issues have to be dealt with, beforehand. Therefore, the sub aims 
of this project are: 

1. The development of a technique which enables the (semi) automatic extraction of 
roads from ALS data in forested areas and which is applicable to different 
landscapes. 

2. To develop a methodological framework to determine the relative chronology of 
the roads found in the study areas. 

3. Studies on predictive modelling of road and path networks based on knowledge 
from existing networks and the characteristics of the landscape. 

4. The spatio-temporal visualization of roads networks, with a focus on their 
development. 

 

1.3 State of research  
There is a long tradition of road research in archaeology and other disciplines (Bakker 
1976, Agrote-Espino et al, 2005, Horsten 2005, Chadwick 2007, De Laet et al., 2007, 
Denecke 2007, Gerking 2013, Szilagyi 2014, Köhler 2015, Rodat 2019). In most of 
these works, roads are investigated by using frequently applied sources like 
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archaeology, historical maps, field survey and historical writings.  In addition, an 
interesting volume to mention is Landscapes of Movement: Trails, Paths, and Roads in 
Anthropological Perspective edited by Snead, Erickson and Darling (2009). In this book 
topics not often investigated regarding roads are dealt with, like song tradition for mental 
maps and reconstruction (Darling 2009, Snead 2009), metaphysical and symbolic 
meaning of words for roads (Keller 2009), the effect of climate on preservation (Ur 
2009) and roads and paths as landesque capital (Erickson &Walker 2009). 
Despite the mentioned long tradition, there are still considerable gaps in the knowledge 
regarding (pre-)historical roads and paths (Aston, 1985; Guttormsen, 2007). A lack of 
fundamental scientific studies is the main cause of these knowledge gaps. As a result, 
there is an urgent need for more extensive theoretical and methodological studies of 
past roads and paths (Guttormsen, 2007). Moreover, landscape managers and spatial 
planners could benefit from more inventory and applied studies of historical road 
systems.  
 
Roads have been investigated for a long time by using historical maps, travelling 
guides, aerial photographs and field observation. In vegetated areas, like heathland and 
forests, roads are normally better preserved than in agricultural fields. This is also the 
starting point for the following research, in which remote sensing in particular plays an 
important role. 
 
Remote sensing techniques are very suitable for road and path research because the 
scale of these data allow us to follow their tracks over long distances, covering whole 
landscapes. If we consider aerial photography, there is almost a century of experience 
available with regard to the archaeological interpretation of images (Wilson 2000). 
Perhaps the most spectacular results have been achieved in the Tavoliere of Puglia in 
Italy by Bradford in the 1940s (Bradford, 1956). Good results have also been obtained 
(Alvisi 1970) with regard to the detection of Roman roads (Alviisi 1970, Verhoeven 
2009).  
 
Although the use of satellite imagery is often expensive, it is currently being applied on 
projects worldwide (Argote-Espino & Chavez 2005 Carballo & Pluckhahn 2007, De Laet 
et al. 2007, Lertlum & Mamoru, 2009). Both aerial photography and satellite imagery are 
mainly utilised in open areas. However, roads and paths tend to be better preserved in 
wooded areas. Due to the difficult accessibility of these areas, prospection has been 
problematic (Doneus & Briese 2007.) Airborne Laser Scanning (ALS), the airborne 
variant of LiDAR, has increased the research possibilities in forested areas in a 
spectacular way (Doneus & Briese 2011, Doneus et al. 2022). LiDAR, like RADAR, is an 
acronym and stands for light detection and ranging, which describes the method of 
determining three-dimensional data points by the application of a laser. It is an active 
remote sensing technique, using either ground-based (Terrestrial Laser Scanning (TLS) 
or airborne systems (Airborne Laser Scanning (ALS) (Pfeifer & Briese 2007). 
 
Fernandez-Diaz et al. (2014) discuss each step of the workflow of the use of ALS from 
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choices of the data acquisition till final archaeological interpretation. They argue 
rightfully that each decision with a step in the whole workflow has consequences for the 
final outcome. Therefore, it is of importance to know what you are doing to answer your 
research questions. Lozić & Štular (2021) also have a critical perspective on how ALS 
data is used for archaeological purposes and how the methodological steps are 
documented. They suggest a new workflow with appropriate terminology to make all 
steps in the research transparent and accountable. In addition, Štular et al. (2021) 
argue that instead of a DTM should be created for specific archaeological features a so-
called Digital Feature Model DFM. A DFM makes use of ground points, buildings for 
contextual information and a morphological type of an archaeological feature. The best 
choices for each step in the workflow of the use of ALS are fundamental to optimize the 
DFM. Further a DFM confidence tool is presented for evaluating the quality of the DFM. 
As roads and paths are imbedded features, good quality DTM already offer good 
opportunities for road and path research. A 3-D model of the ground surface can be built 
from the returning pulses which are not blocked by the tree canopy. This explains why 
we can expect more returning pulses from the ground surface with deciduous trees in 
the wintertime. However, the surface cover, such as piles of leaves or brush, and snow 
height also affect the quality of the laser scanning. Although some issues, like filtering of 
undergrowth, still have to be resolved in a better way, the applicability of these 
advances in ALS is enormous. It has been used successfully in forested areas in 
different landscapes all over the World (Sittler 2004, Challis 2006, Lertlum & 
Shibayama, 2009, Hesse 2010, Fernandez-Diaz 2014, Chase & Chase 2020). Often it 
leads to an increase of known archaeological features. For example, in the Netherlands 
the number of known prehistoric field systems (so called “Celtic fields”) has increased 
dramatically through the use of ALS data (Kooistra & Maas 2008). Good results have 
also been obtained using ALS for the measurement of even subtle (linear) structures 
(Doneus & Briese 2007, Kooistra & Maas 2008). Moreover, linear features can be 
followed using large ALS datasets at a landscape scale (Doneus & Briese 2007). This is 
of great importance for the detection and extraction of regional road networks. Indeed, 
the visibility of features are crucial for detection and extraction. In the last decades 
several researchers have developed visualisation techniques to enhance the visibility 
and thus the possibility for extraction (Hesse 2010, Doneus 2013, Kokalj  & 
Hesse2017).  
 
Experience shows that an ALS dataset over a forested area usually contains a multitude 
of roads, paths, hollow ways and trackways. In order to accelerate the mapping of road 
and path networks from ALS data, the optimal way to (semi-) automatically extract these 
linear features from an ALS-derived digital terrain model (DTM) has been investigated 
(Sevara et al 2016, Kazimi et al 2018, Ni et al 2021). The specific use of ALS for road 
research has been published in several articles. The naval postgraduate school of Mon-
tery has carried out several researches. Espinoza et al (2007) investigated the useful-
ness of ALS in identifying roads and trails in four different forested areas. They found 
that trails and roads with a size of one meter could be identified based on small depres-
sions in the DTM. If these depressions were missing, trails and roads could be missed. 
Karatolios& Krougios (2008) took the research further and investigated the usefulness 7



of the Quick Terrain Modeller software. The latter is used by the same researchers to 
visualize the ALS data The intensity of ALS data, also investigated in this dissertation, is 
discussed to discriminate between roads and other objects. They found difficulties visu-
alizing unpaved roads and paths. Another investigation by the same postgraduate 
school was done by Harmon III. He tested ENVI software, developed for multispectral 
and hyperspectral images for the automatic detection (visualisation) of roads and trails 
applying curvature, slope, hill shade and convexity, leading to a multilayer data set. 
Classification techniques were investigated and the maximum likelihood classifier re-
sulted as best in characterizing unpaved and trail segments. A percentage of over 83% 
of true positives is given before image processing. However,  the precision rate is only 
43,6 %, which is visible in the corresponding image, in which a lot of noise is still visible. 
This makes the usefulness of this method for extraction questionable and the final pre-
sented thematic map also looks  blurry. 

Also the accuracy of ALS scans of a forest road was tested by comparing it with field 
research data by White et al (2010). The accuracy was 95 % of the digitized road lying 
within 1,5-meter distance of the centreline of the field data. The slope and road length 
were also calculated with high accuracy. In other words, ALS is suitable for measure-
ments. Next, Sherba et al (2014) carried out a road extraction using an object-based 
approach combining slope and region growing to extract logging roads in California. A 
line-intercept field sample was used for classification and validation of the model. Alt-
hough good results were obtained by the technique developed by these researchers, 
there was some misclassification of roads on ridge line and streams. More interesting is 
to know if this application will be feasible on small roads and paths with little slope dif-
ference,especially in areas where relief differences are low like in the Veluwe. 

More specifically regarding extraction, based on a slope model, Rieger et al (1999) ap-
plied the break line concept to extract roads from ALS. The break line technique needs 
sharp breaks of the road sides in order to be discerned. Often break-line software deliv-
ers short edges; therefore, before extraction the DTM is pre-processed by the biased 
sigma filter which sharpens the edges and leads to enhancement of the edges. For ex-
traction, the Förster operator is used. Finally, to connect broken and separated segment 
they use snakes, leading to longer segments. Comparison with geodata from field sur-
vey showed a displacement of 2 meter in y-direction and 1.2 direction. This displace-
ment for broad roads to which they applied their research may be not significant. How-
ever, for smaller roads and paths, like in the Leitha Hills and Veluwe, the displacement 
could be significant. Moreover, the break lines takes both sides of the roads and other 
parallel lines (noise), as shown in their images. Often only one centreline is needed. In 
other words extra processing steps are needed, which could be complicated with sever-
al parallel lines and noise. Therefore a semi-automatic approach is suggested. The 
break line concept has also been tested in this dissertation.  

David et al. (2009) apply instead another method to extract roads in forested areas. In-
deed, based on the point cloud three images have been created: an nDSM, altimetric 
variance map and an intensity map. A statistical selection method based on parameters 
for all three images is used to detect seeds. Then a region growing algorithm has been 
applied to connect seeds and create longer road segments. A vectorization process has 
been carried out, with the creation of a centre-line being the last step. The authors 
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doubt the usefulness of a nDSM for forested areas. One of their conclusions is that the 
data quality of their method is not sufficient yet to semi-automatically mapping of roads 
in forested areas. This line of investigation is not used in the dissertation. 

Regarding the use of ALS for relative dating of roads and paths, several articles have 
been published and they all engage with the complexity of it (Hesse 2013, Mlekuž 2013, 
Nuninger et al. 2020). In this dissertation also a chronological model for historical roads 
and paths is presented. 
Predictive modelling of lost roads and routes has been practised for decades in 
archaeology; in such modelling, slope was often the decisive factor (Herzog 2017). 
Nowadays also attempts are made to include social and cultural factors (van Lanen 
2015, Herzog 2017, Parcero-Oubiña et al. 2019 Verhagen et al. 2019). The inclusion of 
cultural factors and physical factors other than slope are investigated in this dissertation. 
The digital reconstruction of the landscape specific for historical road research is not or 
very little applied, especially in a gaming environment. Nevertheless, landscapes have 
been reconstructed for archaeological research purposes. (Ch’ng 2007, Ch′ng and 
Gaffney 2013. Reinhard 2019). Due to the above mentioned the use of gaming software 
for historical road reconstruction dealt with in this dissertation is quite new. 
The results of the above-mentioned investigations have determined the subsequent 
components of the planned dissertation. The methods have been tested, and the results 
of these tests establish the applicability of the methods in the research areas. 
Therefore, a step-by-step work plan has been set up. These steps will be described in 
more detail. 

1.4 Methodological Topics 

Based on the sub questions of this dissertation, the topics of the methodology are 
described below. In the corresponding chapters, these topics are worked out in more 
detail and are also reflected in the structure of the dissertation presented in paragraph 
1.6. 

1.4.1 Semi-automatic extraction 
The automatic or semi-automatic extraction of roads and paths from ALS data is an 
important step. The main reason to carry out the extraction is the time gain that can be 
achieved. However, also the quality plays an important role, because too much ‘noise’, 
in other words unwanted features, will lead to extra elaboration. This can be even more 
laborious than manual mapping of features. In order to find a good method, different 
visualisation techniques of ALS data and extraction techniques will be tested. In 
practice, this means that different software packages will be investigated. 

1.4.2 Time-depth of road and path systems (relative chronology) 
Once the road and path networks in a study area have been detected, they will be 
augmented with other data sources. This is part of the interdisciplinary approach. 
However, it remains difficult to determine the age of the roads and paths. This is a 
problem which is not easy to solve, especially with regard to older roads and paths. 
Nevertheless, there is the possibility to determine the relative chronology by examining 
erosion, stratigraphic relations at intersections and geomorphology. Indeed, by using 9



this information, a relative chronology within the path network can be established by 
means of existing software packages and old maps. The resulting relative chronology 
model can give significant insights into the development of road and path networks in 
the past. Therefore, it is worth investigating software packages for their capacity to 
determine the historic time depth paths and roads. 

