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Chapter 14
Footprints and Cartwheels on a Pixel 
Road: On the Applicability of GIS  
for the Modelling of Ancient (Roman) 
Routes

César Parcero-Oubiña, Alejandro Güimil-Fariña, João Fonte, 
and José Manuel Costa-García

Abstract GIS-based digital modelling tools, such as the well-known least cost 
paths (LCP), have been widely used in archaeology in recent years as ways of 
approaching forms of mobility in the past. Roman roads are among the best-known 
examples of ancient networks of paths and have been widely studied using such 
approaches. In this paper, we shall make a general re�ection on the applicability of 
those tools for the modelling and analysis of ancient routes, with a special focus on 
Roman roads. Drawing from a case study in the NW Iberian Peninsula, we shall 
discuss certain aspects related to the potential and limits of Cumulative Costs, LCP 
and other related tools for the modelling and analysis of ancient roads. We will 
illustrate how the use of tools which explore potential mobility in less restricted 
ways can help to overcome some of the limitations of LCP.
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Peninsula
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14.1 Introduction: Tradition and Innovation in the Analysis 
of Roman Roads

The Roman road system is one of the largest and most widely studied (in archaeo-
logical terms) networks of ancient roads in the world. They were an essential tool 
for the expansion of the Empire and the administration and control of its territory. It 
has been argued that the network of roads reached a remarkable extension of 
120,000 km at its height (Fasolo 2014, 3875), consisting of a vast range of different 
pathways, from long-distance roads to short-range, local paths. As is to be expected, 
knowledge of these routes is rather uneven, with most archaeological research 
focusing on the main, long-distance routes, for which abundant epigraphic and tex-
tual documentation exists. A brief account of the case of the NW Iberian Peninsula 
may be representative of research trends elsewhere.

The study of Roman roads in Iberia has, for a long time, attracted the attention of 
a heterogeneous group of scholars. Unlike other specialized topics, archaeologists 
have traditionally occupied a secondary position in this debate. While historians 
have mainly focused on the analysis of epigraphic (e.g. milestones) and ancient lit-
erary sources (itinera) (Roldán Hervás 1975; Rabanal Alonso 2006; Fernández 
Ochoa et al. 2012; Roldán Hervás and Caballero Casado 2014), engineers and other 
professionals have paid more attention to historical cartography, to the technical 
problems relating to the construction of the roads and to other elements linked to the 
latter, such as bridges (Moreno Gallo 2006, 2011a; Vicente González 2013; Alonso 
Trigueros 2014).

The landscape of the north-western area of the Iberian Peninsula is characterized 
by its heterogeneity. This aspect has naturally had a strong impact on the degree of 
preservation of ancient roads and, therefore, on the information we currently have 
about them. In densely populated areas or in regions where smallholdings are pre-
dominant, the conservation of archaeological remains tends to be worse. For 
instance, the lack of reliable archaeological data and certain scholarly traditions 
have shaped an intense historiographical debate about the original route of Roman 
roads in some areas (Estefanía Álvarez 1960; Sáez Taboada 1999; Franco Maside 
2000, 2001; Rodríguez Colmenero et al. 2004; Gómez Vila 2005). On the contrary, 
the local topography in mountainous areas led to the recurrent use of certain natural 
passages from prehistoric times to our days, thus making the general outline of 
these routes more easily detectable or, it could be said, less debatable (González 
Álvarez 2011).

To a great extent, ancient infrastructures are still recognizable on the open �elds 
of the northern Spanish plateau. Where they are no longer in use as modern roads, 
they may still be detectable as abandoned hollow tracks or via place names. This 
situation has also made them prone to detection via the use of more comprehensive 
approaches, such as aerial surveying (Del Olmo Martín 2006). This is the reason 
why the reconstruction of old itineraries has become more consistent over time, 
albeit, in general, with small changes when compared to the work of the pioneers on 
the subject (Loewinsohn 1965; Moreno Gallo 2011b).

C. Parcero-Oubiña et al.
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In fact, when we are deprived of the (occasionally biased) contribution of ancient 
written sources, the differences between most ancient routes, either Roman or later, 
are very small in terms of materiality. The dating and characterization of these paths 
as Roman roads is, therefore, a signi�cant issue. Moreno Gallo (2006) has argued 
that “archaeology does not have enough resources to deal with this problem” 
(p. 186) and that the stratigraphic methodology traditionally used for their study has 
actually been “par excellence destructive” (p. 223). Far from being an incendiary 
statement, what this author stresses is the lack of multidisciplinary, holistic 
approaches for the study of these structures and the general lack of awareness of 
archaeologists regarding certain basic notions of Roman engineering. Being an 
engineer himself, his criticism is quite understandable and it is, actually, extremely 
similar to what an archaeologist might say about those scholars who overuse ancient 
sources. Regardless of its certitude, the assertion is not entirely original, since the 
problem had already been pointed out by certain archaeologists (Abásolo Álvarez 
1990).

