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Abstract

Romanisation is a multi-faceted historical phenomenon with profound and lasting cultural
impact on the ancient world. In the modern-day territory of Tunisia, this is particularly mani-
fest during the first four centuries AD, under the reign of the Roman Empire. We derive a
reduced, operational concept of Romanisation as a cultural diffusion process that is observ-
able in the archaeological remains of the Roman era settlement system. We then introduce
a novel mathematical model that computes spatio-temporal approximations for the Romani-
sation of the settlement system. The model is based on the concept of temporal road activa-
tion and makes minimal assumptions regarding input data quality. The results of our study
contribute to the understanding of the time dynamics of the region’s road network, under the
influence of Romanisation. Our model can be applied in similar archaeological research sce-
narios, to generate spatio-temporal backbones for the analysis of otherwise intractably com-
plex social processes.

1 Introduction: Romanisation as cultural diffusion

The ancient Romans are a striking example of a civilisation that succeeded in spreading its dis-
tinctive cultural traits across a vast spatial domain, creating what might be considered history’s
first global power [1-4]. These traits included architecture, crafts and artistic styles, technology
and industry, engineering and trade organisation, civil and military administration, land use
and surveying, writing and education [5-8]. In the following, we introduce a new mathemati-
cal model for exploring selected aspects of Romanisation, the multi-faceted phenomenon of
cultural transformation that occurred across the vast and diverse dominion of the Roman
Republic and its successor, the Roman Empire ([9]). We have chosen modern-day Tunisia, the
heartland of the ancient Roman province of Africa Proconsularis, as an application case study
for our model, since it provides a particularly illustrative example of Romanisation of material
culture. In this part of the western Mediterranean world, the Romans long fought and finally
subdued an advanced and powerful Phoenician-Punic (Carthaginian: [10]) civilisation [4,
chapter 1], [11]. It then reshaped urban (the rebuilding of Carthage as a Roman city being the
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most famous example: [12]) and rural life with unprecedented comprehension, leaving behind
a spectacularly rich archaeological record of the first four centuries AD (for an overview: [13];
for a similar perspective from another Roman province: [14]).

Romanisation is defined in this article as a complex process of cultural diffusion. In doing
so, we are aware that the use of the term ‘Romanisation’ is associated with a controversial dis-
cussion in archaeology and history ([15] chapter 2). This debate is, among other things, about
the evaluation of the actors’ behaviour. The actual significance of Romanisation to contempo-
raneous societies has also been challenged, e.g. by pointing out its ‘convenient’ compatibility
with the colonial mentalities of more recent times [15]. But regardless of underlying social
complexities or changing interpretative trends, the material manifestations of Roman influ-
ence are universally identifiable in the archaeological record [16].

Some of the associated cultural change may have been caused by willing adoption of the
many attractive traits of Roman culture and state organisation [17], while others might have
met with resistance [18-20]. But the Roman conquerors also never hesitated to enforce change,
be it in the political, economical, spiritual or military spheres [21]. Eventually, every region of
the Roman Empire developed its unique blend of indigenous and foreign features. This is
quite visible in the rich Roman heritage of this study’s geographical focus area, modern day
Tunisia (perhaps most impressively represented by Tunisia’s famous Roman mosaics: [22]).
Here, Romanisation was most effective in the spheres of municipal administration and urbani-
sation, with the Roman Empire undertaking a most comprehensive reshaping of settlement
system, land use and architecture (see [23, 24]). This, however, was built on strong pre-Roman
roots, some of which remained visible centuries after their incorporation into the Roman
domain.

We further presume that, in order for any cultural trait to spread, it has to be transported
across a distance in space by the ‘sender’ and then successfully transmitted to the ‘receiver’.
There is a crude analogy here to the concepts of susceptibility and infection, and we will make
use of this to transfer some basic mechanics from well-established epidemiological models. We
assume this to be a valid approach, since disease spread has an essential social component (a
virus cannot travel far by itself). Crucially, however, we do not adopt the view that cultural dif-
fusion, as a whole, is equivalent to the infection of organisms in either process or pattern.

By extended analogy, a political entity will be most successful in spreading its traits, thereby
extending its control, if it is capable of two things: Building the infrastructure needed for social
interaction across space (see e.g. [25-28]), and providing the incentives that benefit the accep-
tance of its rules and ideas. The ancient Romans are particularly famous for their road-build-
ing capabilities (this has long been acknowledged by scholars: [29-31]) and integrative
political skills.

For our case study, we have selected archaeological sources of evidence that capture these
two aspects of civic organisation. Based on this, we investigate the spread of Romanisation as
an aspect of the evolution of the Roman infrastructure. We develop a mathematical model that
utilises (sparsely) preserved sources of temporal information on the settlement system to com-
pute a probabilistic activation sequence for the individual roads of the Roman overland trans-
port network. A number of studies have been focusing on understanding the importance of
Roman transportation networks for cultural, economical and political organization of societies
[28, 32-34].

Our work builds on this research by considering the temporal evolution of the transporta-
tion networks. More specifically, given historical dates on municipalities that went through a
formal civic act of Romanisation (more details on this follow shortly) during a particular time
period, we obtain a probability for the activation of the roads connecting these municipalities
to others in the settlement network. Note, however, that our model does not aim to reconstruct
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historical events or processes. In particular, we do not explore the spatio-temporal expansion
of past societies, nor do we provide explanations for the connectivity structures in geo-archae-
ological landscapes, including how settlements were formed or why particular roads were built
between them. Rather, the model has been designed to explore scenarios of road activation to
help establish a fixed temporal framework in a complex spatio-temporal dataset that contains
many significant archaeological observations at well-defined spatial locations but few reliable
points in time. Our model is rather generic and allows for modifications to make it transferable
to other archaeological scenarios.