1.4.3 Predictive modelling of unknown networks 
The detected road and path networks reflect only partly the whole range of road and 
path networks which once existed. Together with information of the (paleo-) 
environment, models can be developed in which the missing parts can be predicted. 
Together with the extracted roads and paths, a more complete picture of historic roads 
and paths can be created. For this reason, modelling is a necessary technique for 
discovery and analysis of prehistoric and historic road and path networks. It is also of 
interest to compare the outcome of the model with the extracted roads and paths, and 
other known historic networks. Indeed, it can shed a light on the validity of the model 
developed. 

1.4.4 Visualised reconstruction  
The geometry (shape), location and attributes (e.g. ownership) of roads and paths can 
change over time. The changes can be visualised in a GIS in static, kinematic 
(animation) and dynamic maps, which have several analytical possibilities. These kinds 
of maps have all proved to be very useful. However, they are often limited in their visual 
presentation. Game engines can create more realistic models (reconstructions) of 
landscapes. It would be worthwhile, if both strengths could be combined. In other words, 
uniting the analytical possibilities of a GIS and the visual presentation of a gaming 
engine. In this way, a gaming engine will be an important tool, which is not confined to 
the representation of the output but will be used as a tool for further interpretation of the 
road and path networks. Therefore, a gaming engine will be investigated for its 
possibilities for temporal visualisation of historical roads and a comparison will be made 
between the analytical results of a GIS and the gaming engine.  

1.5 Selection and description of case studies 

Selection of case studies 
To operationalize the newly developed techniques and routines that are described 
above two interdisciplinary case studies were selected as test areas. These case 
studies are: (1) the Leithagebirge (Leitha hills) in Austria about 40 km Southeast from 
Vienna; and (2) The Veluwe area in the Central Netherlands.  
 
The reason for this choice is that these areas have important characteristics in common: 

● for both areas good ALS data availability (high resolution of DTM (0,5 m) and 
availability of raw data) are available; 

● both areas are covered mainly by forested or vegetated areas; 
● the settlement traces in these areas have sufficient time depth from at least 

Neolithic onwards; 
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● in both areas a (pre-)historic road and path networks exist;  
● the PhD student has relatively easy access to conduct fieldwork in both areas. 

 
Although both case-study areas have some characteristics in common, they are part of 
two completely different landscapes. The Leitha hills are formed by tectonic movement 
lifting old marine (calcareous) sediments upwards. The Veluwe area is formed by push 
moraines and covered with conifer trees and large stretches of heathland on sandy 
soils. The developed methodology of systematic application of ALS for the 
reconstruction of road and path networks will be tested and discussed in both settings. 
 
For the Veluwe area, data have been provided by the Dutch National Board of Water 
management and for the Leitha hills by the Department for Prehistoric and Historical 
Archaeology of the University of Vienna (IUHA). Other data needed were provided by 
the Ludwig Boltzmann Institute for Archaeological Prospection and Virtual Archaeology 
(LBI ArchPro). Both case-studies have a large scale in both time and space.  
 
Short description of case study area 1 – The Leitha Hills (Austria) 
The Leitha Hills are a range of hills in South-eastern Austria. The name Leitha is derived 
from the river Leitha which runs parallel on the northwest side of the area. The hills are 
about 35 km long and 5 to 7 km wide (figure 8). The hills are considered to be middle 
mountains and connect the Alps with the Carpathians. The Sonnenberg, at 484 m 
above sea level, is the highest point. On the northwest side there is the Leitha river as 
part of the Wiener basin and on the southeast side the adjacent flat land runs into the 
marshes of the lake Neusiedlersee. The Leitha Hills are mainly forested with exception 
of a small heathland zone in the Northwest. Oak, hornbeam and birch are the 
predominating tree species (Krizsanits and Horvath 2012). 
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Fig. 9. The Leitha Hills outlined in white (Doneus and Briese, 2011) 
 
Short description of case study area 2 - The Veluwe (The Netherlands) 
The Veluwe area is a forest-rich ridge of sandy glacial moraine ridges  (ca. 1100 km2) 
located in the central part of the Netherlands (Figure 2). The region features many 
different landscapes including large sand drifts, woodlands and heaths. The most 
striking characteristic of the Veluwe is the presence of relatively high ice-pushed 
moraines formed during the Saalian glaciation (c. 240.000-130.000 years ago). 
Additionally, the Veluwe contains some very long cover-sand ridges and snowmelt water 
valleys. Relief in the region nowhere exceeds 110 meters (the highest point of the push 
moraines) and slopes are generally gradual.  
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Fig. 9 The Veluwe is the large orange polygon on the right (Vletter & van Lanen, 2018).  
 

1.6 Structure of the thesis 

This PhD dissertation is paper-based, in other words it is built up out of articles that are 
peer reviewed. All the above-mentioned steps of the methodology form topics which 
contain published articles in (mostly peer reviewed) journals. Each article is a chapter in 
the dissertation and altogether, they constitute the main body of the dissertation. The 
articles will have at least a short introduction to provide information regarding the 
publication. Next to the main body of articles regarding the methodology applied to the 
case study areas, there is in the end a general discussion chapter about the applied 
methodology and research questions. The composition of the dissertation is described 
below. 
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Topic I – Extraction and Mapping of Roads 
  For this topic the following papers are presented as chapters: 

“(Semi-) automatic extraction  from Airborne Laser Scan (ALS) data of road & 
path in forested areas”. This paper deals with the extraction of roads and 
paths from ALS. Four extraction techniques are discussed and the best 
one considered is applied to both study areas. The results of the 
comparison of the extraction techniques and the outcome for the study 
areas are presented here. These outcomes give the base for further 
development of the methodology for the use of ALS for historical pahtways 
research. 

“A workflow for (Semi)-automatic extraction of roads and paths in forested ar-
eas from Airborne Laser Scan data”. In this article, the workflow of extrac-
tion developed paper is presented and the importance of export 
knowledge is briefly discussed. 

• “Extraction issues”. In this chapter the issues which came forward during 
the extraction are discussed and possible solutions have been tested. The 
results of these tests are shown.  

 
Topic II – Chronological Models  
  For this topic the following papers are presented as chapters : 

• “Creating a chronological model for historical roads and paths extracted 
from Airborne Laser Scanning data”. In this paper, relative and absolute 
dating techniques are discussed. Further a digital tool OCRE is presented 
to show how relative dating can be carried out. This forms a building stone 
for relative dating in the methodology. 

• “The relative chronology of the road network in the Leitha Hills”. In this 
paper the relative dating for the case study area the Leitha Hills is carried 
out. It gives insight how historical sources and ALS data can support each 
other to create a relative model.  

• “Archaeological features and absolute dating of historical road tracks in the 
North-western European Sand Belt.: An interdisciplinary case study of a 
late medieval and early modern trade route at the Hoge Veluwe National 
Park (Central Netherlands)”. This paper shows that the absolute dating 
technique Optimal Stimulated Luminescence (OSL) can be used to show 
the chronical development in an excavated cart track. It broadens the 
initial methodology with an absolute dating technique for sandy soils. 

 
Topic III – Reconstruction of Roads 
  For this topic the following papers are presented as chapters:  

• “Finding vanished roads. Applying a multi-modelling approach on lost route 
and path networks in the Veluwe region, the Netherlands.” In the article, 14



two different predictive models have been applied and compared. 
Furthermore, they have been validated by historical maps from different 
periods. This article gives insight into the importance of cultural data for 
modelling and how the influence of factors in a model can variy. It 
contributes to the methodology as prediction is a crucial step for historical 
pathway research. 

• “First steps for the use of a gaming engine for historical road and path 
research”. In this article a gaming engine is tested for modelling for 
historical route reconstruction and compared with the modelling in 
standard software. Further the (future) possibilities of gaming engines to 
enhance historical pathway research are discussed and, in this way, the 
reconstruction step of the methodology is amplified. 
 

Chapter 10 General discussion 
In this final chapter, the outcome of the dissertation and each of step of the 
methodology will be discussed. For this, the results, issues, related research, and future 
possibilities of each methodological step will be presented. Also for each step the 
success of answering the research questions and the contribution to the archaeological 
field will be discussed. The chapter ends with final remarks about the dissertation.  
 
Appendixes. 
In this part a summary of the research is given in English and in German for German-
speaking scholars at the University of Vienna and beyond.  

15



 

Literature  
Argote-Espino, D., Chavez, R. (2005). Detection of Possible archaeological Pathways in 
Central Mexico through Digital Processing of Remote Sensing Images. Archaeological 
Prospection, 12, 105–114. 

Aston, M. (1985). Interpreting the landscape. Landscape Archaeology in local studies. 
London: B T Batsford. 

Bakker, J. A. (1976). On the possibility of reconstructing roads from the TRB period. 
Berichten van de Rijksdienst voor het Oudheidkundig Bodemonderzoek Amersfoort, 26, 
63-91. 

Baumann, M. (1992). Flüsse als europäische Verkehrsadern. Eine Skizze am Beispiel 
des Hochrheins. – In H. Berger, C Brunner and O. Sigg. Mundo multa miracula. 
Festschrift für Hans Conrad Peyer. 82−96. 

Bishop, M. C. (2014). The Secret History of the Roman Roads of Britain: And their 
Impact on Military History. Pen and Sword. 

Brolsma, J.U. (2010). Beknopte geschiedenis van binnenvaart en vaarwegen. Delft: Mi-
nisterie verkeer en waterstaat. 

Carballo, D. M., & Pluckhahn, T. (2007). Transportation corridors and political evolution 
in highland Mesoamerica: Settlement analyses incorporating GIS for northern Tlaxcala, 
Mexico. Journal of Anthropological Archaeology, 26(4), 607-629. 

Ch’ng, E. (2007). Using Games Engines for Archaeological Visualisation: Recreating 
Lost Worlds. Computer Games’07, The 11th International Conference on Computer 
Games: AI, Animation, Mobile, Educational & Serious Games, La Rochelle, 21-23 
November 2007, 26-30. 
Ch′ng, E., Gaffney, V.L. (2013). Simulation and Visualisation of Agent Survival and 
Settlement Behaviours in the Hunter-Gatherer Colonisation of Mesolithic Landscapes. 
In: Ch'ng, E., Gaffney, V., Chapman, H. (eds) Visual Heritage in the Digital Age. 
Springer Series on Cultural ComputingSpringer, London. , 235-258 
https://doi.org/10.1007/978-1-4471-5535-5_12 

Chadwick, A. M. (2007). Trackways, hooves and memory days–human and animal 
memories and movements around Iron Age and Romano-British rural landscapes. In: V. 
Cummings, R. Johnston eds. Prehistoric Journeys. Oxford: Oxbow. 131–152.  

Challis, K. (2004, January). Airborne Lidar: A Tool for Geoarcheological Prospection in 
Riverine Landscapes. In European Association of Archaeologist, Annual Conference, 
Lyon, France. 

Challis, K. (2005). Airborne LIDAR: A Tool for Geoarchaeological Prospection in 
Riverine Landscapes. In: H. Stoepker, ed. Archaeological Heritage Management in 
Riverine Landscapes. Rapporten Archeologische Monumentenzorg, 126, 11-24. 

16

https://doi.org/10.1007/978-1-4471-5535-5_12


Chase, A. F., & Chase, D. Z. (2001). Ancient Maya causeways and site organization at 
Caracol, Belize. Ancient Mesoamerica, 12(2), 273-281. 
https://doi.org/10.1017/S0956536101121097 
Chase, A.S.Z., Chase, D. and Chase, A., 2020. Ethics, New Colonialism, and Lidar 
Data: A Decade of Lidar in Maya Archaeology. Journal of Computer Applications in 
Archaeology, 3(1), 51–62. DOI: http://doi.org/10.5334/jcaa.43  

Darling, J. A. (2009). O’odham Trails and the Archaeology of Space. In J. E. Snead, C. L. 
Erickson, & J. A. Darling (Eds.), Landscapes of Movement: Trails, Paths, and Roads in 
Anthropological Perspective.University of Pennsylvania Press. 61-83. 
http://www.jstor.org/stable/j.ctt3fhjb3.10 

David, N., Mallet, C., Pons, T., Chauve, A., Bretar, F.  (2009). Pathway detection and 
geometrical description from ALS data in forested mountaneous area. In: F. Bretar, M. 
Pierrot-Deseilligny  and G. Vosselman, eds. Laser scanning 2009, ISPRS, 38 (3/W8), 
242-247. 

De Laet, V., Paulissen, E., & Waelkens, M. (2007). Methods for the extraction of 
archaeological features from very high-resolution Ikonos-2 remote sensing imagery, 
Hisar (southwest Turkey). Journal of Archaeological Science, 34(5), 830-841. 