In recent times, the extensive use of new resources and techniques, such as geo-
physical surveying or airborne LiDAR technology, is slowly transforming the study 
of Roman roads through the development of more systematic multi-disciplinary 
surveys (Gethin and Toller 2014; Small 2016). Among these new approaches, digi-
tal modelling has contributed to a renewed analysis of Roman roads in different 
ways, in Spain as well as elsewhere in Europe. The digital modelling of human 
movement with GIS, based on the use of tools and concepts such as friction, cumu-
lative cost or least cost paths (LCPs onwards), has been one of the most signi�cant 
contributions. In the following paragraphs, we shall brie�y outline some of these 
recent approaches.

14.2 GIS-Based Modelling of Roman Roads

GIS-based digital modelling tools, such as the well-known LCPs, among others, 
have been widely used in archaeology in recent years as ways of understanding 
forms of mobility in the past. A growing body of literature exists presenting both 
theoretical and methodological proposals, as well as multiple examples of applica-
tion in different geographical and archaeological contexts (e.g. White and Surface-
Evans 2012; Herzog 2013, 2014; Polla and Verhagen 2014; Howey and Brouwer 
Burg 2017; Supernant 2017, among many others). The analysis of Roman roads is 
just one of the �elds to which those approaches have contributed signi�cantly.

To put it quite simplistically, most of these contributions can be classi�ed either 
as predictive or “postdictive” approaches. In other words, the former are aimed at 
reconstructing the layout of ancient networks of paths, while the latter focus on 
understanding the logic behind the layout of an existing road network. Obviously, 
there is no sharp division between them, but rather a different emphasis. A review of 
some examples can help in understanding this difference.

14 Footprints and Cartwheels on a Pixel Road: On the Applicability of GIS…
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Most GIS-based models of ancient mobility apply slope-dependent cost func-
tions, whereby costs for movement are basically, or exclusively, computed accord-
ing to the in�uence of variations in terrain gradient on human mobility. A number 
of functions exist to compute costs (measured either in energy, changes in speed or 
any other currency) from slope changes (usually represented in a GIS environment 
as a slope map). However, other cost factors have also been considered in some 
cases. The work of Verhagen and Jeneson (2012) is a good example of an explicitly 
predictive approach whereby other cost factors beyond terrain slope are considered. 
Their work is based on the explicitly predictive objective of �nding plausible 
hypotheses for the original route of a given Roman road, on a detailed geographi-
cal scale:

Given the uncertainties regarding the way in which Roman engineers chose routes through 
dif�cult terrain, it seems logical to apply least cost path (LCP) models to try to �nd the most 
plausible ones. (Verhagen and Jeneson 2012, 125)

Taking as a starting point a series of locations where the existence of the road is 
known, LCP is the mechanism used to predict the most probable routes to link them 
and, consequently, to “join the dots” and predict the probable route of the road in its 
entirety. In contrast with other approaches, Verhagen and Jeneson consider other 
factors besides movement costs. In particular, they include visual control over the 
surrounding landscape as a possible additional factor in�uencing the layout of the 
road, considering that this Via Belgica was originally a military route. The different 
combinations of these factors (anisotropic costs and visual control measured in dif-
ferent ways) produce a range of LCPs, which aid in the validation of the different 
existing proposals regarding the actual route of the road and provide some plausible 
hypotheses for ground-truthing in the �eld.

In a series of recent papers, Van Lanen et al. have developed a detailed predictive 
model for the identi�cation of Roman and Medieval routes in the Netherlands (Van 
Lanen et al. 2015a, b, 2016). Within a mostly �at geographical region, with little 
topographical variation, their proposal stands out for not relying on the use of cost 
surfaces but on what they call “network friction”:

Traditional GIS modelling of past routes has largely focussed on correctly de�ning cost-
surface modules [...]. In low-lying regions such as the Netherlands these approaches are 
less useful when modelling route networks. In these regions, other landscape factors greatly 
will have determined route networks and local translocation conditions (e.g. the presence 
of mires, peat bogs, rivers). Network friction calculates regional accessibility conditions 
based on environmental data and locates transport obstacles and corridors, and therefore 
can be used to model historical route networks. (Van Lanen et al. 2015b, 145)

It could be argued that these factors can also be quanti�ed in terms of costs and that 
they are, actually, producing and using cost surfaces (albeit based not on topograph-
ical costs and using relative measurements of friction). Nevertheless, their proposal 
is a detailed approach to detect the most probable routes (rather than speci�c roads) 
connecting a known distribution of Roman and Medieval settlements (High Density 
Settlement Clusters), considering the likely in�uence of secondary settlements 
(Isolated Settlements) in the layout of those routes. Theoretical routes are calculated 

C. Parcero-Oubiña et al.
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with two different friction surfaces (terrestrial and maritime) but using direct con-
nections between pairs of points as LCPs do; that is, given certain friction values, 
the single best connection between points is calculated. The results are tested with 
archaeological data related to the location of “infrastructural” and “isolated �nds” 
from the Roman period which are used as the ground evidence to measure (with 
good results) the likelihood of the routes obtained through the modelling analysis.