The paper is organised as follows: First, in Section 2, we present a comprehensive overview
of Romanisation as a historical process and its facets relevant for the socio-cultural change in
ancient Tunisia. Specifically, we focus on the Roman settlement system and its interconnecting
road network, which is supported by an extensive collection of archaeological evidence. Next,
in Section 3 we introduce our mathematical model. Then, in Section 4 we apply our model to
the case study of Romanisation in ancient Tunisia, calibrating it to the available archaeological
data. To provide a proof of concept for our approach, we validate our model and perform sen-
sitivity and stability analysis. Finally, we discuss our findings and possible future directions in
Section 5.

2 Background: Romanisation as historical process

From a formalistic point of view, the Romanisation of the ancient Mediterranean world is an
example of cultural diffusion ([35-38], etc.). From a historical point of view, however, it is an
extremely important phenomenon, with effects that shaped successive civilisations until the
present day (see e.g. [28, 39, 40] on the lasting economic effects of Roman trade infrastructure;
[41] on military tradition; [42] on legal heritage). What is more, a political entity with pre-
industrial means of communication and territorial control must have required a degree of loy-
alty throughout its provinces that could only be effected through profound social integration
and a comparatively high standard of living [43, 44].

In this context, northern Africa is of particular (and long-standing: [45, 46]) interest, since
it is a region that had a rich history of civilisation prior to the Roman conquest, yet prospered
as a kind of fusion culture under the Roman rulers [47]. In fact, the region experienced
unprecedented prosperity and population growth (mainly based on its proximity to the
Roman heartland, its agricultural potential: [48-51]; but also supported by significant olive oil,
pottery and textile industries, as well as marble-rich quarries: [52-55]), resulting in an
immense density of Roman ruins within the territory of present-day Tunisia.

We will, to reinforce the notion, not attempt to tackle all historically relevant aspects of
Romanisation in our area of interest. Instead, the data we selected serves as (partial) proxies
for the dynamics of a much more complex whole. In this way, we reduce an intractably com-
plex phenomenon of cultural diffusion to something more manageable by a compact and intu-
itive mathematical model.

2.1 Motivation and rationale

Our primary motivation is to provide a tool for extracting a plausible spatio-temporal back-
bone from our fully space-ordered and sparsely time-ordered data. Further aspects and con-
nections of the immensely rich archaeological record could be explored in a more meaningful
way, once such a primary structure was established. We decided to use mathematical model-
ling of time dynamics in a way that would be comprehensible and appropriate with regard to
the temporal uncertainty in typical archaeological data. Our rationale in seeking a suitable
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solution was that even the most complex cultural diffusion process must be structured in space
and time by some kind of constraints.

However, in order to extract any meaningful historical observations from the manifold
archaeological manifestations, there must be some working knowledge of the underlying spa-
tio-temporal dynamics. Unfortunately, while the spatial pattern of Roman settlement activity
is easy to establish, thanks to numerous discovered sites and monuments, the temporal dimen-
sion is much harder to disentangle. There is a relative scarcity of precise time information
(archaeological dates), which makes it difficult to understand the sequence and structure of
historical change. On the other hand, the archaeological record should still provide enough
information to produce plausible models of space-time dynamics and test their validity. Fol-
lowing these arguments, here we focus only on the Roman land transport network and we do
not consider maritime mobility. For more details on the effect of sea travel on cultural and
social interaction see [56, 57].

The speed and direction of cultural diffusion in antiquity can be assumed to have been con-
strained primarily by the challenges that topography and terrain posed to the movement of
people across the landscape. The remains of Roman roads (many still physically present in the
landscapes of Europe, the Near East and northern Africa; see [30] for a recent collection of
case studies) have long been of particular interest to scholars. Their presence in any region’s
archaeological record indicates a hitherto unknown capacity for managing resources and
dividing labour effectively, marking the transgression to a higher level of state organisation
and economic prosperity (see [58]).

Consequently, the Roman road network defines the primary spatial structure of the region’s
settlement system and constitutes the first essential source of information for our study. The
second one is provided by the Roman civic registers, which contain calendar dates for admin-
istrative status changes of several municipalities, thereby introducing a time axis into the anal-
ysis. True to the nature of archaeology, all of this evidence is partial and laden with
uncertainty. The approach taken here is to use the data available transparently and to the maxi-
mum extent, so as to lend plausibility to our model’s design and outputs. We will give appro-
priate consideration to aspects of model validation when discussing the results of our work.

2.2 Archaeological setting

After the annexation and destruction of Carthage by Rome in the final year of the Third Punic
War (149-146 BC), control over northern Africa was passed from Carthage to Rome. In the
centuries that followed, a thriving Roman Republic and later Empire continued to push into
the continent’s interior, reaching its greatest southern extent around 117 AD (see Fig 1), and
eventually consolidating its territorial acquisitions in the province of Africa Proconsularis. The
central, most populous and prosperous, part of the latter coincides geographically with mod-
ern day Tunisia.

The Romanisation of ancient Tunisia was a complex phenomenon that involved many
aspects and strata of society. Here, we focus on the Roman era’s settlement system, composed
of farmsteads, villages, towns and cities (collectively referred to as municipalities), and the
roads connecting them (see [61, 62] for a more comprehensive discussion of the Roman settle-
ment system in North Africa; see [24] for a detailed look at the region of modern-day Tunisia;
also [58, 228-230], [63].

The density and splendour of Tunisia’s visible Roman ruins motivated the creation of fairly
complete archaeological site catalogues by the end of the 19th century [64]. Following inde-
pendence from France, heavy construction activities across the country necessitated rescue
excavations in the 20th century that have resulted in more detailed studies of numerous sites
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Fig 1. Location of area of interest (smaller map) and geographical distributions of selected municipalities and milestones used in this study, along
with Roman road network. See sections 2.3 and S1 Appendix 4 for details. Third party data sources: Background topography by Natural Earth Project
[59] (public domain); Roman roads network lines reproduced with permission from Ancient World Mapping Center [60] under a CC BY licence,

original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9001

[13]. As a result, there is ample information on site locations as well as their associated attri-
butes of size, internal structure and function within the Roman era settlement system.