Denecke, D. (2007a), Wege und Wegenetz. In: Reallexikon der Germanischen Alter-
tumskunde 35. Berlin, New York: de Gruyter, pp. 626–648. 

Denecke, D. (2007b). Linienführung und Netzgestalt mittelalterlicher Verkehrswege – 
eine raumstrukturelle Perspektive. In: R.C.Schwinges, ed. Strassen- und 
Verkehrswesen im hohen und späten Mittelalter. Ostfildern: Jan Thorbecke,  49-70. 

Doneus M., Banaszek Ł., Verhoeven G.J. (2022). The Impact of Vegetation on the Visi-
bility of Archaeological Features in Airborne Laser Scanning Datasets from Different 
Acquisition Dates. Remote Sensing. 2022; 14(4):858. 
https://doi.org/10.3390/rs14040858 

Doneus, M. (2013). Openness as visualization technique for interpretative mapping of 
airborne lidar derived digital terrain models. Remote sensing, 5(12), 6427-6442. 
10.3390/rs5126427. 

Doneus, M., Briese, C. (2011). Airborne Laser Scanning in Forested Areas - Potential 
and Limitations of and Archaeological Prospection Technique. In: D. Cowley, ed. Re-
mote Sensing for Archaeological Heritage Management.  Budapest: Archaeolingua, 53 -
76.  

Doneus, M., Briese. C. (2007). Full-waveform airborne laser scanning as a tool for ar-
chaeological Reconnaissance In: S. Campana and M. Forte, eds. From Space to Place. 
BAR International Series 1568  Oxford: Archeopress, 99-105. 

Doneus, M., Wieser, M., Verhoeven, G., Karel, W., Fera, M., & Pfeifer, N. (2016). 
Automated archiving of archaeological aerial images. Remote Sensing, 8(3), 209. 
https://doi.org/10.3390/RS8030209 

Doswald, C. (2014). Die alte Schollbergstrasse. vom archäologischen Befund zum 17

https://doi.org/10.1017/S0956536101121097
http://doi.org/10.5334/jcaa.43
http://www.jstor.org/stable/j.ctt3fhjb3.10
https://doi.org/10.3390/RS8030209


regionalen Wanderweg. In: Wege und Geschichte. Zürich: Chronos Verlag, 32-38. 

Elerie, J. N. H., & Spek, T. (2010). The cultural biography of landscape as a tool for ac-
tion research in the Drentsche Aa National Landscape (Northern Netherlands). In J. H. 
F. Bloemers, H. Kars, A. van der Valk, & M. Wijnen (Eds.), The Cultural Landscape & 
Heritage Paradox. Protection and development of the Dutch archaeological-historical 
landscape and its European dimension Amsterdam: Amsterdam University Press, 83 - 
113. 

Erickson, C. L. (2009). Agency, Causeways, Canals, and the Landscapes of Everyday 
Life in the Bolivian Amazon. In J. E. Snead, C. L. Erickson, & J. A. Darling (Eds.), Land-
scapes of Movement: Trails, Paths, and Roads in Anthropological Perspective Universi-
ty of Pennsylvania Press, 204-231http://www.jstor.org/stable/j.ctt3fhjb3.16. 

Erickson, C. L., & Walker, J. H. (2009). Pre-Columbian Causeways and Canals as 
Landesque Capital. In J. E. Snead, C. L. Erickson, & J. A. Darling (Eds.), Landscapes of 
Movement: Trails, Paths, and Roads in Anthropological Perspective University of Penn-
sylvania Press,232-252http://www.jstor.org/stable/j.ctt3fhjb3.17  

Erickson, Clark L.; Snead, James Elliott; Darling, J. Andrew (Hg.) (2009): Landscapes of 
movement. Trails, paths, and roads in anthropological perspective. Philadelphia: 
University of Pennsylvania Press. Online verfügbar unter 
http://www.jstor.org/stable/10.2307/j.ctt3fhjb3. 

Espinoza, F., Owens, R. E., & Abrams, M. C. (2007). Identifying roads and trails hidden 
under canopy using LIDAR (Doctoral dissertation, Naval Postgraduate School). 

Fernandez-Diaz, J. C., Carter, W. E., Shrestha, R. L., & Glennie, C. L. (2014). Now you 
see it… now you don’t: Understanding airborne mapping LiDAR collection and data 
product generation for archaeological research in Mesoamerica. Remote Sensing, 
6(10), 9951-10001. 

Geiss, P. G. (2021). Central Asia and the Silk Road: economic rise and decline over 
several millennia. Cham, Springer,  
Gerking, W. (2013). Alte Wege und neue Straßen in Ostlippe: eine geographisch-
archäologische und historische Studie zur Erforschung alter Wege und zur Entwicklung 
des Verkehrsnetzes im 19. Jahrhundert. Münster: Aschendorff. 

Gibson, E. (2007). The Archaeology of Movement in a Mediterranean Landscape. 
Journal of Mediterranean Archaeology, 20(1), 61–87. DOI: https://doi. 
org/10.1558/jmea.v20i1.61 

Guttormsen, T. (2007). Transregional Historical Roads in Local Landscapes: Via Egnatia 
in Macedonian Greece. Die Erde, 138 (1), Special Issue: Mediterreanan Landscapes, 
97-116. 

Harmon III, C. F. (2011). Automating identification of roads and trails under canopy us-
ing LIDAR. Naval postgraduate school Monterey CA. 

Herzog, I. (2017). Reconstructing Pre-Industrial Long-Distance Roads in a Hilly Region 
in Germany, Based on Historical and Archaeological Data. Studies in Digital Heritage, 1 
(2), 642-660. DOI: 10.14434/sdh.v1i2.23283 18

http://www.jstor.org/stable/j.ctt3fhjb3.16
http://www.jstor.org/stable/j.ctt3fhjb3.17
http://www.jstor.org/stable/10.2307/j.ctt3fhjb3


Hesse, R. (2010). LiDAR-derived Local Relief Models. A new tool for archaeological 
prospection. Archaeological Prospection 17(2), 67–72. 

Hesse, R. (2013). The changing picture of archaeological landscapes: lidar prospection 
over very large areas as part of a cultural heritage strategy. In Opitz, R and Cowley, D 
(Eds.), Interpreting archaeological topography: lasers, 3D data, observation, 
visualisation and applications, Oxbow Books, 171–183.  
Horsten, F. H. (2005). Doorgaande wegen in Nederland, 16e tot 19e eeuw: Een 
historische wegenatlas, Amsterdam: Aksant. 

Karatolios, A., & Krougios, P. (2008). Extracting hidden trails and roads under canopy 
using LIDAR. Naval postgraduate school Monterey CA.. 

Kazimi, B., Thiemann, F., Malek, K., Sester, M., Khoshelham, K. (2018). Deep Learning 
for Archaeological Object Detection in Airborne Laser Scanning Data. In: A Belussi, R. 
Billen, P. Hallot, S. Migliorini. (Eds). Proceedings of the 2nd Workshop on Computing 
Techniques for Spatio-Temporal Data in Archaeology and Cultural Heritage, Melbourne, 
Australia, 25–28 August 2018,. 21–35.  

Keller, A. H. (2009). A Road by Any Other Name: Trails, Paths, and Roads in Maya Lan-
guage and Thought. In J. E. Snead, C. L. Erickson, & J. A. Darling (Eds.), Landscapes of 
Movement: Trails, Paths, and Roads in Anthropological Perspective,. University of Pennsyl-
vania Pres, 133-157. http://www.jstor.org/stable/j.ctt3fhjb3.13  

Köhler, M.  (2015). Frühe Wege in den Landschaften zwischen Werra und Weisser 
Elster. Jena: Jenzig-Verlag. 

Kokalj, Ž., & Hesse, R. (2017). Airborne laser scanning raster data visualization: a guide 
to good practice (Vol. 14). Založba ZRC 

Kolen, J., Renes, H.,  (2015). Landscape Biographies. Key Issues. Geographical, 
Historical and Archaeological perspectives on the production and transmission of 
landscapes. Amsterdam: Amsterdam University Press. 

Konold, W. (2015). Die Prägung die Mitteleuropäischer Kulturlandschaften durch 
Jagdliche Nutzung. In: H. T. Porada, M. Heinze and H. Schenk, eds. Jagdlandschaften 
in Mitteleuropa, SAGG, 32. Bonn: ARKUM, 39-96 

Kooistra, M.J., Maas, G.J. (2008). The widespread occurrence of Celtic field systems in 
the central part of the Netherlands. Journal of Archaeological Science, 35 (8), 2318-
2328. 

Krizsanits, B., Horvath, M. (2012). Das Leithagebirge. Grenze und Verbindung. Weitra: 
Bibliothek der  Provinz.  

Lertlum, S., & Shibayama, M. (2009). Application of Geo-informatics to the Study of the 
Royal Road from Angkor to Phimai. Japanese Journal of Southeast Asian Studies, 
46(4), 547-563. 

Li, N., Kähler, O., & Pfeifer, N. (2021). A comparison of deep learning methods for 
airborne lidar point clouds classification. IEEE Journal of Selected Topics in Applied 
Earth Observations and Remote Sensing, 14, 6467-6486 19

https://www.bol.com/nl/c/aksant/708883/?lastId=40582
http://www.jstor.org/stable/j.ctt3fhjb3.13


Liessmann, W. (2010). Historischer Bergbau im Harz: Kurzführer. Berlin, Heidelberg: 
Springer ,  

Lozić, E., & Štular, B. (2021). Documentation of archaeology-specific workflow for air-
borne LiDAR data processing. Geosciences, 11(1), 26. 

Mlekuž, D. (2013). Messy landscapes: lidar and the practices of landscaping. In: Opitz, 
R.S. and Cowley, D.C. (Eds.), Interpreting archaeological topography. 3D data, visuali-
sation and observation. AARG Occasional Paper. Oxford: Oxbow Books, 88-99. DOI: 
https://doi.org/10.2307/j.ctvh1dqdz.12 

Murietta-Flores, P. (2010). Traveling in a Prehistoric Landscape: Exploring the 
Influences that Shaped Human Movement. In: B. Frischer, J. Webb Crawford and D. 
Koller, (Eds.). Making History Interactive Computer Applications and Quantitative 
Methods in Archaeology (CAA). Proceedings of the 37th International Conference 
(Williamsburg, Virginia, United States of America 2009). British Archaeological Reports, 
International Series Oxford: Archaeopress, 249-267.  

Nuninger, L., Opitz, R., Verhagen, P., Libourel, T., Laplaige, C. Leturcq, S., Le Voguer, 
N., Fruchart, C. Kokalj, Ž. and Rodier, X. (2020). Developing FAIR Ontological 
Pathways: Linking Evidence of Movement in Lidar to Models of Human Behaviour. 
Journal of Computer Applications in Archaeology, 3(1), 63–75.  
https://doi.org/10.5334/jcaa.46 

Parcero-Oubiña, C., Güimil-Fariña, A., Fonte, J. & Costa-García, J.M. (2019). Footprints 
and Cartwheels on a Pixel Road: On the Applicability of GIS for the Modelling of Ancient 
(Roman) Routes. In: P. Verhagen, J. Joyce, M.R. Groenhuijzen (Eds.) Finding the Limits 
of the Limes, Computational Social Sciences. Cham: Spinger, 291-311. 
https://doi.org/10.1007/978-3-030-04576-0_14  . 
Pfeifer, N., & Briese, C. (2007). Geometrical aspects of airborne laser scanning and 
terrestrial laser scanning. International Archives of Photogrammetry, Remote Sensing 
and Spatial Information Sciences, 36(3/W52), 311-319. 

Pijnacker, Cornelis, 1634. Kaart van Drenthe. 

Reh, W., C. Steenbergen &  Aten. D. (2007). Sea of Land. The polder as an 
experimental atlas of Dutch landscape architecture. Wormer; Amsterdam: Stichting 
Uitgeverij Noord Holland, Architectura & Natura Publishers. 

Reinhard, A. D. (2019). Archaeology of Digital Environments: Tools, Methods, and 
Approaches. PhD thesis, University of York 

Rieger, W., Kerschner, M., Reiter, T., & Rottensteiner, F. (1999). Roads and buildings 
from laser scanner data within a forest enterprise. International Archives of 
Photogrammetry and Remote Sensing, 32(Part 3), W14. 
Rodat, C. (2019). Altstraßenforschung als Archäoprognose - Methodische 
Überlegungen zu (prä-)historischen Wegen am Beispiel Westlicher Bodensee. 