Equally predictive is the recent proposal by Verbrugghe et al. (2017) in Flanders:

Despite this long research tradition the routes of Roman roads in the Civitas Menapiorum 
(the Roman region covering what are now the Belgian provinces of West and East Flanders, 
the French Departement du Nord and the Dutch province of Zealand) are still uncertain.
(Verbrugghe et al. 2017, 76)

Again, they do not rely on the common use of slope-based cost surfaces but on a 
combination of morphometric and land cover analysis to build their cost surfaces, 
something that is, once more, justi�ed by the speci�c conditions of the regional 
landscape:

Since the study area is characterised by a large number of dry ridges and wet depressions, 
two cost surfaces were created based on an ASCII version of the DTM (cell size �ve metres) 
for Flanders (2001 and 2004) and a shape�le version of the Belgian soil map of 2001 (cell 
size �ve metres). […] The cost ascribed to the DTM was based on the method used by 
Wiedemann, Antrop and Vermeulen. They used the raster calculator in ArcGIS to give 
depressions (negative height values) and higher areas (positive height values) a respective 
high and low cost, since hilltops and ridges were favoured for routes. […] Subsequently, a 
cost surface based on the Belgian soil map was created. […] The cost ascribed to the result-
ing map was based on a division into four soil types. Dry sand, dry soils, moist soils and 
wet soils were ascribed respectively costs of one, two, three and ten. […] Since no objective 
data on cost preferences in Roman decision making are available, no weights were ascribed 
to the calculated cost surfaces when combining them. After multiplying the cost surfaces, 
the resulting cost surface was calibrated in the same way, on a scale of zero to ten.
(Verbrugghe et al. 2017, 79)

Using that friction surface, they calculate the LCP which would probably have 
joined the “accepted junctions of supralocal Roman roads in Flanders” (ibid, 79). 
The use of LCPs leads again to obtaining a network composed of the single best 
route connecting the points in question. To validate their results, they compare those 
routes with the known location of Roman settlements, with possible ancient paths 
identi�ed via aerial prospection and with modern-day road segments with names 
allegedly referring to a Roman origin. In contrast with the preceding papers, in this 
case, their results are only partially positive, for which the authors themselves give 
a plausible reason:

The choice of costs is one of the explanations why only little similarity could be observed 
by comparing the buffers for the calculated least cost paths, the known archaeological sites 
from the CAI and the crop and soil marks on oblique and vertical photographs. (Verbrugghe 
et al. 2017, 84)

This is a good case to illustrate why a predictive approach must always rely on an 
explicit hypothesis where the measurement of movement costs is based on reliable 
evidence. As in predictive modelling in general, there are two main ways to build 
these hypotheses: either inductively or deductively (Verhagen and Whitley 2012). In 

14 Footprints and Cartwheels on a Pixel Road: On the Applicability of GIS…
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the case of ancient roads in general, and Roman roads in particular, we have seen 
how most authors agree that one of the main things which remain to be explored is 
precisely what criteria guided cost preferences in Roman decision making. This has 
encouraged some authors to take an inductive approach and model Roman roads 
from a ‘postdictive’ point of view: taking some cases in which a substantial amount 
of evidence remains about the actual route of roads in the past. These approaches 
aim not to reconstruct the routes, but to understand the pieces of evidence which 
inform us about them. In other words, their objective is:

to understand the rationale behind the layout of a Roman road […] to understand, via the 
use of a modelling process, the criteria and factors which were taken into account when 
choosing a particular route for this road. (Fonte et al. 2017, 164)

A good example of this is the recent contribution by Herzog (2017). Although she 
is not dealing with Roman roads, she provides an interesting example of a combina-
tion of predictive and “postdictive” modelling. She starts with a collection of maps 
representing ancient roads, which are carefully transferred into their actual geo-
graphical position. In parallel, she uses LCPs to calculate the most likely routes to 
join the places depicted in the historical maps. A comparison between them allows 
her to further re�ne the cost factors considered in order to achieve the theoretical 
LCP which best match the known historical roads (what we would call a “postdic-
tive” approach). This implies unveiling the factors considered in the development of 
those roads, which in this case were avoiding wet soils and terrains with a critical 
slope of 12% and giving preference to certain fords which were historically docu-
mented. Having re�ned the model of cost, she was able to obtain a map of the route 
of those ancient roads on a very detailed scale (a predictive approach), which can be 
used to guide a prospection based on the identi�cation of hollow tracks in high-
resolution airborne LiDAR data.

In summary, these (and other) recent contributions have proved the potential of 
GIS-based modelling to improve our understanding of Roman roads. Firstly, they 
illustrate how a reliable prediction must always be based on a previous understand-
ing of the factors which might have in�uenced their layout and on accurate model-
ling of them in a digital environment. Secondly, when compared to each other, they 
show that the relative importance of the factors in�uencing the layout of Roman 
roads seems to have been different depending both on the regional geography and 
on the historical context of their development. Although slope-dependent cost func-
tions have proved to be useful in many cases (e.g. Herzog 2017), their relevance 
should not be universally taken for granted (a recent good example is Supernant 
2017). Again, a deep understanding of the cost factors involved in each speci�c 
context is needed. Thirdly, these papers are also informative of both the potential 
and limits of the widely used LCPs: despite being extremely useful tools, they pro-
vide a somehow restricted illustration of mobility, limited to the single best possible 
connection between points.