The Romans both founded new urban centres and developed existing ones: [65]. Along
with this came a reconfiguration of the agrarian hinterlands, to effect the highest possible
yields: [52, 66]. Indeed, the Roman alterations to some aspects of the settlement system of
North Africa were so profound that some authors talk about ‘urbanisation’ as such when refer-
ring to them (e.g. [67]).

Transport infrastructure, in this case the overland roads network, determines the spatial
structure of social diffusion (e.g. [68-70]). Throughout the former territories of the Roman
Empire, several sources of evidence on the ancient road networks have survived (see local and
regional studies, e.g.: [25, 72-74]; for details on the measure and construction of Roman roads:

[40]):
» Road segments discovered within surveyed and excavated areas of archaeological sites,
« road segments (partially) observed in open country,

« ancient roads known to have survived underneath modern ones that still follow their courses
(e.g. [25,74]),
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o roads known from ancient itineraries, travel reports and other literary sources

o observations of milestones, way stations, bridges and other remains that indicate the (for-
mer) presence of a road.

All of the above listed sources of evidence can be found in our area of interest ([75-77] 24
roads are mentioned in the Antonine Itinerary, and another six in Peutinger’s Table) but the
preserved milestones constitute the most extensive source of information [13, 179].

To provide an idea of the original scale of the Roman road network: [78] suggests a total
road length of 100,000 km, complimented by 8000 milestones and more than 1000 bridges
(not that the system of coastal transport (ports) was no less well-developed [79], however, we
consider this aspect out-of-scope for our present study).

In addition, the archaeology of Africa Proconsularis is exceptionally rich in Roman era
inscriptions [13, 80]. Most pertinent to our case study, there is direct evidence on the hierar-
chical development of the settlement system in the form of status decrees (see also [15, 21-
66]), [61,297-301], [62, 44-49]. The municipalities of the Empire’s provinces could acquire
different grades of self-government and jurisdiction by administrative decree. This was true
for new settlements, established in conquered territories, as well as for existing ones. The set-
tlement hierarchy of the study area can be summarised, very schematically, as a tripartite tax-
onomy of status (from highest to lowest ranking):

Colonia (pl. coloniae) was initially a strategically located outpost, established by the Romans in
their conquered territories and inhabited by Roman citizens and veterans (a practice that
was most pronounced during the first and ceased during the second century AD). Later,
the name came to be used for those municipalities that stood on top of the settlement hier-
archy in the Roman provinces. In terms of government, a colonia was an independent
municipality with tax exemption from Rome, although its chartered (administrative) orga-
nisation eventually underwent changes. In general, the inhabitants of a colonia had full
Roman citizenship.

Municipium (pl. municipia) was initially a municipality whose inhabitants were subject to all
duties to Rome (e.g. military service, taxation), but did not enjoy all of the Empire’s civic
rights (such as voting). All municipia had a certain amount of autonomy and were granted
some rights to self-government, while remaining subordinate to Rome.

Civitas (pl. civitates) was a semi-autonomous municipality. Civitates featured different forms
of administrative structure (e.g. civitas liber, civitas stipendiaria). Roman civil rights were
not necessarily granted to their inhabitants, but could be awarded individually.

Civitates and municipia could be promoted to higher status (in our study area, no evidence
for a demotion in status was found), and the preserved inscriptions of the related administra-
tive decrees provide the most important source of temporal information for our study. In
time, this hierarchy of status, and its implications for the populations of the provinces, became
less well-defined. Eventually, the Constitutio Antoniniana (212 AD) granted all free men and
women of the Roman Empire their associated Roman rights, which rendered the system of
municipality status mostly redundant, as far as everyday life was concerned.

Regarding the Roman road network, contemporary evidence for the construction or main-
tenance of its individual segments can be found in the inscriptions of milestones. A milestone
(miliarium, pl. miliaria) is a stone column or slab that was originally placed alongside a Roman
road. Inscriptions on milestones recorded the distance from the starting point of the road
(caput viae), counted in Roman miles (mille passus; a Roman mile is equivalent to 1000 paces
or 5000 Roman feet, which equals about 1.481 metres).
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In addition, milestones recorded the name of the official in charge of road construction or
repair, and the name of the contemporary Roman ruler (by the 3rd century AD, milestones
mostly served the purpose of commemoration: [81, 82]). Thus, milestones represent another,
direct source of temporal data. In addition, if found in locations where no observable remains
of the Roman road network have been preserved, milestones serve as proxy evidence for the
presence of a road segment. However, due to the effects of weathering (erosion) on the stones’
surfaces, inscriptions might be only partially preserved. As a further limitation, not all mile-
stones were found in situ, i.e. in the same place where they had originally been erected.
Although the Roman occupation of modern day Tunisia began in 146 BC, the earliest Roman
road construction, as evidenced by milestone inscriptions (e.g. CIL VIII, 10018) can only be
dated to 14 AD.

Further aspects of Romanisation can be found in the area, which are secondary to the
modelling approach presented here, but do represent sources of auxiliary temporal informa-
tion. E.g., the Punic deities were aggressively supplanted by the new rulers, replacing them
with or absorbing them into (interpretatio romana) the Roman pantheon. This process of reli-
gious reshaping is visible in newly erected, Roman-style temples, and its time dynamics are
captured by consecration inscriptions. Intriguingly, the area is also home to an early Christian
community, represented by a dense network of bishoprics, whose locations and founding
dates are known through the records of a series of synods (Council of Carthage). However,
this early entrenchment of Christianity represents a cultural change that was not an official
trait of the Roman Empire until 380 AD, when Theodosius I began to forge Christianity into a
unified state religion.