Sevara, C., Pregesbauer, M., Doneus, M., Verhoeven, G., & Trinks, I. (2016). Pixel 
versus object—A comparison of strategies for the semi-automated mapping of 
archaeological features using airborne laser scanning data. Journal of Archaeological 20

https://doi.org/10.2307/j.ctvh1dqdz.12
https://doi.org/10.5334/jcaa.46
https://doi.org/10.1007/978-3-030-04576-0_14
https://research.tudelft.nl/en/publications/sea-of-land-the-polder-as-an-experimental-atlas-of-dutch-landscap
https://research.tudelft.nl/en/publications/sea-of-land-the-polder-as-an-experimental-atlas-of-dutch-landscap


Science: Reports, 5, 485-498. 

Sherba, J.; Blesius, L.; Davis, J. Object-Based Classification of Abandoned Logging 
Roads under Heavy Canopy Using LiDAR. Remote Sens. 2014, 6, 4043–4060 

Sittler, B. (2004). Revealing historical landscapes by using airborne laser scanning. A 3-
D model of ridge and furrow in forests near Rastatt (Germany). Proceedings of the 
ISPRS Working Group 8/2, Freiburg, Germany, 3-6 October 2004, 258–261. 

Snead, J. E. (2009). Trails of Tradition: Movement, Meaning, and Place. In J. E. Snead, C. L. 
Erickson, & J. A. Darling (Eds.) Landscapes of Movement: Trails, Paths, and Roads in An-
thropological Perspective. University of Pennsylvania Press, 42–60. 
http://www.jstor.org/stable/j.ctt3fhjb3.9 

Štular, B. (2011). Path networks.In: J. Horvat,  A. Pleterski,   A. Velušček (eds.) Opera in 
Instituti Archaeologici Sloveniae 23, Late antique fortified settlement Tonocov grad near 
KorbaridLjubljana: Collegium Graphicum, , 53-64 
Štular, B., Lozić, E., & Eichert, S. (2021). Airborne LiDAR-derived digital elevation model 
for archaeology. Remote Sensing, 13(9), 1855. 
Szilagyi, M. (2014). On the Road: The History and Archaeology of Medieval 
Communication Networks in East-Central Europe. Budapest: Archaeolingua. 

Ur, J. (2009). Emergent Landscapes of Movement in Early Bronze Age Northern Meso-
potamia. In J. E. Snead, C. L. Erickson, & J. A. Darling (Eds.), Landscapes of Move-
ment: Trails, Paths, and Roads in Anthropological Perspective University of Pennsylva-
nia Press., 180-203.http://www.jstor.org/stable/j.ctt3fhjb3.15  

van Lanen, R. J., Kosian, M. C., Groenewoudt, B. J., Spek, T., & Jansma, E. (2015). 
Best travel options: modelling Roman and early-medieval routes in the Netherlands 
using a multi-proxy approach. Journal of Archaeological Science: Reports, 3, 144-159. 

Verhagen, P., Nuninger, L. & Groenhuijzen, M. R. (2019). Modelling of pathways and 
movement networks in archaeology: an overview of current approaches. In: P. 
Verhagen, JJoyce &MR. Groenhuijzen (eds.), Finding the Limits of the Limes: Modelling 
Demography, Economy and Transport on the Edge of the Roman Empire. Cham: 
Springer, 217–249. DOI: https://doi.org/10.1007/978-3-030-04576 -0_11 
Verhoeven, G. (2009). Beyond Conventional Boundaries. New Technologies, 
Methodologies, and Procedures for the Benefit of Aerial Archaeological Data Acquisition 
and Analysis. PhD Thesis. University of Ghent. 

Vletter, W. F., van Lanen, R. J. (2018).  Finding Vanished Routes: Applying a Multi-
modelling Approach on Lost Route and Path Networks in the Veluwe Region, the 
Netherlands. Rural Landscapes: Society, Environment, History,. 1 – 19. 

White, R. A., Dietterick, B. C., Mastin, T., & Strohman, R. (2010). Forest roads mapped 
using LiDAR in steep forested terrain. Remote sensing, 2(4), 1120-1141. 
  

21

http://www.jstor.org/stable/j.ctt3fhjb3.9
https://www.academia.edu/8529931/On_the_Road_The_History_and_Archaeology_of_Medieval_Communication_Networks_in_East_Central_Europe
https://www.academia.edu/8529931/On_the_Road_The_History_and_Archaeology_of_Medieval_Communication_Networks_in_East_Central_Europe
http://www.jstor.org/stable/j.ctt3fhjb3.15
https://doi.org/10.1007/978-3-030-04576%20-0_11
https://doi.org/10.16993/rl.35
https://doi.org/10.16993/rl.35
https://doi.org/10.16993/rl.35


 

Topic I – Extraction and Mapping of Roads 
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Chapter 2 (Semi-) Automated extraction from airborne la-
ser scan data of road & path in forested areas.  

  
This article has been published in Proc. SPIE. 9229, Second International Conference 
on Remote Sensing and Geoinformation of the Environment (RSCy2014), 92291D on 
12 August 2014. The PhD student is the only author and thus the whole text is written 
by him. The article is peer reviewed and has been written after a presentation at the 
above mentioned conference. The content represents the first step of the methodology 
developed.  
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Chapter 3 A workflow for (semi)-automatic extraction of 
roads and paths in forested areas from airborne laser scan 

data. 
 
This article has been published in AARGNEWS number 50 in March 2015. The PhD 
student is the only author and thus the whole text is written by him. The article is not 
peer reviewed and it has been written after a presentation at the AARG conference in 
Dublin in September 2014. The article is a further elaboration of the first step of meth-
odology.   
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Chapter 4 Extraction issues. 
This chapter is an intermediate chapter that gives insight on the issues which occurred 
during the extraction step. Possible solutions to solve these issues are discussed. This 
content is not intended for publication. The PhD student is only author.  
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4. Extraction issues.

The issues encountered following the automatic extraction (Vletter 2014), can be divid-
ed in two groups, although these groups are intertwined. On one hand we have tech-
nical issues of the data and how it is dealt by the software. On the other hand, we have 
different kind of features and their particular outlook which have affected the visualiza-
tion and therefore the need for automatic extraction has emerged. Both groups will be 
discussed below in following sections.  First the unwanted outcomes are talked about in 
the first section. In the second section the results of tests and possible solutions are 
presented. 

4.1. Unwanted outcomes 

4.1.1 Vanished connections. 
There are situations where roads, but mainly paths, having a dead end or only parts are 
extracted. The reason for this not only is technical but also because they have vanished 
over time. Sometimes, it is almost certain that a road or path continued in the past.  In 
other circumstances it is more doubtful whether it continued and where the exact loca-
tion might have been. Filling up these kinds of gaps becomes human interpretation. 
The gaps are left open, as in the methodology a clear distinction is preferred between 
extraction and interpretation. Later on, the results for connecting these parts automati-
cally, are shown. One could also consider a classification in which the probability of 
connection is expressed.  However, these are considerations to deal with later. 

. 

Figure 4.1a and b. 
In the image 4.1a it seems obvious that the path coming from the North and the one 
from the South were connected. In 4.1b a connection between the two parts is less con-
vincing. However, there is no (historical) evidence for in both cases that they actually 
did connect.  
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4.1.2 Double lines 
One of the issues which came up is the extraction of gutters along a broad road result-
ing in the appearance of two lines for one road. The reason for this is the fact that the 
parameters were set to find small subtle linear features. Roads, particular modern 
roads, can be too broad to be extracted, but the gutters along is not. Instead of one cen-
tral line you end up with two lines beside the road (See figure 4.2). It is very tempting to 
take one of these lines for representing the road, especially if it continues over long dis-
tances. However, it can lead to displacement of couple of meters of the centreline and 
can create problems at crossings with roads and waterways. Moreover, sometimes the 
gutter is part of a hydrologic system, so labelling it as a road would be incorrect. Fortu-
nately, the case of double lines doesn´t occur very often. Therefore, it is preferable to 
draw manually a line at the centre of the road.  

Figure 4.2 The gutters along road on the right side are extracted creating double lines. 
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4.1.3 Brooks. 
Another issue is when, a road crosses a brook. As the software did not distinguish be-
tween roads, paths and waterways. The latter could become part of the same network. 
However, the brooks are in general well recognizable because of their shape existing 
out of short turnings. However, the brooks are not considered as noise. Their presence 
and outlook have influenced the road and path network. For this reason, they have also 
been documented. Nevertheless, in a following step they are disconnected from the 
road and path network. (See figure 4.3) 

 Figure 4.3 On the right side a close up of the image of the left side. Clearly a brook going under the roads 
is extracted. 

4.1.4 Multiple track roads 
Sometimes instead of one road or path it occurs that there exist a lot of tracks next to 
each other being part of the one and same route. One could consider to draw a centre 
line to represent this route. However, this distorts the picture of the historical roads too 
much and gives  excessive scope of interpretation. The latter should take place in a 
next step. Especially, as Dietrich Denecke (1969) has shown that there exist different 
types of ´multiple track´ roads which have a different historical explanation, so valuable 
data would be lost. Furthermore, if a road in the past was not a single track but a more 
or less an open corridor, one cannot be too precise about its (pre-) historic course.The-  
refore, it was decided to use all the detected paths. Later they can be grouped toge- 
ther. 
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Figure 4.4 Multiple tracks 

4.1.5 Agricultural areas 
On the border of the hilly area, also the agriculture open land areas were scanned. They 
show a lot of linear features which are related to agricultural activity. The decision has 
been made to leave these areas out because the mentioned lines are not part of a road 
network. Moreover, roads in agricultural areas can often be better detected by other 
remote sensing techniques than ALS, like aerial photography. This does not mean that 
the Leitha hills road and path network is considered a closed network or not connected 
to any roads around it. On the contrary, in a following paper regarding the relative dating 
of roads and paths the connectivity to surrounded network will be taken into account.  
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Figure 4.5 Agricultural features. 

4.1.6 Modern forestry tracks. 
On the ASL data a lot of modern forestry tracks can be seen. They are characterized by 
their width (almost 3 meter) which coincides with the overall width of modern forest ma-
chinery. The wheel tracks are often visible as they show a different tone in the grey 
scale of openness. Also, they make a lot of short turns, even circles, which do not make 
much sense as a road or path for travelling purposes. They are not present in the whole 
forest of the Leitha hills, as different parts are owned by different parties, which have 
their own manner of forest management. 
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Figure 4.6 Broad modern forest roads. 

4.1.7 Quarries. 
Another type of features that were extracted are quarries. These are often easily recog-
nisable. The quarries become interesting for the research if they have a long history. 
This could be of importance for dating the road leading to them.  
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Figure 4.7 An example of quarries. 

4.1.8 Border of tiles. 
The division of the area in tiles is necessary for a manageable processing of the data for 
the software tools. Unfortunately, it also leads that on the edge of the tiles continuing 
roads and paths are interrupted. An improvement in the extraction model based on 
buffering an area around the tiles may avoid this problem in the future. For reasons 
mentioned earlier, some tools were tested to unite these and other loose parts of the 
network. The results are discussed in the next paragraph. 
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Figure 4.8 Discontinuing segments at the border of tiles. 

4.2 Adjustments of unwanted outcomes 

As mentioned before, the extracted networks were not complete and therefore several 
tools were tested to connect the extracted loose parts with each other, in other words 
completing the incomplete networks. Although in other software packages, like QGIS, 
there are tools to improve connectivity, among which among which only applications in 
ArcGIS were tested. On one hand, the reason for this is a lack of time to investigate the 
new software. On the other hand, and more importantly, is the doubt if the other pack-
ages can deal with huge data sets at the time of testing. In this paragraph the applied 
tools will be not explained in detail, as they are well described on the internet. 
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One of the most promising tools was topology and therefore we will start with the soft-
ware application of Topology in ArcGIS. Topology derives from the Greek τόπος, "place", 
and λόγος, "study", the study of topological spaces. In geo-databases, topology is the 
arrangement that defines how point, line, and polygon features share coincident geo-
metry. 
In ArcGIS there exist a set of 32 topology rules which can also be applied in combina-
tion. An Important aspect about the rules is the minimal distance between two features 
(x,y tolerance). After several trial runs the best outcome can be found in figure 4.9. 
However, as can be seen the results are far from satisfying. New linear features were 
created which don´t match up with geomorphology and other illogical connections were 
made. Moreover, there is a huge loss of accuracy. In the end the results of application 
of topology are not very surprising as they are not created for adjustment for bulk data. 

Figure 4.9 Result of applying topology rules for network adjustment. 