In the following sections, we shall attempt to explore some of these issues in 
more detail, elaborating on our previous work on the analysis of Roman roads in the 
north-western Iberian Peninsula (Güimil-Fariña and Parcero-Oubiña 2015; Fonte 
et al. 2017

).

C. Parcero-Oubiña et al.
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14.3 The Case Study: Approaches to Roman Roads 
in the NW Iberian Peninsula

Our recent approaches to the digital modelling of Roman roads in the north-western 
Iberian Peninsula have been based on an explicitly “postdictive” perspective aimed 
at exploring which cost factors best explain the route of some of the main roads 
which are known in suf�cient detail. As the north-west of the Iberian Peninsula is a 
region with a rugged topography, we relied on the calculation of LCP based on 
slope-dependent cost functions to approach the rationale behind the layout of the 
best-known sections of the Roman roads in the region.

An initial paper (Güimil-Fariña and Parcero-Oubiña 2015) enabled us to under-
stand some of the basic factors behind the road network on a general scale and from 
a pedestrian perspective. We found that, in most cases, the distribution of material 
indicators related with the Roman roads (essentially milestones, which are reason-
ably abundant in this region) was highly coincident with the route of the LCPs cal-
culated for pedestrian movement, in which changes in slope were the only in�uence. 
Besides slope-dependent friction, we only added an extra cost to river courses, 
which in this region have gentler slopes than most of the surrounding terrain, to 
prevent the software from considering them as theoretically good areas for move-
ment and producing LCPs running through rivers. Although good results were 
obtained for some of the roads, others proved to be dependent on different factors 
which we were not able to identify at that point.

A second paper (Fonte et al. 2017) focused on a more detailed analysis of a spe-
ci�c road: the so-called Via XVII from the Antonine Itinerary¸ connecting Bracara 
Augusta (Braga, Portugal) and Asturica Augusta (Astorga, Spain). This analysis 
provided further arguments to understand the in�uence of some other physical fac-
tors in the layout of the roads. In particular, we focused on the modelling of the 
movement of animal-drawn wheeled vehicles, �nding that the known layout of the 
road analysed showed a very good coincidence with the theoretical LCP which, 
besides considering the effect of the slope on pedestrian movement, avoids higher 
altitudes and prioritizes terrain below a given critical slope. In our case, dealing with 
a succession of regions of sharp topographical contrast, between hilly terrain and 
open �at land, the threshold for the critical slope was found to occur between 8 and 
16%, depending on the sector. Table 14.1 summarizes the model of friction which 
we found useful in understanding the layout of the Via XVII road.

This approach allowed us to acquire a good understanding of the rationale behind 
the Via XVII and, to our view, provided a perspective which was complementary to 
the more traditional approaches aimed at the reconstruction of the route of the road 
based on what we call a “joining the dots” approach (for this particular road, Lemos 
2000; Rodríguez Colmenero et al. 2004; Maciel and Maciel 2004; Moreno Gallo 
2011a; Fontes and Andrade 2012). In a way, drawing from the proposals of Limp 
and Opitz regarding the impact of digital measurement tools in archaeology (Opitz 
and Limp 2015; Limp 2016), our results could be seen as an “independent mea-
sure”, against which the likelihood of the existing archaeological interpretations can 
be tested.

14 Footprints and Cartwheels on a Pixel Road: On the Applicability of GIS…
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However, these results opened up a number of new questions and/or avenues for 
further research. One obvious possibility would be to use the more re�ned results of 
this second analysis to fuel a predictive approach in order to �nd the most plausible 
routes of the roads, or sections of roads, for which a greater degree of uncertainty 
exists. Although we have already begun exploring this approach, it extends beyond 
the limits available for this publication. In this case, we shall focus on certain parts 
of the Via XVII in an attempt to explore the utility of certain tools which allow 
movement to be modelled less restrictively than is the case with LCPs.

14.4 Beyond Least Cost Paths: Finding Multiple Optimal 
Routes Between Points

14.4.1 Combining Optimal Routes for Different Friction 
Models

One of the main limitations of LCP-based approaches is that, given a speci�c model 
of friction, it is possible to �nd only the �rst optimal connection between points. 
One simple way to overcome this limitation is to use multiple models of friction, as 
some authors have done to obtain and compare, for instance, optimal terrestrial and 
maritime routes (Howey 2007; Van Lanen et  al. 2015b) or to calculate various 
potential optimal paths based on different factors (Verhagen and Jeneson 2012; 
Surface-Evans 2012; De Gruchy 2016). However, even in those cases, for each 
single friction model, the results are always limited to the �rst single optimal con-
nection between points. Therefore, the outcome is a collection of multiple single 
optimal connections, based on different criteria.