2.3 Data compiled for the study

The archaeological remains of the Roman era settlement system are most densely distributed
in Northern Tunisia (roughly the area between 8°E and 11.5°E, and between 34.9°N and
37.5°N: see Fig 1), corresponding to the modern day population distribution of the country. It
is a persistent pattern that can be explained by landscape properties: Whilst northern Tunisia
is characterised by a mild, Mediterranean climate and fertile soils (particularly along the
coast), the southeast is covered by salt-lake savannas (about 23% of the modern nation’s terri-
tory) and the Sahara desert (about 40-45%).

Data has been compiled from descriptions and observations of architectural remains and
ancient texts from the Roman era, as published in printed works and online databases. Latin
inscriptions and documents (e.g. letters, contemporary reports, decrees and other administra-
tive texts) were a source of special significance for establishing the temporal data dimension.
Precise datings (to a year or decade) are rare, but inscriptions mentioning people and events,
that can be found on media such as milestones, provide sufficiently accurate date ranges for
the purposes of this study. Further details on how this data was collected and curated, as well
as references to all original sources are presented in the S1 Appendix.

For this study, we used a selected subset of Roman era settlements that are:

« situated within the area of interest between 8°E and 11.5°E, and between 34.9°N and 37.5°N,
o situated alongside a Roman road,

« associated with direct evidence that they had obtained a Roman civic status between 146BC
and 400AD.

In total, 88 settlements (municipalities) were selected for analysis (see the instructions con-
tained in [83] for identification of the exact subset used here). The time period of interest
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(146BC to 400AD) has been divided into nine discrete time frames. The first one lasts from
146BC until 0AD. The remaining eight represent the consecutive 50 year periods between
0AD and 400AD. We denote these time frames by ¢ = 0 for the period from 146BC until 0AD,
t = 1 for the period from 0AD until 50AD etc. For each settlement, we have nine data points
that indicate whether the settlement is known to have had a Roman (civic) status in the respec-
tive time frame, and if so, which one. If the status is known to have changed more than once in
a particular time frame, then we consider only the highest obtained status. We call the first
time frame in which a Roman status is known the ‘time of Romanisation’ of a settlement (for
simplicity’s sake, and disregarding the possibility that other manifestations of Romanisation
might have taken hold here earlier).

The tasks of synthesising the evidence, and reconstructing the backbone of the road net-
work, has already been accomplished for our area of interest as part of the monumental Bar-
rington Atlas ([84]). This study uses the freely available, digitised derivatives in unmodified
form (source: [85]).

Additional data, that was used in our study, consists of 29 milestones (plotted in Fig 1). The
selection of milestones was based upon the availability of a date and the location alongside the
investigated Roman road network. Milestones within the area of interest, but without clear
affiliation to the given road network were dismissed for the analysis. Since precise dates for the
erection of milestones are not available, we set two dates between 0 and 400AD for each mile-
stone that define the time window of its potential erection.

To allow full reproduction of our methods and results, and to support further research, the
data is freely available online (see [83]).

3 Method: Romanisation as road activation

The cultural phenomenon of Romanisation, in its multi-faceted nature, defies holistic attempts
at modelling or simulating its spatio-temporal characteristics. Military, commercial, religious,
and multiple other drivers (on the side of the native populations as well as the Roman conquer-
ors) might have accelerated, slowed or sometimes even counteracted the diffusion of cultural
traits.

Consequently, the traditional scholarly perspective on the Romanisation of North Africa is
one of evolving political interests and directions. After the end of the Roman Republic, the
Roman Empire began to focus on civic and commercial development on a grand scale, includ-
ing the founding of numerous new municipalities. These continued investments would even-
tually make North Africa an exceptionally prosperous Roman territory, with a well developed
road network as its defining infrastructural feature.

Since a complete representation of the Romanisation process in northern Africa is intracta-
ble, we turn to a reduced representation that still captures its essential spatio-temporal compo-
nents. Having identified robust proxies in the remains of the Roman settlement system, its
municipalities, its roads, and attributes associated with them (e.g. status decrees), we will next
introduce a mathematical model of Roman road activation process. Our model is based on the
principles of epidemiological diffusion models, and is given in a general form, wherefore we
deem it transferable to other archaeological scenarios.

3.1 Model design and basic concepts

Our model incorporates the following design decisions, aimed at maximising information use
and providing meaningful results:
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Simple input: The model should not require any data or parameters that would be exceedingly
difficult or costly to provide for typical archaeological use cases.

Transparency: Neither the computations nor the structure or mathematical concepts that con-
stitute the model should be so complex as to make its working principles opaque and its
output hard to interpret.

Intuitive output: Model output should be straight-forward to visualise and understand.

Transferability: It should be possible to apply the model, in essentially unaltered form, to a
large variety of archaeological case studies.

A key idea in our model’s design is to transfer the temporal information from the settle-
ment system to the temporal evolution of the Roman road network. More precisely, we use
temporal data on Romanisation of municipalities to obtain the so-called ‘road activation’ prob-
abilities. Since the status of municipalities is often changing in time, the road activation proba-
bilities can also change in time. In this way, we can study the evolution of the road network
under the influence of Romanisation. Mapped back into geographical space, the road activa-
tion process indicates a hypothetical spatial diffusion of the associated Romanisation process.

It is important to note that the activation time of an individual road does not necessarily
represent its original construction date. Many roads and road segments can be assumed to
have existed before the Romans took over maintenance, improvement and extension of the
region’s infrastructure. Therefore, ‘activation’ refers to the integration of a road into the
Roman era’s network; be it by first construction, repaving or continued use in unaltered shape.
Our assumption on how the Romanisation process and road activation dynamics were cou-
pled indicates that our model doesn’t consider the temporal evolution of all Roman roads, but
only of those that were directly coupled to the temporal Romanisation data at hand. Also, we
don’t consider roads which were built between already Romanised municipalities, e.g. for the
purpose of infrastructure, but focus only on the newly Romanised municipalities. Additionally,
we assume that at time 0 all road segments are assumed to be inactive, i.e. roads which already
existed before the first time frame are not considered. Finally, any road-segment can be acti-
vated only once, i.e. road segments that became active can not be inactive later. Nevertheless,
the probability of their activation can increase in time due to new Romanisation events.