4.2.2 Integrate 
Integrate is defined to maintain the integrity of shared feature boundaries by making 
features coincident if they fall within the specified x,y tolerance. It is also suggested to 
complete incomplete networks. For this reason, the objective was to connect loose part 
of roads and paths. From the results in purple in figure 4.10 in becomes clear that this 
objective was not achieved. Indeed, more or less the same problems occur as with to-
pology rules and the results were not satisfying as it links lines in a not logical way. 
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Figure 4.10 The result of integrate 

4.2.3 Centreline 
Another tool suggest by the ArcGIS users was centreline. By executing the following 
steps in ArcGIS. First “Feature to Raster” is carried out and thus making a raster file out 
of the shape file. Then with ”reclassify” a reclassification is carried out. Finally, with “Au-
tomatic Vectorisation” again a shapefile is created. This process looks quite cumber-
some. However, within Python or another programming language these steps can prob-
ably written within one script. More important are the results of this application. As the 
outcome of both applications were far from satisfying as one can see in figure. 4.11 
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Figure 4.11 The result of centreline application. 

4.2.4 Endpoint growing 
A fourth founded option was endpoint growing of linear features by creating a buffer and 
making a centreline from the extended polygon and repeating this step over and over. In 
this test a combination of ArcGIS and E-cognition was used. As can be deducted from 
figure 4.12, this approach seems to work quite well. However, the combination of 
ArcGIS and E-cognition is quite time consuming as data has to be transferred manually. 
Besides, the software kept giving an error when carried out the intersecting step. This is 
probably due to huge amount of the data to be processed, which could be too much for 
the computer used (DELL laptop XPS). Therefore, a stronger computer might resolve 
the problem or the dataset should be divided in smaller parts. The latter solution would 
complicate the procedure. Another problem is that the end growing has to carried out by 
a couple of meters each time (a loop) in order to let it grow at the endpoints and to avoid 
connections laterally.  
Possibly a lot of these issues can be solved by using Python, C++ or other kind of pro-
gramming software. Unfortunately, this is outside the capabilities of the author. Engag-
ing in this would probably take too much time and a positive outcome is not guaranteed.  
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In general, a major problem of the used software tools is that they ´think´ in two-
dimensional way. In other words when connecting parts, they don´t consider the original 
morphology in which the roads and paths are situated. This also accounts for the non-
visual gaps between roads. Therefore, it was opted to complete and adjust the networks 
manually, when needed. 

Figure 4.12 The result of end point growing. 

4.2.3 Manual mapping 
It can be concluded that the automatic adjustment of extracted networks did not yield in 
satisfying results. Therefore, still manual mapping is necessary for the parts that have 
loose ends, were not extracted or other issues in the extracted network. Mapping is it-
self a spatial process that involves negotiating various aspects of securing and main-
taining the integrity of cartographic data as they circulate in space. As stated earlier, 
despite increased reliance on instrumentally measure survey, the human eye has re-
mained a crucial element of mapping and the use of maps. With the capacity to transmit 
data instantaneously and manipulate it in real time on the computer screen, we have 
hugely increased the cartographic illusion of synoptic vision and action at a distance 
(the magic of maps). Of course, the only true map is the territory itself, as Louis Borges 
long ago pointed out. Therefore, it remains necessary to go into the field and to see how 
the features look like in their environment.  
In this case the mapping is narrowed to possible archaeological features based on im-
ages derived of ALS data. As Michael Doneus (2013) has stated, that for mapping pur-
poses, visualization techniques that “homogenize” archaeologically induced micro-
topographic features and enable them to be clearly distinguished from the surrounding 
terrain become important. As mentioned before, based on such a visualisation, open-
ness in this case, a large part of the road and paths is automatically extracted. In this 
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step of automatic extraction, the focus lays on quality resulting in little noise. Therefore, 
the mapping exists mainly out of drawing lines between extracted parts.  
Again, before the manual mapping, the software applications were more objective, as 
they treat the data in the same way. Now the human influence (experience, knowledge, 
state) is considerable. In the end manual mapping is always a kind of interpretation. 

5 Conclusions 
The automatically extracting of linear features from ALS data has proved useful, both in 
time and quality.  Although the outcome is still not perfect and probably improvements 
can be made in the workflow. Therefore, it is worth wile to invest time into software ap-
plications for historical landscape research. 
The automatic or semi-automatic extraction does not mean that the models created 
from laser scan data is not looked upon. On the contrary, just like with manual mapping 
visual inspection by the human eye remains important and necessary. Indeed, automat-
ic extraction is by no means interpretation and the human agent will always be needed 
for this goal. One could say that automation can replace (partly) the physical part of 
drawing, but not the mental aspect of interpretation. When, like in this example, incom-
plete extracted networks cannot be completed automatically, manual adjustment should 
be carried out. One should bear in mind that the drawing of features will always repre-
sent a form of interpretation as it being done by humans with a certain knowledge and 
experience. Finally, one should remain aware that the data do not speak for themselves 
and other sources of knowledge should be investigated to interpret the data set and to 
understand the historical landscape.  
In the following step of the methodology to develop, the (relative) dating of the roads 
and paths will be dealt with in a next publication. This is where the interpretation of the 
data will take place. In this way there is no mixing up of extraction and interpretation  
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Topic II – Chronological Models  
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Chapter 5 Creating a chronological model for historical 
roads and paths extracted from Airborne Laser Scanning 

Data. 
This is a peer reviewed a chapter in the book  „Digital methods and remote sensing in 
archaeology sensing.“ and is published in 2014. The PhD student is the main author 
and responsible of most of the text. The second author, Sandra Schloen, wrote most of 
paragraph 5.3. This chapter is the first of three chapters dealing with dating of roads 
and paths. The software application OCHRE is presented in this chapter as a tool for 
dating roads and paths. 
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Chapter 6 The relative chronology of the road network in 
the Leitha Hills.  

This article has been published by the peer reviewed Journal Jahrbuches 
„Siedlungsforschung. Archäologie – Geschichte – Geographie“  (Band 36) ARKUM in 
December 2019. The PhD student is the only author and thus the whole text is written 
by him. In this article the relative dating of roads in one of the study areas is presented. 
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Chapter 7 Archaeological features and absolute dating of 
historical road tracks in the North-western European Sand 

Belt. An interdisciplinary case study of a late medieval 
and early modern trade route at the Hoge Veluwe Nation-

al Park (Central Netherlands). 

 

This article has been written together with Univ-prof. Dr. Ir. Theo Spek. The latter is 
mainly responsible for the text from the introduction on till the methodology and the PhD 
student is mainly responsible for the rest of the article. The article has been published 
on 26 November 2020 in Landscape History. In this article a track of a route is absolute-
ly dated. 

109



 

110



 

 

111



 

 

112



 

 

113



 

 

114



 

 

115



 

 

116



 

 

117



 

 

118



 

 

119



 

 

120



 

 

121



 

 

122



 

 

123



 

 

124



125



 
 

126



 

Topic III – Reconstruction of Roads. 
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Chapter 8 Finding vanished roads. Applying a multi-
modelling approach on lost route and path networks in the 

Veluwe region, the Netherlands.  
The article for this chapter has been published on 5 February 2018 in the journal Rural 
Landscapes. The PhD student is the first author of the article. The second author, 
Rowin van Lanen, is responsible for texts related to the Network Friction Model. The 
authors wrote together the paragraphs 5 The Results, 6 Discussion and 7 Conclusion. 
In the article historical routes are (re-)modelled based on cultural and environmental 
data. 
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Chapter 9 First steps for the use of a gaming engine for 
historical road and path research. 

 
This article has been published in the peer reviewed Journal of Computer Applications 
in Archaeology on 28 February 2019. The PhD student is the only author and thus the 
whole text is written by him. The article focuses on the possible use of gaming engines 
for (re-)modelling historical routes. 
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Chapter 10 General Discussion 
 
    
10. 1 – Introduction 
In order to discuss the outcomes of the dissertation, each step of the methodology will 
be dealt with. This will be done in the following way. For each methodological step, the 
results, issues, related literature and future research will be spoken of. The results and 
issues are closely linked and therefore gathered in subchapters. The related literature 
and future research form  separate subchapters. The issues and results subchapters 
deal with the results, limitations of the research, unexpected problems, data quality, and 
similar topics. In the related literature segment. other research with the same or similar 
objectives or techniques will be confronted. The related literature segment is of 
importance because since the beginning of this dissertation, ten years ago, several 
developments have taken place in the research field. When beneficial a link is made 
with the results and issues of the methodological steps of this dissertation. The future 
research subchapters give way to the ideas in which the specific methodological step 
can be further developed or developments in the research field. In the final subchapters, 
an answer will be given to the sub research questions and the contribution to the 
archaeological field will be discussed. 
 
10. 2 – Extraction and Mapping of Roads 
 
10.2.1 Results and issues of the extraction step of the methodology step.  
 
The visualisation of roads and paths is crucial for the extraction. The openness 
technique combined with the Feature Analyst model, explained in chapter two, proved 
best. Indeed, the extraction model based on ALS data of the Leitha Hills resulted in 
quite good results. The same model applied to the Veluwe led to much more noise and 
unwanted extracted features. Adjustment of the model to the Veluwe situation led to 
improvements. However, the results for the Veluwe were clearly less satisfactory. 
Differences in landscape and its use influence the discrepancy of quality of the results 
between the two research areas.  
Three main differences can be distinguished. First of all, the topographic height 
differences in the Veluwe are clearly less evident than in the Leitha Hills. In other words, 
the Veluwe area is much flatter that the Leitha Hills. Secondly, the soil is different in the 
Veluwe. In the Leitha Hills the soils are mostly made of chalk. In the Veluwe this is sand. 
This means that the erosion level in the Veluwe is higher especially in the past, when 
huge zones suffered from sand drifts. These have as a consequence that the traces of 
historical routes and paths are subtle and often eroded or covered by sand blows. 
Thirdly the Veluwe area has been crossed and used much more than the Leitha hills, 
especially in the 19th and 20th century, leading to several kinds of linear features with 
little historical depth.  
Concluding, for the Leitha hills the combination of visualisation with openness and the 
extraction with Feature Analyst worked quite well. For the Veluwe area the situation was 
more complicated because of the smaller height differences, the higher number of linear 
features and the sandy soils. This made the extraction more complicated and less 
successful. Indeed, some extra elaborations were needed. Nevertheless, the extraction 
also in the Veluwe delivered a time gain and a data set which could be used in the 162



following step of the methodology. 
 
10.2.2 Comparison with other extraction methods.  
 
The technical development for extraction and visualisation is going on continuously. 
Indeed, a lot of new developments are taking place. Here below some of the most 
important articles will be discussed. When needed a relation is made between the 
visualisation and extraction applied in this dissertation. 
 
Kokalj and Somrak (2019) wrote a paper about improving the visibility of features by 
blending different visualisation techniques. The blending is based on stacking imagery. 
The opacity, thus translucency, of the above layer(s) permits how much detail of the 
layer(s) is visualised in final top stack. In their attempt, they use openness next to slope 
and sky view factor, as one of the layers which is suited for subtle features as the 
concavity of pathways. Interesting is the application of linear stretch in histogram of 
openness imagery to improve visibility. Clipping the lower and higher values parts 
improved their results, as did setting the search range to 5-10 meters, leaving out the 
first 4 meters. This could also well be feasible for both the Veluwe and the Leitha hills 
area. For the latter area the High Dynamic Range has been changed in Photo Shop to 
improve the visualisation (see chapter 2). However, the results of effort were such that it 
did not significantly improve the visuality of the features, so it was left out. For the 
Veluwe, because of the flatness of the landscape the benefits of the visualisation 
method of Kokalj and Somrak may be higher. Additionally, Herzog (2013) argues that 
sunken roads are best found by local relief model or openness. Doneus (2013) had 
already found for the Leitha Hills that openness was the best option. For this reason 
openness was applied both for the Leitha Hills and the Veluwe. In both study areas, 
openness proved indeed good results.  
 