Although this is not necessarily a problem in many cases, in others it might be 
relevant to explore the possibility of multiple potential pathways to connect a net-
work of points (Howey 2011). This can also occur in the case of highly formalized 
road networks such as the main Roman roads where different branches are some-

Table 14.1 Cost factors used to model the route of the Roman road between Bracara Augusta and 
Asturica Augusta (NW Iberian Peninsula) by Fonte et al. (2017)

Cost factor Ascribed cost

Slope-based pedestrian cost 
(Llobera and Sluckin 2007)

MSw = 2.635+17.73 Sw+42.37 Sw2 − 21.43 Sw3+14.93 Sw4

Extra cost to avert slopes unsuited 
for wheeled vehicles (8–16%, 
depending on the sector)

2x

Extra cost to block high altitude 
areas (950–1050 m, depending on 
the sector)

10x

Extra cost to block river beds 10x

MSw = energetic expenditure (Kj/m), Sw

).
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times supposed to have connected two points. A section of the Via XVII around 
Aquae Flauiae (Chaves, Portugal) which we previously analysed in Fonte et  al. 
(2017) provides a good case in point (Fig. 14.1).

As was observed in our previous paper, it seems that Aquae Flauiae acted as a 
primary node in the layout of this road, something which is in accordance with its 
importance as a central place of secondary level in Roman times. The topography 

Fig. 14.1 Roman roads around Aquae Flauiae: direct remains of the roads and main existing 
reconstructive proposals. The main road (Via XVII) and the secondary roads, as have been pro-
posed, are shown in different symbology
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around Aquae Flauiae is especially rugged, which must have implied some limita-
tions to mobility in the past: less than 50% of the area represented in Fig. 14.1 has 
a slope below 16%, and only 22.5% below 8%, referring to the range of slopes 
which is usually assumed to limit the movement of wheeled vehicles.

The most recent proposals (Rodríguez Colmenero et  al. 2004; Fontes and 
Andrade 2012) agree in suggesting the existence of two branches to the west of 
Aquae Flauiae, both of which are indicated by the presence of milestones and/or 
bridges. These branches cross the Terva valley (Boticas, Portugal), where an impor-
tant Roman mining area is located (Fontes et al. 2011) (Fig. 14.1). Less consensus 
exists towards the east of Aquae Flauiae. Although some authors propose the exis-
tence of just one single branch through the Rabaçal valley (Valpaços, Portugal) 
(Rodríguez Colmenero et al. 2004), others have argued for the existence of a second 
branch northwards, through the Tuela valley (Vinhais, Portugal), to which direct 
evidence such as milestones and possible Roman bridges could be associated 
(Lemos 1993, 2000; Maciel and Maciel 2004) (Fig. 14.1, top). A third proposal has 
been put forward by P. Soutinho, who agrees on the existence of that route to the 
north but interprets it not as a branch of the main Via XVII but as part of a secondary 
road coming from the south (Fig. 14.1, bottom).1 In any case, both branches, or both 
roads, would have come together around Castro de Avelãs (Bragança, Portugal).

The context is open to different interpretations. There are some locations where 
direct material evidence points to the passing of a Roman pathway (milestones and 
bridges), although some of the connections between them are largely uncertain. The 
proposals summarized in Fig. 14.1 rely on different, indirect, evidence, but it is hard 
to de�nitively af�rm which one is more accurate or reliable. As mentioned above, 
this is a section of the larger road (Via XVII) which was analysed in Fonte et al. 
(2017). In that case, we arrived at the friction model summarized in Table 14.1. 
The LCP it produced showed a good match with the distribution of most of the 
known milestones along the whole road and is also largely coincident with (1) the 
northern branch of the road to the west of Aquae Flauiae and (2) the southern and 
most agreed-on branch to the east. But what could be the logic of the other two 
branches? Do they privilege other types of movement, such as pedestrian routes? 
Do they lead to secondary places of interest which deviate from the optimal route? 
Are they earlier or later routes, suitable for different criteria and cost factors? Are 
they seasonal branches?

If we limit our analysis to the use of LCP, we can only test those hypotheses by 
designing alternative friction models and checking their coincidence with the avail-
able evidence. For other sections of this same road, the possible existence of changes 
in time has been already suggested (Fernández Ochoa et al. 2012): a road initially 
developed in a context of military conquest was later turned into an administrative 
and commercial route, which would have implied some redesign. This is an idea 
worth exploring, with a possible hypothesis being that any of the branches could 

1 This proposal is developed on the website http://ww.viasromanas.pt, which includes a detailed 
mapping of the proposed routes and the location of a large number of material remains related to 
Rom ).
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correspond to optimal pedestrian paths which were later replaced, or complemented, 
by more adequate routes for wheeled vehicles (Fig. 14.2).

To test this possibility, we returned to the area around Aquae Flauiae in order to 
carry out further analyses. In this case, we used a higher de�nition DEM, with a 
spatial resolution of 10 m, built using the elevation data (contours and height points) 
of the Portuguese Army Geographical Institute (IGeoE) 1:25,000 cartography.