Our model’s basic mechanics represent a Susceptible-Infected (SI) epidemic spreading pro-
cess [86] in which non-Romanised municipalities are denoted as susceptible, and Romanised
ones as infected. Note that we do not distinguish between municipality ranks (see Introduc-
tion). We only consider whether a town or a city gained an official Roman civic status or not.
Also, since we are mainly interested in how the Romanisation spreading process triggered the
road activation process, we only consider the ‘infection’ dynamics that lead to a municipality
becoming Romanised (in the sense of an SI model) and not the ‘recovery’ process, when they
were ‘de-Romanised’ (in a historical sense; after the Roman Empire’s withdrawal from north-
ern Africa).

We build on the Cascade Transmission Model [87] and Independent Cascade Model [88],
to model Romanisation as a stochastic process (X());cn Over a series of consecutive steps
(time frames) that represent the temporal component of the diffusion pattern. In the initial
time frame ¢ = 0, we denote by C, the set of municipalities that were Romanised (infected) by
then, i.e. until 0 AD. In all succeeding time frames, the likelihood of infection (transmission of
Romanisation) of the remaining susceptible municipalities will depend on the strength of
influence (that can be determined by, e.g., physical distance and rank) of previously Roman-
ised municipalities.
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Fig 2. Temporal evolution of one realisation of the spreading process represented as a spreading tree. Green nodes indicate the initially Romanised
municipalities at 0 AD and blue nodes municipalities that have a Roman status in the respective time frame. Each connected component of the
spreading tree is a tree rooted in a green node. These trees indicate how the municipalities got influenced. Roman roads network lines reproduced with
permission from Ancient World Mapping Center [60] under a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9002

In particular, we assume that in each time frame a Romanised municipality p influences, any
non-Romanised one ¢ independently, with a probability proportional to an influence 7(p, c).

In Section 3.4, we will discuss different data-driven choices for the influence function and
how they affect the spreading process.

In each realisation of (X(f)),en, every non-Romanised (susceptible) municipality ¢ can only
be influenced by exactly one Romanised (infected) municipality p. On the other hand, an
infected municipality p can infect (given that its strength of influence is sufficient for a success-
ful transmission) more than one susceptible municipality per time frame. In the following, we
will introduce how each realisation of the modelled process generates a time-evolving, directed
spreading tree. For this, we will use the terminology from graph theory:

« initial nodes C are called root nodes;

o if ¢ gets Romanised under the influence of p, then p is called a parent of c and c is called a
child of p;

« when ¢ gets Romanised under the influence of p, a directed edge (pc) is added to a spreading
tree.

The nodes of the spreading tree in any given time frame are the municipalities which are
Romanised in that time frame and directed edges indicate how each of these was influenced.
In Fig 2 we show one possible realisation of (X(t));cn as a time-evolving spreading tree. Once
all municipalities have been Romanised, every one of them is part of the spreading tree.
Hence, it becomes a directed spanning tree (more precisely a forest, since we have several
roots) that contains the information on how the spreading of Romanisation took place in that
particular realisation. We call this directed spanning tree the cascade [87], while in epidemio-
logical context, this is often called the infection chain [89].

Next, we will show how above introduced concepts can be used to obtain probabilities that
a municipality ¢ gets Romanised under the influence of p, constrained under the given data.
Let S, be the set of cascades on the nodes C whose set of roots is given by C,,. Since any realisa-
tion of the process generates an individual cascade in S, we can define a random variable S
taking values in S, that resembles the cascade of the process.

However, not all realisations of the process are historically feasible, i.e. consistent with our
data. The data, which we abstractly denote by D, provides us with the time of Romanisation
trom(c) of every municipality ¢ € C. The time of Romanisation ¢, (c) € {0,. .., 8} is the first

rom
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time frame for which a Roman municipality status is known. In particular, D defines the order
in which the municipalities got Romanised and thereby greatly restricts what values S can take,
given D. We call s € S, historically feasible if for any edge (pc) € s we find p € P,, where

P ={peClt,,(p) <t,()}

is the set of possible parents of ¢ € C, s.t. P, = () for ¢ € C,. We denote the set of historically fea-
sible cascades by S and note that by definition

P(ScS;|D)=1. (1)

We are interested in a probabilistic analysis of S, given D. In particular, for c € Cand p € P,
we want to compute the probabilities

0,.=P((pc) € S| D), (2)

where 6, is the probability that c gets Romanised by the influence of p, based on the available
data D, i.e. the information that ¢ got Romanised at time f,,,,(c). As discussed above, our
model assumption is that the probability that a municipality p influences ¢ is proportional to 7
(p, c), thus we set

__w(po)
HP'C B Zp’epcn(p,’ C) ' (3)

By the independence of the spreading events, the 6, . are independent from one another for
different c. Thus, we can compute the probability that the spread of Romanisation occurred

along a particular cascade s € S| by

P(S=s|D)=[]0,. (4)

(pe)es

It can be shown that ) _ SSIP(S = 5| D) = 1, but due to the extremely high number of all

possible cascades, the probabilities of individual cascades are very small. However, in this
paper the probabilities of specific cascades are not of major interest, but rather the edge proba-
bilities 6, . which indicate how likely it is that Roman influence spread between two
municipalities.

3.2 Representation of Roman road network

In the previous section, we introduced concepts for studying the Romanisation process
between municipalities. However, our main goal is not to recover the spreading process itself,
but to determine the activation probabilities of Roman roads governed by the spreading pro-
cess. Thus, we will construct an appropriate representation of the Roman road network and
then, in Section 3.3, we will project the information on the cascades between municipalities to
this network;, in order to determine the Roman road activation probabilities.