Regarding the detection, Sevara et al. (2016) made a double comparison as they have 
investigated both pixel based and object-based image analysis (OBIA) detection in two 
different study areas. Both detection techniques appeared beneficial in both study 
areas. However, the object-based detection with mainly one type of archaeological 
object performed clearly best, mainly due to the use of fuzzy logic in the OBIA. Further it 
is easier to develop a model or workflow for one targeted research object than for 
multiple objects. By extension, results in a more complex landscape are less than in a 
more uniform landscape. Therefore, a focus on linear objects like pathways is a good 
strategy, especially in complex landscapes. The research shows also, with a few 
exceptions of deep hollow roads, that OBIA performs better for linear concave features 
like roads. The authors suggest that template matching, creating a training set, in 
combination with targeted detection for image analysis of objects with small differences 
with environment. In another words, it seems suited for roads when there are subtle 
differences in topography. Template matching has been carried out in the extraction 
model for the Leitha hills and the Veluwe. The conclusions of Sevara et al. line up with 
the findings of Blaschke & Strobl (2001) who conclude that segment-based 
classification techniques in most of the cases outperforms pixel-based segmentation. 
Similarly, Davis (2019) deals with OBIA, which is a form of machine learning. He also 
concludes that OBIA based approaches are more effective than pixel based. OBIA use 
multiple variables like pixel value, neighbourhood analysis, object shape, textural 
information and geographic context. Further, he stresses the importance of expert 
knowledge (manual control) and control in the field.  
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OBIA is considered well suited for detecting and extracting of pathways as they are 
small, structural, homogenous, and differ in local topography. However, a fundamental 
condition for the success of OBIA is that high quality data is needed. Indeed, if the 
resolution is not sufficient, a high number of false negatives and false positives appear. 
Furthermore, in topographic information, augmenting the number of viables and using 
multiscalar applications, the performance of OBIA improves. Davis argues that template 
matching has the disadvantage of a lot of false positives and negatives. Critique on the 
work of this dissertation is that this kind of misclassification rates are not given and that 
was only noted that 80 % of the linear segments extracted were indeed roads or paths 
(Herzog 2017). Further it was not clear that this number accounted for the whole area of 
the Leitha Hills and not just a number of small cases. Nevertheless, automatic 
extraction of historical roads and paths needs further research. The e-cognition 
software, as mentioned earlier, seems to have more possibilities when good training 
sets are available.  
Davis further advocates a comparison of extraction methods, such as that used in the 
extraction step of the methodology. He acknowledges the difficulty of sometimes 
applying extraction models from one region to another, which was experienced applying 
the Leitha hills model to the Veluwe. Nevertheless, the created training set for the Leitha 
hills could be applied to middle mountain regions. The same applies for the one of the 
Veluwe for quite flat sandy areas. 
Turning to OBIA, there are several interesting papers. For instance, an example of 
successful, though not perfect, application of OBIA for mounds is presented by Davies 
Sanger & Lipo (2019). Interesting in this article is the use of red-relief image map 
(RRIM) to visualize feature. RRIM combines negative and positive openness with slope, 
in which the colour red is used to show the inclination of the slope. Gallwey et al. (2021) 
also shows a quite successful application of machine learning for detecting mines on 
ALS visualisations, making use of a lunar training dataset and hereby bypassing the 
lack of available training sets for archaeological purposes. Moreover, this model it is 
said to be applicable to other mining areas as it can be applied to ALS with different 
spatial resolution. For pathways this approach is less applicable due to the lack of linear 
features.  Next, Guirado et al. (2017) bring machine learning a step further by 
concluding that Convolutional Neural Network CNN performs better than OBIA and 
therefore results in higher accuracies. However, combining the two methods delivers the 
best performance. Here CNN takes care of the detection and classification and OBIA for 
segmentation of areas. 
 
Similarly to Guirado et al, Kazimi et al. (2018) wrote a very interesting article about 
machine learning. They compare three learning models: their own developed CNN, the 
VGG16 model and a stacked automated encoder (SAE) model. In their comparison they 
try to distinguish between tracks, streams, lakes and other. They encounter more or less 
the same issue as in the Leitha  hills case study: that there is a difficulty to discern 
between tracks and streams. However, the curvature of streams may be a factor to 
make them more distinguishable. Kazimi et al. draw the intuitive conclusion that for a 
small width streams and tracks are better presented and with a larger one the lakes. 
The small non detectable features may remain an issue. Nevertheless, they can be of 
most interest as they can be relics of oldest tracks. The result of the comparison is that 
their own CNN model outperforms the other two. Simultaneously, Maxwell, Warner & 
Fang (2018) provide a state of the art of machine-learning methods with their pitfalls, 
strengths and useful applications. They acknowledge that lack of optimal use of ML is 
often based on insufficient knowledge. They argue among other points that the quality 
of the data plays an important role and it is important not to mix the training data with 164



classification data to prevent overfitting. Further methods are discussed to improve the 
overall accuracy and classification accuracy. At the moment there is no machine 
learning method that is standing out for remote sensing data and the most suited 
application is case specific. Nevertheless, they foresee a great contribution of deep 
learning in the development of machine learning.  
 
Next Lambers, Verschoof-van der Vaart, Bourgeois (2019) combine citizen science with 
deep learning. This deep learning application focused on Celtic field barrows and 
charcoaled kilns and is supposed to be the first multi-class detector classification. 
Unfortunately, pathways are not included. Their multi-class approach seems to 
contradict the vision of other researches to focus one object machine learning instead of 
multi (Sevara et al 2016, Davis 2018 Gallwey 2021).  
Li et al. (2021) take deep learning a step further. The results published in this technical 
paper led to the conclusion that Sparse CNN is the best deep learning technique on 
available ALS in two case studies on large scale datasets. Notably, the deep learning 
seems also to perform better on small thin objects, like road segments, which with non-
deep learning techniques are often misclassified. Computing memory, in another words 
computing time, is also investigated. Also, here Sparse CNN outperforms other 
applications.  
Geometric classification can clash with use classification. For example Roman roads 
have  different layouts in different part in Europe. So, gravel road could be a main 
Roman road somewhere and a secondary road in area with paved roads. In another 
words classification has to be adapted to its region. 
Gradually decreasing the learning rate improves the model and the fact that the voxels 
approach outperforms a point-based approach are the lessons learned. At the same 
time, they conclude that gradually increasing receptive fields in encoding is beneficial. 
This results in effective learning for high-level features with surroundings. In the end 
more accurate predictions are possible. This surely accounts for objects difficult to cap-
ture by local geometric features. 
Sparse CNN, as mentioned, is the best deep learning method. However, the reliance on 
training samples is still high. Further research should prove if this technique is applica-
ble on features like historical roads and paths. Nevertheless, it seems promising. 
 
Recently, articles from Fiorucci et al (2022) and Meyer-Heß et al. (2022) have been 
published. In both articles deep learning is applied, In the case of Fiorucci on burial 
mounds and Celtic fields, using a pixel based and geodetic centric approach as auto-
matic evaluation measures for performance of detection; Meyer-Heß uses CNN on buri-
al mounds and calculates their distance to hollow ways.  
 
In contrast, in a legal article Bathaee (2018) takes a different point of view in, which he 
also explains the problems with black boxes in machine learning. Machine learning is 
too complex and its dimensions cannot be visualized to humans. For example, it could 
lead to the situation that machines can predict where roads have been, but we cannot 
understand why roads have been in certain place. In other words the problem is that 
machine learns but we do not. If so, we might miss the scope of research, which is to 
learn. In this way, only the reconstruction of historical trackways is possible. In reality 
interpretation and export knowledge are still of importance. Indeed, Bennett, Cowley & 
De Laet (2014) argue that automatic feature recognition should go hand in hand with 
expert knowledge. They affirm that there will be no algorithm that could replace expert 
knowledge in the future. Raczkowski (2021) agrees with their view and it is in line with 
the approach applied in the article about semi-automated extraction of road features 165



published in AARG view (Vletter 2014). 
 
10.2.3 Future research 
 
As mentioned, the developed extraction method for the Leitha Hills worked quite well. 
Therefore, it is likely to function well in other medium size mountain areas, at least, in 
Europe. For flatter areas and especially flat sandy areas lesser results are to be 
expected. 
Machine learning and artificial intelligence look very promising in this respect. It will be 
thrilling to see how models like the one of Li et al.  will perform on the Veluwe and Leitha 
data sets. However, some time may be needed to develop a method which extracts very 
well and at the same time is capable of distinguishing between different kinds of roads 
and paths. 
 
10.2.4 Research question and contribution to archaeology.  
The sub research question to this methodological step was: “In how far can techniques 
for line extraction be used for a semi-automatic identification and mapping of roads and 
paths on ALS data?” The answer as proven in the articles of chapter 2 and chapter 3 
clearly state that techniques for line extraction are very useful as they deliver an 
enormous time gain. Looking at the developments now and in the future (see 10.2.2 and 
10.2.3) these techniques will only improve.  
In this way the contribution to archaeological scientific field is substantial. Extraction and 
visualisation techniques allow to a better and faster research of historical roads and 
paths. Nevertheless, the human experience, eye and mind are still needed for 
understanding and interpretation of the results of the extraction applied. 
10.3 – Chronological Models  
The dating of roads and paths is intriguing and at the same time a complicated subject. 
This issue has been dealt with in chapter five. A distinction can be made between 
absolute and relative dating. In most of the cases only relative dating is possible. A 
relative chronological model was worked out for the Leitha Hills. This approach was not 
applied to the Veluwe. The amount of feature and their complexity made it unfeasible in 
the time available. Moreover, there was the possibility for absolute dating. Indeed, a 
segment of a cart track was absolutely dated.  
 
10.3.1 Results and issue of the relative chronological model 
A setback was that the flexible item-based OCHRE database presented in chapter five 
was not capable of dealing with the amount of data of the Leitha hills. Therefore, it was 
opted for ArcGIS to carry out the relative chronological dating. 
Based mainly on the combination of interpretation of ALS and comparison of historical 
cadastral maps from around 1856, four periods can be distinguished for the Leitha hills. 
Modern roads built mostly long after 1856, roads before 1856 built and at the beginning 
of the 19th century, roads from probably the 18th or perhaps 17th century and some 
roads that most likely already existed earlier in the (late) mediaeval area.  
The relative dating had three main complications, which are not unique for the Leitha 
hills but occur often. First, there was a strong impression that not all historical roads 
were mapped in the past. Second, modernized roads caused difficulty for interpretation. 
Third, the lack of accuracy on old (cadastral) maps created uncertainty. 
Despite these issues, relative dating is applicable to the Leitha Hills and would be 
appropriate for similar middle mountain areas. However, two requirements are needed: 
good ALS data as well as detailed and accurate historical maps. For large areas like the 166



Leitha Hills, it has been quite laborious to create the chronological model. This is 
probably the reason that no similar research on this scale has been found.  
 
3.2.1 Comparison of relative chronological models. 
Relative dating in archaeology is widespread, especially applied to pottery, and is often 
based on the concept of the Harris matrix (Doneus et al 2022a, Doneus et al 2022b). 
This matrix tool is also digitally available (Traxler & Neubauer 2009). The relative dating 
of excavated roads is less common simply because roads and roads crossing are not 
often excavated. The relative dating of roads mostly happens based on visual 
interpretation of the intersection of roads, human artifacts, land-use, historical 
documents or geological processes (Beck 1991, Denecke 1967, Sheets & Sever 1991, 
Trombold 1991). Trombold acknowledges that these methods are far from watertight 
and discussion continues. For example, the finding a Roman coin does not make a road 
Roman. Even if sufficient statistic evidence of Roman artifacts is found, they do not tell if 
the Roman road was used before the Roman era. Despite these issues, relative dating 
can be very useful and gives insights in a chronology and often is the only way to date 
roads. 

The elaboration of ALS data has improved the visualization of intersections and there-
fore the interpretation. Nevertheless, it often remains difficult to distinguish which road is 
older and which one is younger (see chapter five). Indeed, in an area of a dense and 
intertwined network of roads it can be sometimes better to group roads to make inter-
pretation possible, as in the case of the Leitha hills. The complexity is also discussed by 
Mlekuž (2013). He finds landscapes and landscaping on ALS a messy affair. He states: 
‘There are discrete features but also the continuum of them, and there is no chronologi-
cal succession but a mess of temporaries and by classifying landscape into simple well-
ordered features we would just make a more mess out of it. So, the only way is to de-
scribe things as they are and produce accounts on how our practices of landscaping 
mingle with those of the past, no matter how messy these accounts might be’. Hesse 
(2013) encounters the same problem when he deals with the lidar dataset from Baden-
Würtenberg. Nuninger et al. (2021) make use of cadastral maps to gain insight into the 
chronology of features in similar way to the Leitha research but on a smaller scale. They 
also encounter the difficulty of dating features found with lidar data.  

10.3.3 Future research on relative dating 
 

As mentioned above, relative dating of roads and paths is on a large scale is 
complicated. The developments regarding machine learning might reduce working time 
in the future. Despite the developments in machine learning (see above), it remains 
challenging to create a machine which is suited. Indeed, it should be capable of 
differentiating between features based on subtle characteristics and intersections to 
create a relative chronology. If, for example, a road crosses different landscapes, it 
might have different characteristics per segment, but still is one road (see also Veluwe 
case). Nevertheless, machine learning seems the way to reduce working time. 
However, the human understanding and interpretation must be leading (Opitz &Cowley 
2013, Raczkowski 2021) 
In the specific case of the Leitha Hills, the chronological model creates a basis for 
further deepening and improvement of the knowledge of the road and path system in 
the past. The model itself might be improved by further information, like incorporation of 
known dates of manufactures (bridges, statues, crosses, etc.) along the roads and 
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paths. Again, these dates only provide a time which a road or path was probably in use.  
 