Our �rst step was to calculate the LCP for pedestrian movement between three 
nodes which are assumed to have been located along the road in this sector: Aquae 
Flauiae (without a doubt a central node of the road), Castro de Avelãs (whose 
Roman name is uncertain but its relationship to the road seems clear) and the sup-
posed location of the mansio Caladunum (the site is unknown, but there is general 
agreement that the road ran through the place we have chosen and direct evidence 
for this theory). We also re-calculated the LCP for wheeled vehicles, using the same 
parameters as in our previous work, but with the more detailed DEM now available.

None of the results were satisfactory. On the one hand, on this more detailed 
scale, the LCP designed for wheeled vehicles provides only a partial coincidence 
with the assumed main route of the road, especially to the east of Aquae Flauiae. 
This deviation, which was not noticeable in our previous analysis on a more general 
scale, might suggest that the selection of a speci�c point to cross the River Rabaçal 
must have also had a local in�uence on the route of the road (as seems to occur, on 
a more general scale, with other bridges (Güimil-Fariña and Parcero-Oubiña 2015). 
For this reason, we have included the Ponte do Arquinho bridge as a fourth node in 

Fig. 14.2 LCP between Caladunum, Aquae Flauiae, and Castro de Avelãs, for both pedestrian 
and wheeled movement and with the inclusion of the bridge at Ponte do Arquinho as an extra node
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our calculation of the wheeled LCP. In this case, the match is very good, and the 
LCP aligns well with the milestones and bridges located there. Although this looks 
like a good solution, we shall return to this issue later on to see whether there might 
be a subtler explanation for this particular question.

On the other hand, the pedestrian LCP shows only a partial coincidence with the 
known evidence about the branches. Towards the west of Aquae Flauiae, the pedes-
trian LCP follows practically the same corridor as the LCP for vehicles. To the east, 
the pedestrian LCP takes a rather straighter route towards Castro de Avelãs, a route 
which aligns with a couple of milestones and a bridge before crossing the Rabaçal 
river, but which runs far from the two milestones to the northwest of Castro de 
Avelãs. This might make it possible to argue that part of the northern branch of the 
road to the east of Aquae Flauiae could correspond to optimal routes for other cri-
teria. Unfortunately, we have had no chance to test if they could also have corre-
sponded to the second or third best routes for wheeled vehicles which may have 
been in use for whatever reason. Besides this, and even if we consider that pedes-
trian movement can help to understand part of the northern branch to the east of 
Aquae Flauiae, it is of little help in clarifying the southern branch to the west.

14.4.2 Overcoming the Limitations of the Single Least-Cost 
Path Model

This is where the use of LCPs can take us. If we wish to explore further the possible 
logic of these branches, we need to resort to other methodological tools which reach 
beyond the restrictions of LCPs. These restrictions have recently been discussed, 
and some alternate methods have been proposed, such as “circuit theory” (Howey 
and Brouwer Burg 2017) or the exploration of potential movement in terms of 
“�ows” or as “topographies of movement” (Fábrega-Álvarez 2006; Frachetti 2006; 
Llobera et al. 2011; Mlekuž 2014; Frachetti et al. 2017). We decided to use Focal 
Mobility Networks, or MADO in its Spanish acronym (Llobera et al. 2011), for two 
main reasons. Firstly, because we are more familiar with its operation, as one of us 
(C.P-O) was one of the authors who developed it, and we have previous experience 
in applying it. Secondly, because MADOs can be calculated using any desktop GIS 
software, thus simplifying our analysis, since we could limit ourselves to using one 
single piece of software (ArcGIS in our case).

MADO has been de�ned as “the network of most likely paths towards a given 
destination”. It is based on the application of hydrological tools (�ow direction and 
accumulation) to cumulative cost surfaces. The �nal result, a raster image of “cumu-
lative probability of movement”, can be reclassi�ed into a network of potential 
paths towards the destination of choice (Llobera et al. 2011; an example of a similar 
approach in Fábrega-Álvarez et al. 2011).

Applying this approach to our case study, we calculated the MADO towards the 
three nodes on which the Roman roads in our area are based (Aquae Flauiae Settlements) in the layout of those routes. Theoretical routes are calculated 
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de Avelãs and Caladunum) and obtained a map of the potential natural corridors 
heading towards any of the three destinations (Fig. 14.3).2 Even though, according 
to the LCP analysis, Ponte do Arquinho also seemed to be a primary node in the 
area, we intentionally decided to leave it out in this case so as to double check the 
preliminary idea.

This led to an initial interpretation of the most probable corridors of mobility 
towards the four destinations we have chosen. A measure of the reliability of these 
corridors with respect to mobility in Roman times can be obtained by quantifying 
their proximity to the material elements related with Roman roads (milestones and 
bridges). In the area of interest for our analysis, six bridges with a Roman origin 
have been documented and a total of 73 milestones are known (Rodríguez Colmenero 
et  al. 2004). Since some of them are clustered in one single location, the actual 
number of milestone locations is 53. While bridges are obviously in situ elements, 
most of the milestones known in the area are found today in secondary locations. 
The exact place of origin is known only for a few of them (12) and, although most 
of the remaining ones are thought to be placed near their original location, we have 
considered them separately for our purpose here.