We obtained a cut-out of the Roman road network of ancient Tunisia from [85] and ras-
terised it to obtain a simple data structure with just enough spatial accuracy for the purposes of
our model. Based on this, we will construct a network G = (R, £), with a set of nodes R and a
set of edges £.

Since network extraction from a raster (image) file is not the main research focus of this
paper, we introduce here a basic extraction approach. For possible further improvements of
our approach, we refer interested readers to the following recent publications [90, 91].
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Fig 3. Roman roads in ancient Tunisia. Left: Scaled down image of the Roman road network. Right: The Roman road
network, where red nodes resemble settlements and black edges road segments. Generic road nodes are omitted.
Sources: Natural Earth [59]; Ancient World Mapping Center (AWMC) [60, 85]. Roman roads network lines
reproduced with permission from Ancient World Mapping Center [60] under a CC BY licence, original copyright
2015.

https://doi.org/10.1371/journal.pone.0309752.9003

In order to reduce complexity, we scale down the road map raster from its original resolution
of 1204 x 897 to a 90 x 73 pixel image, which can be seen in the left picture of Fig 3. We trans-
form this image into a network which consists of a node for each black pixel and an undirected
edge between any two neighbouring pixels (we consider 8 neighbours). We call these nodes
generic road nodes. To embed the municipalities into this network, we include an additional
municipality node (m-node) for each municipality and connect it to the four closest generic
road nodes (r-nodes) that lie inside a radius of 8 km. If there are no r-nodes within this radius,
the m-node will not be added to the network and is not considered in the model. The resulting
Roman road network is shown in the right picture of Fig 3. Since each r-node has a geographical
location that can be derived from its position in the image, and the geographical locations of the
municipalities are also given, we can assign a geographical distance to each edge.

This procedure constructs a weighted network G, that we will call Roman road network,
and it consists of the following components:

m-nodes: the 88 settlements (municipalities) considered in our analysis, ¢ € C.

r-nodes: 1426 nodes that represent the course of the Roman road network. There is an r-node
for each pixel in the left image of Fig 3.

road segments: the edges between network nodes (m-nodes and r-nodes), e € £. A road seg-
ment either connects two r-nodes or connects an m-node to its neighbouring r-node.

In total, our constructed Roman road network G has 1514 nodes (|C| = 88 are m-nodes
and 1426 are r-nodes) and |£| = 3132 edges, i.e. road segments. The road segments will be the
central objects of interest in the next Section 3.3, when inferring the temporal activation
sequence of the road network G.

3.3 Temporal activation of road segments

So far, we used civic status changes and their associated temporal information as key indicators
of Romanisation spreading from one municipality to another. More precisely, in Section 3.1
we derived probabilistic statements on temporal connections between municipalities, e.g. 6,,.
Here, we will use these statements to infer to which extent the Romanisation process affected
the temporal activation of the Roman road network G.

The road activation process will be defined such that in each time frame road segments, i.e.
edges of G, can be active or inactive. We assume that road activation was governed by the
Romanisation process, i.e. road segments were activated to connect newly Romanised
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Fig 4. Left: Example of a spreading tree. Right: Roads in the Roman road network that correspond to the spreading
tree shown in the left figure. Roman roads network lines reproduced with permission from Ancient World Mapping
Center [60] under a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9004

municipalities to the network. In order to formally connect the road activation dynamics and
the Romanisation process (X(f))en (as introduced in Section 3.1), we will project the temporal
connections between municipalities 6, to connections on the road network G. In Fig 4 we
show one example of connections between municipalities, using a spreading tree and their cor-
responding projection to the road network G.

As derived in Section 3.1, a connection (p, ¢) between a municipality ¢ that was influenced
by a previously Romanised municipality p € P, was formed with the probability 6, .. When
projecting this to the road network, to each pair of municipalities ¢ € C and p € P, we now
associate a path I',. from p to ¢ in the Roman road network G. A path I, consists only of two
m-nodes p, c and r-nodes. In our model we choose I, to be the shortest path from p to cin G,
computed using the Dijkstra’s algorithm [92]. Due to the grid-like structure of our network,
the shortest path is not always unique. However, different shortest paths between municipali-
ties only differ in few places by a small amount of road segments, such that the course of the
shortest path is overall unique. The results of our model have proven to be robust against dif-
ferent choices of shortest paths.

Romanisation of ¢ by p in a time frame ¢ initiates the activation of all road segments in I,
in that time frame. Hence, a road segment e gets activated in the Romanisation event of ¢, i.e.
at time t,,,,(¢), if e lies in the shortest path from c to its parent. The probability of this event is

o) = 0, (5)

pe¥.(e)

where W (e) = {p € P.| e € T, } is the set of all possible parents of ¢ whose shortest path to ¢
contains e, see the right plot in Fig 5 for a schematic illustration. Since
> pew.00pe <2 pep b, = 1, itholds that ¢ (e) < 1forallc € Cand e € &. In particular, ¢(e)

= 1 holds if all shortest paths from all possible parents p to ¢ contain e. In the left plot of Fig 5

1.0

U.(e)

e

0.0

Fig 5. Projection to the road network. Left: Probabilities of example road segments indicated by the colour map.
Municipalities on the right were Romanised before those on the left. Right: Schematic illustration of the road activation
procedure. Roman roads network lines reproduced with permission from Ancient World Mapping Center [60] under
a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9005

PLOS ONE | https://doi.org/10.1371/journal.pone.0309752  September 25, 2024 13/28


https://doi.org/10.1371/journal.pone.0309752.g004
https://doi.org/10.1371/journal.pone.0309752.g005
https://doi.org/10.1371/journal.pone.0309752

PLOS ONE Modelling the Roman road activation process in ancient Tunisia

we show an example where there are two possible parents (marked in red) of one node
(marked in blue). In our model, these situations are resolved such that the edges where both
shortest paths coincide have activation probability one (marked in yellow). The other two
edges have probability one half each (marked in blue), as from the available data it is not clear
whether the lower or the upper road was activated.