10.3.4 Results and issues of absolute dating.  
In the Veluwe, the absolute dating technique Optical Stimulated Luminescence (OSLS) 
was used for dating a cart track. OSL is only applicable when soil conditions are right. 
The results of the OSL dating showed a clear historical layering of wheel tracks in one 
wagon track of a hollow way bundle. The results lined up very well with historical 
sources. A large number of OSL samples should be taken from multiple wagon tracks 
for a complete understanding of the development of the bundle of hollow ways. 
However, this is an expensive exercise.  
 
The OSL dating tells, of course, the last time a wheel track was in use. It doesn't tell us 
how long it has been used. This is a limitation of (OSL) dating. Combining the outcomes 
of different samples of different wheel tracks provides a completer image of the dynam-
ics of the cart track investigated. It shows a possible use of it from the thirteenth until the 
beginning of the nineteenth century. However, prudence is required. First, the track was 
one of many in a bundle of cart tracks, meaning, it doesn’t tell anything about the other 
tracks. One might presume that lying next to each other the cart tracks date from more 
or less the same period. However, this is not supported by any evidence. Moreover, 
only a very small part of the complete route of about 60 kilometres has been investigat-
ed. Thus, it is very unreliable to extrapolate the results for the complete road. 
The comparison with geological layers does not fit seamlessly with OSL. However, nei-
ther do they contradict. This is of importance to strengthen the outcomes of OSL dating 
(Kuzmina 2008). Moreover, the dating does line up with a period the starting of pave-
ment of a lot of roads began at the beginning nineteenth century and thus the disuse of 
the cart tracks on sandy soils. 
 
10.3.5 Comparison to other absolute dated roads.  
A lot of OSL dating takes places in the geological field, where the technique has been 
developed. There are not many articles about absolute dating of roads as they are not 
often excavated on purpose. The combination of absolute dating and excavation is even 
less frequent. Clear examples of such a combination are carbon dating of wooden roads 
in (former) peat zones  (Van der Sanden 2002, Brindley & Lanting 1998). Dendrochro-
nology was applied in the investigation of a Roman road using wood and sapwood from 
a bridge and a dam (Linden van der et all 2016). Road tracks are sometimes dated in 
archaeological reports of excavation when roads are found by accident and goods sam-
ples are available for carbon dating. In other words, serendipity plays a role. A lot of ar-
chaeological reports are not published in international scientific journals. It is very likely 
that more absolute dating results are hidden in unpublished reports.  
The cost is one of the reasons roads are not often definitively dated with OSL. Further, 
not all soils are suited for dating. A soil need minerals with radiation characteristics and 
sufficient long exposure to sunlight should have taken place. It is often not clear before-
hand if a soil is suited and if soil samples are sufficient large enough for OSL dating. 
A practical problem is that roads can stretch over a lot of kilometres. Again, an excava-
tion tells something over a small part of a road. Next to it, excavation can be costly and 
time-consuming.  
 
10.3.6 Future research  
The above makes clear that the combination of OSL absolute dating and excavation of 
tracks carried out in the Veluwe is quite rare. Despite the mentioned issues the investi-
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gation of the cart track proved worthwhile. It provided insights about the genesis of the 
cart track and the geological processes involved. Thus, OSL dating of roads can be 
beneficial and more application should take place in other areas. Hopefully the absolute 
dating techniques evolve further making them easier in use and more economic. In this 
way, probably more and other trackways will be dated. This will also make comparison 
possible. 
Regarding the specific case of the Veluwe, it could be of interest to excavate the cart 
tracks near the prehistoric mounds. Due to mainly administrative and time issues, it was 
not possible during the field work in the Veluwe. 
Combining absolute dating with what Gibson calls “archaeology of movement” may be 
the best way to do physical research of historical pathways in the field. She applied ar-
chaeology of movement by carrying out a systematic transect field survey in a moun-
tainous part of Cyprus. During this survey information about morphology, structural fea-
tures, surface stability and environmental surroundings are recorded. Findings are 
structures along the roads and paths are used for dating and interpretation of use. De-
necke (1969, 2007) has a similar view with his interdisciplinary approach for historical 
path ways. Another of the interesting subjects she deals with is tending, 'the routine act 
for caring for paths” (Gibson 2007). 
 
10.3.7 Research question and contribution to archaeology 
The sub research question regarding relative dating was : „What factors can be applied 
to determine the relative chronology of road networks and how can this visualised?“ 
Next to the known factors like historical sources, geological processes, human artifacts, 
and archaeological findings, Airborne Lasers Scan (ALS) also proved to be useful for 
dating. However, good resolution of ALS data and good visualisation techniques are 
essential, especially to visualize at crossing which roads runs over the other. Further, it 
needs to be stressed that relative dating could be complicated, especially regarding 
large areas with a lot of traces.   
ALS combined with high quality historical cadastral maps made a visualisation of four 
periods in a GIS environment (ArcGIS) possible. Each layer can be visualised separate-
ly or together with other ones (with transparency) to make the development of the road 
system in the Leitha hills visible. 
The Veluwe research made the extension of the research possible as absolute dating 
proved suitable. The absolute dating gave insights into the development of one single 
cart track in a bundle of tens of routes about 60 kilometres across a push moraine. 
Again, a GIS environment (ArcGIS) made the development of the excavated and dated 
cart track visible. That established that both the relative and the absolute OSL dating 
technique proved useful for historical road research. 
 
The contribution of the investigation of relative dating and absolute dating to the ar-
chaeological scientific community is that both dating methods are feasible. Furthermore, 
they shed light on development of roads and path networks. The relative chronological 
model of the Leitha hills should be applicable to, at least, other hilly chalk stone areas in 
Europe. In this way knowledge and understanding of road and path networks in Europe 
can be increased.  
The same accounts for the absolute dating. It provides insights in the dynamics of the 
use of roads over time. The carried-out research invites to further use of the OSL tech-
nique in other sandy areas in, at least, the northern sandy plains of Europe. 
 
10. 4 – Results and issues of the reconstruction of roads.  
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In order to reconstruct vanished routes, predictive modelling based on least cost path 
(LCP) has been carried for both the Leitha Hills and the Veluwe. However, the needed 
resolution for soil or geological data sets were lacking the Leitha Hills for creating a 
good model. Therefore, in this area the focus lays on the investigation of the suitability 
gaming software for LCP modelling than the model itself. This model will be dealt with in 
the next section, gaming archaeology. 
Regarding the Veluwe two predictive models were developed and compared to each 
other and to known historical road networks. The first model, the Network Friction Model 
(NFM), was developed by Rowin van Lanen (Lanen van et al. 2015). Van Lanen 
combines in an interesting way archaeological data with the environmental data on 
national scale. We followed up his research by investigating its applicability on a smaller 
regional scale in the Veluwe area.  
The second model was a LCP model which incorporates the physical factors wetness, 
slope, and height. This model was developed on purpose for this area by the author.  
The models were compared to each other on the basis of overlap with the 1600 road 
maps, roads on the military map of 1850 and the wagon and cart tracks on the ALS 
visualisation. Both models line best up with the 1850 map and to a lesser extent to the 
1600 road map. The higher density of roads of the former map influenced the outcome. 
However, both models did not line up very well with cart and wagon tracks on the ALS 
visualisation, despite the quite density of these tracks in the study area. An explanation 
for this divergence is not clear. The wagon and cart tracks may for a large part be local 
tracks which do not fit the long distance (regional) modelling of the models.  
Both models were complimentary in finding routes, as sometimes the NFM performed 
better and sometimes the LCP model. However, in general the NFM lines better up than 
the LCP model does. This supports the theory that cultural factors also influence the 
routing. The strength of the LCP was that it demonstrated that dominating physical 
factors influencing the investigated routes could differ a lot per route, meaning that in 
general, it is complicated to make a model to capture all routes in an area accurately.  
In the end, the predictive modelling delivered interesting results. However, it needs to be 
stressed that predictive modelling for roads and routes remains a very complicated 
matter. Nevertheless, the results invite for further investigation. 
 
10.4.2 Comparison to other reconstruction models or techniques. 
Nakoinz and Knitter (2016) give a good and pleasant readable overview of the basics of 
modelling of human behaviour in general in archaeology. Predictive modelling of 
pathways for reconstruction is one way of modelling of human behaviour and is 
widespread in archaeology, especially based on LCP. In this subparagraph issues 
regarding this kind of modelling are dealt with.  
 
Looking at LCP function to reconstruct a route, Parcero-Oubiña et al. (2019) discuss 
rightfully that a good knowledge of the cost factors must be taken into account too. The 
cost factors differ from region to region. In our research ( 2018) we have made clear 
that crossing a push moraine in different ways changes the factors which have most 
influence over the route. Indeed, good understanding of the cost factors and their digital 
translation are crucial to create an LCP model for reconstruction historical pathways. 
For validation of the model remnants of historical roads or digitised historical maps are 
very suited (Güimil-Fariña & Parcero-Oubiña 2015). Herzog (2014) agrees with this 
notion and sees validation as the most important step of LCP models. However, she 
proves through the application of a Delauny triangulation of places how distorted 
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historical maps can be, making validation difficult. This often occurs with maps before 
the 19th century. This and the fact that it is difficult to rectify such maps are the reasons 
these maps have been left out in the Veluwe research.. Herzog finds in her research 
areas that avoiding wet areas in combination of slopes lower than 17% are the main 
factors for long trade routes. More or less the same came out of the LCP model for the 
Veluwe, where wet areas formed the main factor determining the routes. Especially for 
wet and flat areas of the (historical) Dutch landscape this is not a surprise. Despite the 
situation for the sandy push moraines of the Veluwe, this is not always the case. In her 
research Herzog shows that trial and error is sometimes needed to find the right value 
of cost factors influencing a pathway. This lines up with the experience of optimizing the 
LCP model for the Veluwe.  
 
Verhagen et al. (2019) make an interesting point about safety influencing pathways in 
the past, which isa theme that is not often dealt with. They rightly state that safety is 
difficult to model. Further they discuss effective slope, meaning the slope in direction of 
movement. Therefore, anisotropic movement is needed as ascending a slope is 
different as descending. However, a lot of pathways are modelled with the same cost 
function in both directions. 
Beside the direction also the beginning and the end point of pathways are of 
importance. Fábrega-Álvarez (2006) proposed the interesting theoretical idea to create 
paths without defined fixed end point. Many models are based on fixed end and 
beginning points, which is logical if they are known. However, the beginning and the end 
of routes are not always known.  
Also, cultural change plays a role. For example, in the same area of Egypt the roads 
from Graeco-Roman times followed mostly the orientation of the wadis, in other words 
the natural landscape. The Romans in a later period preferred to build instead linear 
roads there. There is no clear explanation for this (Gates 2006) 
 
Llobera instead deals with the socialisation aspect of movement. An interesting point of 
his is that monuments could affect movement. The effects can be divided in repel and 
attraction. Both change the course that would only be based on surface cost. The 
incorporation of monuments in his GIS model shows the complication and limitedness of 
translating social behaviour in digital model (Llobera 2000).  
Alternatively, Mlekuc, provides an interesting case with time geography, in which 
geography "focuses on time, space and practices, and places the emphasis on the 
significance of the material world and its constraints." An interesting outcome of his 
research was that long distance travel forms the landscape in a different way then day 
to day travel (Mlekuž, D. 2014). This may explain why the models of the Veluwe do not 
line up very well with short tracks on the ALS model if the latter represents local short 
distance travel. Next, Howey (2011) applies circuit theory for pathfinding applied to 
Indian landscape in the USA. She uses water, vegetation and slope as criteria for cost 
surface in her model and further notes that the software used was computation 
intensive. The reason for applying circuit theory is that LCP modelling is not able to 
carry out multipath modelling, leading to one optimum solution. This does not reflect 
reality as individual variations exist to reach a certain place. Circuit theory covers this 
flaw by allowing multiple pathways. In the model connectivity is quantified positively if 
alternative pathways are available. This is both its strength and weakness, as 
acknowledged by the author. On the one hand, it allows us to look at alternative 
pathways, and on the other hand, it may minimize a clear distinct route. Therefore, a 
complementary approached is suggested. Murgatroyd et al. (2012) used computer-
intensive Agent Based Modelling to model the logistics and most probable marching 171



route of Byzantine troops on their way to the lost battle of Manzikert. These researchers 
make use of the possibility to choose different routes for multiple agents. The use of 
multiple agents on a large landscape scale makes the model quite unique. The 
visualisation of this model is very intuitive and helps to understand the movements. 
Finally, Nuninger et al. (2020) give a good overview of the use of ALS for researching 
movement. Their focus lays on interoperability suggesting the use of a heuristic tool 
based on ontology to develop a cross-cultural framework. Hereby making an interesting 
link between ALS data on the one hand and the modelling of movement on the other. 
From a methodological point of view, this technological effort should be coupled to a 
systematic description of the data, analytical process, sensitivity analysis, and 
validation. 
 