Table 14.2 summarizes the results of this measurement, showing a relatively high 
proximity between all the in situ elements and the closest MADO route: only one in 

2 The threshold to extract the lines visible in Fig. 14.3 was set at 600,000 cells (60 km2 of “mobility 
basin” at this resolution). For further details, see Llobera et al. (2011).

Fig. 14.3 An overlay of the MADO routes leading towards Caladunum, Aquae Flauiae and 
Castro de Avelãs
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situ milestone location is more than 500 m far from any MADO route. A comple-
mentary quanti�cation, taking into account the density of MADO routes in the area, 
is shown in Table 14.3. Almost all the in situ elements are located within a buffer 
distance of 500 m of the MADO lines depicted in Fig. 14.3, which represents around 
23% of the total area under analysis.

14.4.3 From MADO Meshes to Multiple Discrete Optimal 
Connections

All the above seems to indicate that the potential routes modelled with our MADO 
analysis show a high degree of coincidence with the actual routes used by Roman 
mobility in the area. In turn, this reinforces the conclusions of Fonte et al. (2017) in 
relation to the suitability of the friction model developed for modelling Roman 
mobility in this region. However, if we want this MADO analysis to be more useful 
in understanding the logic behind the different branches of the Via XVII which seem 
to have existed here, we still need to simplify the extremely dense network of poten-
tial routes shown in Fig. 14.3. In fact, MADO analysis does not by de�nition pro-
vide connections between points, but rather potential paths with no speci�c origin. 
This is clearly obvious in some routes in Fig. 14.3 which “lead to nowhere”, while 
some others are prolonged across the whole area and do indeed connect the 

Table 14.2 Linear distance of material elements related to the Roman roads and the closest 
MADO route

In situ milestones All milestones Bridges

Distance (m) N° of locations N° of locations Distance (m)
0–100 4 14 0.5
100–200 1 5 8.3
200–300 1 4 19.1
300–400 4 6 45.1
400–500 1 2 69.0
500–1000 0 12 259.3
1000–2000 1 8
>2000 0 2

Milestone locations are shown grouped in intervals according to distance

Table 14.3 Proximity between material elements related to the Roman roads and MADO routes: 
% of elements within a buffer distance of 250 m and 500 m from any MADO route

Buffer 
distance

Area covered 
(km2)

% of total 
area

% of material elements 
within Buffer distance

% of in situ elements 
within Buffer distance

250 404.3 12.94 44.06 61.11

).
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destination points of choice. This happens when MADO lines leading to one loca-
tion (for instance, Aquae Flauiae) overlap at some point with MADO lines leading 
to any other of the two given positions (Castro de Avelãs or Caladunum). Thus, 
there is an intrinsic network of multiple LCPs hidden behind the larger complete 
mesh of MADO lines.

In order to extract the network of multiple LCP, we followed the proposal of 
Lynch and Parcero-Oubiña (2017): simply selecting the overlapping segments of 
the lines obtained from all sites independently and merging them into one single 
path connecting the three nodes. Prior to this, we calculated a line density map in 
order to see which corridors had a higher concentration of potential mobility. This, 
together with the elimination of the lines with a centrifugal direction, ended up in 
the multiple LCP shown in Fig. 14.4.

This network of multiple optimal connections can also be organized in a hierar-
chy using different criteria, which might help us to further understand why some of 
them seem to correspond better than others with the distribution of material indica-
tors of the Roman roads. Cost distance measurements are a combination of linear 
distance and terrain friction, two factors which can be explored separately in order 
to obtain two complementary path hierarchies. Firstly, we can look at the length of 
each path. Figure 14.4, top, shows that line width is proportional to the length of 
each path with the labels quantifying the relative length of each one, with 1 being 
the shortest in each direction (to the west and east of Aquae Flauiae, respectively). 
To the west, the shortest path is also the LCP in terms of cost (see Fig.  14.2). 
However, the most remarkable result is the extremely good coincidence of the sec-
ond shortest path with the distribution of milestones marking the supposed route of 
the southern branch (compare with Fig. 14.1). The third potential path takes a sub-
stantial detour and is almost 40% longer than the shortest one.

Between Aquae Flauiae and Castro de Avelãs, the network of potential paths is 
denser. In this case, the LCP obtained in Fig. 14.2 is not the shortest one, but only 
the fourth in length: three shorter routes exist northwards, which converge in cross-
ing the Rabaçal river around Ponte de Picões and, when combined, are not too dif-
ferent from some of the reconstructions proposed for the northern branch of the Via 
XVII in this area. One of them is also rather similar to the pedestrian LCP, as shown 
in Fig. 14.2. Among the options to the south, and with respect to the LCP repre-
sented in Fig. 14.2, this analysis shows how the connection via the bridge of Ponte 
do Arquinho is, actually, one of the optimal choices to travel between Aquae Flauiae
and Castro de Avelãs, even if the path is not obliged to go over that bridge. Finally, 
there is one more optimal path with a signi�cantly longer route which implies an 
extra 12–16 km.