Using these assumptions, we will next derive the expression for calculating the road seg-
ment activation probabilities at time t. Since any road segment can only be activated once, we
will keep track of the probability S,(f) that e is not active at time . Introducing the sets of
municipalities which got Romanised before or at time ¢

Cr = {C € C| tmm(c) S t}?
we can compute the probability of a road segment e not being active at time ¢ as

B.(t) =P(e is not active at time t) = H (1—¢.(e)). (6)

ceCy

Here, we used the independence of the 6, . for different ¢, which implies that the probabili-
ties ¢.(e) are independent for different c. Finally, we obtain the probability of a road segment e
to be active at time t by

o,(t) ==P(e is active at time t) =1 — f,(¢). (7)
Following the ideas presented above, we now present a step-by-step approach for calculating

the activation probabilities of road segments. The pseudocode for our approach can be found in
the S1 Appendix. The code for the model and all subsequent analyses is available at [93].

Outline of our approach for calculating the activation probabilities of road segments
1. Define influence function n(c, ¢), see section 3.4 for more details.

2. For all municipalities ¢ determine the parent set P, of municipalities p Romanised
before c.

3. Calculate shortest path I, with Dijkstra’s algorithm for all municipalities c and
their parents p € P..

4. Calculate 71(p, ¢) based on the choice from step 1.
5. Calculate 6, . according to (3).

Determine the probability ¢.(e) of e getting activated by ¢ according to (5).

N9

Calculate S,(t) for all edges e according to (6).

8. Calculate the activation probability ,(t) for all road segments e according to (7).

3.4 Choice of influence function

The model presented above is quite general and can be applied in many ways. In particular,
the influence function (as defined in (3)) can be adjusted for other data and scenarios. Here,
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we will introduce two possible choices of influence function and explain how they compare to

each other.

Distance between municipalities: It is natural to assume that municipalities that were close
had a greater influence on one another than those that were far apart. To account for this fac-
tor, we define the influence 7(p, ¢) for ¢ € C,p € P, by some decreasing function g

n(p,c) = 8(d,.), (8)

based on the distance d,, . between p and c. Even though it seems like the most natural choice,
the geographical distance between municipalities might not be appropriate here. There are
municipalities that are geographically close but are separated by rough terrain like mountains,
so that travellers take a much longer route than the direct path. Therefore, we take d,, . to be
the length of the shortest path I, in the road network constructed in Section 3.3. This choice
is justified under two assumptions. The first assumption is that the optimal, feasible path
between two municipalities is part of the final Roman road network. The second assumption
is that a path can be used by travellers even though the road has not been built yet in the
model. This seems like a critical assumption. However, historically most paths already existed
and were used before they were activated to become a Roman road. Hence, these paths could
have been used by travellers and thereby exerting influence.

The unit of d,, . affects the values of the influence function. For most choices of g, scaling the
distance will change the proportions of the influences and thereby alter the results of the
model. Choosing g(x) = ; avoids this problem but requires a choice of a scaling parameter p.
If introducing a parameter to the influence function is necessary, the problem of scale can be
fixed for arbitrary functions g, by considering n(p, ) = g(p - d,, ;) for p > 0. In our model we
will use the influence function g(x) = exp(—px). The parameter p enables us to control how
rapidly the influence decreases with increasing distance (also known as distance decay). Small
values lead to higher influences (relative to the influences of municipalities that are closer)
over greater distances, thereby rendering the distance less important. For values tending
toward 0, all influences are the same, independent of the distance. Large values lead to a rap-
idly decreasing influence with an increase in the distance. For values tending to infinity, only
the closest municipality will have an influence. Choosing this parameter is a non-trivial task
and requires expert knowledge.

In our network model, the distances are measured in kilometres and the average distance to
the closest municipality is 13 km. We choose 1 to be a range in which the scaled distances lie,
so we set the scaling parameter to be p = 0.08 and obtain the following influence function

n(p,c) = exp(—0.08 - d, ). 9)

We observed that our results are robust against variations in this parameter.

Civic Status: We can also include the temporal information about the Roman civic status in
the influence function 7(p, ¢). We assume that municipalities with a higher status had a
greater influence. However, that status can change over time, while we describe the influence
of p on c as a fixed value. This is not a problem, since in the model the influence of p on ¢
only matters at the point in time when ¢ becomes Romanised. Hence, we simply use the
Roman civic status of p at time ¢,,,,(c).

Quantifying the dependence between civic status and influence 7(p, c) requires expert
knowledge. As an example, we set the influence of civitates to be unchanged, apply a factor
of 2 to municipia and a factor of 2.5 to coloniae. In this way, we assume that municipia have
twice the influence of civitates. In order to be comparable with the standard model, we assign
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to municipalities with one or more unsure status their highest potential status. Let o(p, ) be
the status influence function of p at time ¢. If p is not Romanised at time t then we set o(p, t)
= 0. Thus, the status influence function we use in our model is defined in the following way

Status of p at t,,,,(c) civita municipium colonia
0P trom(©)) 1 2 25

We apply this factor to the previous influence function (9) to obtain
ﬂf(p, C) = G(P? tmm(c))exp(io'08 ’ dp,c)' (10)

Next, we will compare the results obtained by applying these two choices of influence func-
tion. Further extensions for the choice of 71(p, ¢) could include information about the terrain,
as well as different socio-political and cultural attributes of municipalities.

4 Results: Romanisation as analytical framework

In this section, we will analyse the outputs produced by our model and evaluate their accuracy
with the help of archaeological findings of milestones that indicate the existence of a road dur-
ing a particular time frame.