10.4.3 Future research  
Rączkowski ( 2020) discusses the limitations of models, including LCP, including the 
fact that they can never equal reality and therefore a complete understanding of the 
subject of study is never possible. He advocates therefore a more holistic approach 
including fieldwork, historical sources and the natural (historical) environment. Models 
should be technically understood and different models combined. Further, for obtaining 
results they should be simple and feasible. 
He stresses clearly that despite the fast-developing technologies occurring in 
archaeology the basis of the research remains human based. Therefore, cultural 
objectivity cannot be obtained. He also warns about the danger of stopping thinking if 
we rely too much on the technical approach. This point is also made in Bathaees article 
about black boxes (2018). 
 
As mentioned above, modelling to reconstruct pathways is quite complex. To 
incorporate all factors may be impossible. The best way to go may be to keep models 
simple and feasible, as argued by Rączkowski (2020).  
Despite the complexity, models can lead to a better understanding of the landscape and 
thus they are useful. Therefore, we should continue to create models, combining, 
comparing and validating them. In the specific case of the Veluwe, the created models 
could be further fine tuned 
Ontology is an interesting research field and might lead to a cross-cultural framework, 
as suggested by Nuninger et al. However, it might be the case to look further than the 
often-used 3D-models in a GIS environment. Indeed, the gaming engines may open the 
door to more possibilities and thus a better understanding of historical pathways. This 
topic will be dealt with in paragraph 10.5. 
 
10.4.4 Research question & contribution to archaeology 
The sub research question for this section was; “What model based on landscape 
characteristics with found networks can help us predict paths in order to complete 
missing part of our network?” 
 
From the research it is clear that both (historical) environmental and archaeological data 
can help to predict where former pathways have been. Especially the combination of 
models help to find vanished routes as the research makes clear that there is no model 
so far which is able to predict all kind of routes. This is understandable as the routes 
often have different layouts as the landscape changes. Moreover some aspect of 
human movement, like safety, are hard to model. Therefore, the objective of the model 
must be clear and directed toward this objective. Nevertheless, the produced models 
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invite further research, improvement, and gave insights into human movement.  
 
10. 5 – Gaming archaeology 
 
10.5.1 Results and issues of applying a gaming engine for historical road and path 
research 
 
The gaming engine Unity was investigated for its utility for historical roads and paths 
research. The reconstruction of a landscape through the import of a height model based 
on ALS data is possible. Due to the available assets in Unity the landscape can be 
reconstructed more realistically. Multiple agents can be imported. A time element makes 
it possible to create different landscapes for different periods. The A* script is suited to 
analytical investigations of movement. Indeed, the simple least cost paths made in 
ArcGIS lined up quite well with the ones in Unity. The potential of gaming engines for 
reconstruction and analytical are therefore present. However, some issues are still 
limiting its current possibilities. Processing power is one of these issues. Sufficient 
processing power is needed to carry out the rendering of complicated scenes with large 
surface areas and to calculate the movement within. However, the on-going increase of 
processing power could resolve this in the (near) future. Further, to achieve in-depth 
analytics, scripting knowledge is needed. A lot of researchers lack this knowledge. 
However, this could also be a matter of time. Nowadays, programming skills are 
becoming more part of (art and) science education.  
Despite these current drawbacks, gaming engines already show their power of 
visualisation and embodiment of the landscape. I believe the future of gaming engines 
for historical landscape research is promising.  
 
10.5.2 Comparison to other applied game engines for road research. 
There are a lot of historic games, and there exists also the discipline of archaeogaming. 
However, most of the time these are created worlds not based on the historical 
landscape. Therefore, they are of limited use for reconstruction and investigation of 
historical pathways. At the time of writing, no comparable literature to the specific use of 
gaming engines for historical roads and paths research was found. Nevertheless, 
developments in the field of archaeology and historical landscape research are taking 
place. For example, a very interesting PhD thesis dealing with a broad range of issues 
regarding the use of videogaming for archaeology was written by Reinhard in 2019. 
Interestingly, he takes a different point of view of designing a new world to learn for 
archaeological purposes instead of reconstruction. Indeed, he actually plays a game 
and creates everything within the gaming environment: making maps for GIS, 
georeferencing, making 3D artifacts, finding “crop marks” etc., instead of bringing the 
landscape and archaeology into the gaming world. Making reports of videos of the 
experiences of the landscape in game could contribute to a better understanding of the 
historical landscape. It clearly shows the enormous possibilities in gaming engines.  
The author does not deal explicitly  with travelling or roads within the game-
environment. Nevertheless, he experiences the maps as natural and organic when he 
travels through the created world. In his game, one player only has control of changes, 
no changes made by others. 
The author mentions a number of issues when using gaming engines. The level of detail 
is such an issue. One must consider which level of detail is needed. Regarding road 
and path research seeing sand grains is not necessary for exploration in a gaming 
environment. On the other hand, it must look sufficiently realistic for investigation and 
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experiencing the landscape 
Accessibility is another important issue. Enhanced accessibility to games and their tools 
would make it useful for everybody. Nowadays costs and availability of tools (VR 
headsets) are limiting factors. (Reinhard 2019). 
Ch’ng and Gaffney (2013) instead recreated a large-scale Mesolithic landscape 
Doggerland in the (then not existing) Nord Sea. Information from several disciplines was 
gathered to recreate this landscape in a gaming engine. A next step was to walk around 
with an avatar, a Mesolithic person in this world. 
 
10.5.3 Future research 
The use of gaming engines for historical roads and paths is still in its infancy. I agree 
with Edgeworth, who said in 2014: “if probed with skill and discernment, the virtual 
landscape can potentially yield an almost infinite number of new discoveries, each one 
giving rise to further paths of exploration that can be followed towards further discov-
eries and insights” (Edgeworth 2014, p. 19). Due to its complexity it is understandable 
that archaeology is not a forerunner in the use of gaming engines. However, the broad 
use of gaming nowadays in society and scientific research gives the impression that 
archaeology is lagging behind a bit, especially regarding historical road and paths 
research. For example, in the work of Verhaegen Nuninger & Groenhuijzen (2019) the 
application of gaming software and all its (future) possibilities was not mentioned. 
Nevertheless, this is a field where a lot of (commercial) development is going on, from 
which the science could benefit. Also, in the field of historical road research. I believe 
that many topics of this dissertation can be dealt with in the future by using gaming 
engines. In addition, Ch’ng (2009) wrote another interesting article, this time about 
virtual time travelling. He investigated the recreation of an archaeological sites and the 
possibility to feel, smell and hear at the same time. He reckons that in the future virtual 
time travel for experimental archaeology will be possible and the only physical 
limitations for humans are time and place. 
 
10.5.4 Research question and contribution to archaeology 
The research question for this section was: “How can the development of road and path 
networks over time and space be visualised?” 
This question was already partly answered by the discussion about the relative 
chronology above. Here a GIS environment proved worthwhile to visualise the 
development of the road system in the Leitha hills. However, this is quite a static model.  
Gaming engines provide, like the slider function in Unity, a possibility to change 
landscapes coupled to a certain period. The applicability of this function is quite 
straightforward.  
A more challenging question was if roads and paths could be predicted in a similar way 
as is feasible in GIS environment. Therefore, the focus shifted in this direction. This led 
to the conclusion that a simple LCP in Unity compared to one in a GIS environment had 
indeed similar outcomes, though improvements in the gaming software, like the 
enhancement of resolution, are needed. However, increasing resolution will lead to 
more computing time. Nevertheless, the ongoing developments of the gaming software 
will probably resolve this issue in the (near) future. Gaming engines certainly offer a lot 
of possibilities in embodiment and thus the experience of the landscapes, which are not 
possible in a GIS environment. Therefore, research of historical pathways in gaming 
engines looks very promising.  
 
The contribution to archaeology of the investigation of gaming engines for historical 
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pathways research is that they are worthwhile and promising. However, to reach high 
quality results, programming knowledge is recommended. Indeed, to have full control 
over game one should be able to influence characteristics of the game. The best way to 
do this is writing or adapting the programming languages so the specific research 
objectives can be optimized.  
 
10. 6 Final conclusion 
Concluding remarks about the methodology developed. 
In the end, the conclusion is that in general for both research areas that the 
methodology worked well. Indeed, all steps contributed to historical road research and 
therefore increased our understanding of historical road networks in both areas. 
However, for both areas the applicability differed due the lack of good data sets or the 
difficulty of the landscape. Indeed, a general point that comes back in all steps is the 
importance of good datasets. It is clear that good ALS data forms the basis of 
successfulness of the methodology. Its application to other areas and improvement of 
the methodology are important next steps.  
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Appendix 1 English Abstract 
The main aim of the dissertation is to develop a methodology for the reconstruction of 
road and path networks based on ALS data. Basic research has been tested in two dif-
ferent case-study areas with different landscape settings on an interdisciplinary basis. 
The central research question has been: What are the possibilities of large-scale ALS 
data for the reconstruction of (pre-) historic road and path networks? The underlying 
objective has been to develop a methodology to use ALS data for historical road and 
path research, which is applicable in different areas of Europe or even the world. Re-
constructing path networks needs to follow several basic steps: identification of paths, 
mapping of paths, creating a (relative) chronological model of the mapped instances, 
reconstructing paths in void areas, validating the results, and finally the visualisation 
and discussion of the results. In the end, the conclusion is that in general for both re-
search areas that the methodology worked well. Indeed, all steps contributed to histori-
cal road research and therefore increased our understanding of historical road networks 
in both areas. However, for both areas the applicability differed due the lack of good 
data sets or the difficulty of the landscape. Indeed, a general point that comes back in 
all steps is the importance of good datasets. It is clear that good ALS data forms the 
basis of successfulness of the methodology. Its application to other areas and im-
provement of the methodology are important next steps. The developments of technical 
tools like deep learning, optical stimulated luminescence and gaming engines look 
promising in this regard. Nevertheless, the human understanding and interpretation 
must be leading in all applications for historical road and path research. 
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Appendix 2 Deutsche Zusammenfassung 
Das Hauptziel der Dissertation ist die Entwicklung einer Methodik zur Rekonstruktion 
von Straßen- und Wegenetzen auf Basis von ALS-Daten. Die Grundlagenforschung 
wurde interdisziplinär in zwei unterschiedlichen Fallstudiengebieten mit unterschiedli-
chen Landschaftssettings erprobt. Die zentrale Forschungsfrage lautete: Welche Mög-
lichkeiten bieten großräumige ALS-Daten zur Rekonstruktion (vor-)historischer Straßen- 
und Wegenetze? Das zugrunde liegende Ziel war die Entwicklung einer Methodik zur 
Verwendung von ALS-Daten für die historische Straßen- und Wegeforschung, die in 
verschiedenen Gebieten Europas oder sogar der Welt anwendbar ist. Die Rekonstrukti-
on von Pfadnetzwerken muss mehreren grundlegenden Schritten folgen: Identifizierung 
von Pfaden, Kartierung von Pfaden, Erstellung eines (relativ) chronologischen Modells 
der kartierten Instanzen, Rekonstruktion von Pfaden in leeren Gebieten, Validierung der 
Ergebnisse und schließlich Visualisierung und Diskussion der Ergebnisse. Am Ende 
lautet das Fazit, dass die Methodik im Allgemeinen für beide Forschungsbereiche gut 
funktioniert hat. Tatsächlich trugen alle Schritte zur historischen Straßenforschung bei 
und erweiterten daher unser Verständnis historischer Straßennetze in beiden Berei-
chen. Allerdings unterschied sich die Anwendbarkeit für beide Gebiete aufgrund des 
Mangels an guten Datensätzen oder der Schwierigkeit der Landschaft. Ein allgemeiner 
Punkt, der in allen Schritten wiederkehrt, ist die Bedeutung guter Datensätze. Es ist 
klar, dass gute ALS-Daten die Grundlage für den Erfolg der Methodik bilden. Seine An-
wendung auf andere Bereiche und die Verbesserung der Methodik sind wichtige nächs-
te Schritte. Die Entwicklungen technischer Tools wie Deep Learning, optisch stimulierte 
Lumineszenz und Gaming-Engines sehen in dieser Hinsicht vielversprechend aus. 
Dennoch muss bei allen Anwendungen zur historischen Straßen- und Wegeforschung 
das menschliche Verstehen und Interpretieren führend sein. 
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