A complementary, and perhaps more illuminating, hierarchy emerges if we 
quantify the total friction of the terrain crossed by each path. This quanti�cation is 
made by adding the friction values of all the cells that each path goes across. To ease 
comparison, we have also represented these values in relative magnitudes, with 1 
being the sum of frictions of the less costly path in each direction independently (to 
the west and east of Aquae Flauiae, respectively).

14 Footprints and Cartwheels on a Pixel Road: On the Applicability of GIS…



306

Fig. 14.4 The most probable routes between the different nodes considered, compared in relative 
terms of length and cost. Top: line thickness is proportional to length (longest routes correspond to 
thicker lines); labels indicate how much longer each route is with respect to the shortest one. 
Bottom: line thickness is proportional to accumulated friction crossed (higher frictions correspond 
to thicker lines); labels indicate, in relative terms, how much more accumulated friction each route 
implies with respect to the least cost one. An independent relative scale is used, respectively, for 
the routes to the east and west of 

).
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To the west of Aquae Flauiae, this friction-based hierarchy, once more, de�nes 
the �rst LCP as the optimal one (as should be expected). The second shortest path 
is also in second place in terms of friction travelled. The longer detour to the north 
also implies a higher cost and, although the differences are not very high, when 
combined with length, it is clear that this is the least optimal of the three most prob-
able routes. Again, it must be highlighted that the two �rst optimal paths are those 
which coincide well with the distribution of milestones in this sector.

To the east of Aquae Flauiae, the situation is somewhat more complicated and 
interesting. Quite surprisingly, the LCP though Ponte do Arquinho is now the best 
option (i.e. the pathway which implies crossing a terrain with a lower degree of 
overall friction), and it is only due to the fact that it is slightly longer (2 more km) 
that it does not come out as the optimal connection between Aquae Flauiae and 
Castro de Avelãs when a LCP approach is used. This is an interesting result which 
also helps to qualify the true in�uence of Ponte do Arquinho as a node in this sec-
tion: rather than it being a direct conditioning factor for the layout of the road, it 
could be interpreted as the crossing point coinciding with one of the best “natural 
corridors” across the area.3 The extra distance implied by this route with respect to 
the �rst optimal choice (ca. 2 km), as calculated by the LCP analysis, seems to have 
been less relevant in Roman times than the lower overall friction that it offered.

As far as the northern routes, which were shorter in length, are concerned, they 
now imply a more substantial extra friction of 30–67% when compared to the two 
southern routes. In this case, the existence of a possible branch of the road in this 
area would not be fully explained merely in terms of an alternative optimal route for 
wheeled vehicles. It seems clear that certain other factors must have come into play.

14.5 Final Comments

The results of our analysis seem to imply that a balance between terrain friction and 
distance lay behind the apparent selection of the routes that were followed at some 
point to travel across this region in Roman times. Between Aquae Flauiae and 
Caladunum, the shortest and least costly path was complemented by the second-
best choice in terms of both cost and length, facilitating the access to a southern area 
of the Terva valley which, at some point in time, became important for the mines 
located nearby. What our analysis shows is that the route across this part of the val-
ley was chosen following the same criteria which lay behind the selection of the �rst 
route northwards: the preference for terrain suitable for wheeled vehicles, according 
to the friction model summarized in Table 14.1.

Between Aquae Flauiae and Castro de Avelãs, the situation is a little more com-
plex, since the hierarchy of best routes changes depending on how it is measured: in 

3 Rather than being the only, or best, possible way to cross the Rabaçal river, as seems to have been 
the case with other bridges in the region, such as Ponte Bibei on a nearby road (Güimil-Fariña and 
Parcero-Oubiña 2015).
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terms of length or travelled friction. The analysis based on the use of MADO for the 
calculation of multiple LCP shows that a single LCP analysis may imply an over-
simpli�cation of a subtler case. Although the path that best matches the distribution 
of known milestones and bridges is not the �rst LCP between Aquae Flauiae and 
Castro de Avelãs, it is, however, among the optimal choices available. Indeed, it is 
the path which implies travelling over terrain with a lower degree of friction, despite 
being slightly longer. The MADO-based calculation of multiple LCP has allowed us 
to better understand that the rationale behind this section of the road is no different 
from what was proposed for the road as a whole. The apparent in�uence of Ponte do 
Arquinho as a primary node is also lessened by this analysis.

The location of the elements signalling the supposed northern branch of the road 
in this sector shows, in general, a rather good coincidence with other potentially 
optimal routes, which would have implied higher costs to traverse, despite being 
shorter. It should be noted that a large section of these routes is coincident with the 
pedestrian LCP calculated for this area, and the combination of these two factors 
may provide an argument to help understand the logic of this branch: a shorter con-
nection for pedestrian travel, allowing access to a different portion of the territory 
which, although it is only a secondary option for wheeled movement, is also among 
the “natural corridors” to cross the area in those circumstances.

The analysis we have summarized here offers just a brief example of the poten-
tial of using tools other than LCP to digitally explore and predict the possible routes 
of ancient roads. Undoubtedly, a more re�ned approach is needed than that shown 
here, but hopefully this example will illustrate the bene�ts of using tools, such as 
MADO, to explore potential mobility in less restrictive ways.
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