The output of the model is given in 8 discrete time frames, each corresponding to a 50 year
period, i.e. t = 1 is 0-50 AD up to t = 8 which is 350-400 AD. Note that these time frame dura-
tions, and their starting point, do not correspond to meaningful historical events in our area of
interest. They also do not contain the entire epoch of Roman presence and influence in the
area. Rather, they represent a reasonable compromise between intuitive time units, sparse data
and analytical accuracy, while capturing all of the temporal data available for the study. Follow-
ing the approach in Section 3.2, the map of Roman roads is discretised into a network G with
1514 nodes and 3132 edges, the latter representing road segments. Then, for each of the road
segments and each time frame, we calculate an activation probability as described in Section
3.3.

We consider only road segments that were part of the Roman road network, as given in the
available archaeological records, and we do not infer other possible connections between set-
tlements (m-nodes). Additionally, as discussed before, our assumption on the coupling
between the Romanisation process and road activation dynamics meas that our model focuses
only on the temporal evolution of Roman roads that are directly supported by our available
temporal data. We capture the first municipality status changes around 0 AD, i.e. by compar-
ing their status before 0 AD and in the period 0-50 AD. Such status changes can impact the
activation of only those roads built in 0-50 AD, whose construction contributed to the Roma-
nisation process. In particular, roads that were built between existing settlements, to enhance
their infrastructure, are not considered in the model. Therefore, one needs to be careful with
the interpretation of the results. A low activation probability is not necessarily to be interpreted
as a high probability that the road did not exist.

Note that the strict limitation of our model to road network dynamics also implies limited
explanatory power. In particular, pre-existing overland and maritime networks constitute hid-
den background variables in the analysis. Their latent influence is likely reflected in the data
and might well have an effect on model outcomes. However, since these effects are not
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explicitly captured by our road activation model, we will exclude them from our interpreta-
tions (regardless of their historical plausibility).

4.1 Observations and discussion

We apply the method introduced in the previous section to compute the activation probability
of the road segments by following steps 1-8 of our approach for calculating temporal activa-
tion probabilities (see 3.3).

To highlight the effects of different choices of influence function, we focus on the following
two model variants:

o Model 1: where the influence function is dependent only on distances between m-nodes, i.e.
mi(p, ¢) = exp(-0.08 - d,, ), where distances d,, . refer to the shortest path distance in the road
network measured in k.

o Model 2: where the influence function depends on distances but also on municipality status,
i.e. m(p, ¢) = o(p, trom(c))exp(-0.08 - d,, ).

For each of the two models, in step 8 we obtain temporal activation probabilities of all road
segments over the 8 considered time frames. The resulting temporal activation probabilities of
road segments for Model 1 can be seen in Fig 6, where the colour of each road segment indi-
cates its activation probability in a given time frame. We can observe that main road patterns
get established quickly (after 3-4 time frames) and that path dependency is clearly visible, i.e.
there is no uniform spatial activation probability distribution of roads. The results also indicate
more activation on the west coast than on the north coast, which is due to more administrative
reorganisation in that area. This overall pattern also persists in Model 2, such that the results of
the two models agree to a great extent. However, the impact of including the municipality sta-
tus in the influence function in Model 2 is evident in our analysis. We demonstrate this effect
in Fig 7, which illustrates the shift in the activation probabilities between Model 2 and Model
1. Here, white roads denote a good fit between the two models, red roads indicate higher acti-
vation probability in Model 2 and blue roads higher activation probability in Model 1.

300 AD 350 AD 400 AD

Fig 6. Temporal activation probabilities of the road segments. The influence function is chosen as in Model 1 by 7(p, c) = exp(-0.08 - d,, ;).
Romanised municipalities are marked in red. Roman roads network lines reproduced with permission from Ancient World Mapping Center [60]
under a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9006
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Fig 7. Shift in the road activation probabilities wrt. Model 1 when including the municipality status in the influence function. White roads denote a
good fit between the two models, red roads indicate higher activation probability in Model 2 and blue roads higher activation probability in Model 1.
Roman roads network lines reproduced with permission from Ancient World Mapping Center [60] under a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9007

We observe that in Model 2 roads surrounding densely connected regions have higher acti-
vation probabilities than in Model 1. These roads are marked in red in Fig 7. The reason for
this is that many municipalities in these regions were coloniae, which in Model 2 have higher
importance. Therefore, roads that connected them to other municipalities were activated with
higher probability.

These observations lead directly to our interpretation of the model output in relation to the
historical context of ancient Tunisia’s Romanisation. In the introduction of this study, we
showed that there seems to be wide-spread consensus about road construction being a hall-
mark of Romanisation. The extent to which this coincided with a substantial reconfiguration
of the settlement system itself depended on regional preconditions as much as on Roman stra-
tegic interest. In our area of study, dominant economic centres of the interior (such as
Thugga), as well as ports of trade along the east coast (such as Hadrumetum), retain their pre-
Roman significance and appear as hubs of connectivity in the sequence of road activation (Fig
6). These observations are in line with the results of the extensive settlement system analysis
conducted by [61] for Roman North Africa. They provide further support for the view that the
Roman rulers strengthened the existing settlement hierarchy, rather than making significant
alterations to it.

Note that these observations appear to contradict the views of other authors, such as [67].
This can be explained by the multi-layered nature of settlement systems. Our observations
only apply to the urban centres and the major roads connecting them. In contrast, the agrarian
hinterland might have been subject to drastic reorganisation to optimise yield of the produce
preferred by the Romans (see [49, 52]). However, the published archaeological body of evi-
dence for that layer of the settlement system is too small to have a visible effect on our model
results.

Opverall, although the available temporal data is sparse, in conjunction with the denser spa-
tial data and a model-based approach, it allows for the main patterns of connectivity to be
identified. Furthermore, we showed how the model can be used to study different scenarios
and in particular, how much the choice of the influence function can impact the modelled
road activation process.

4.2 Model validation

To validate our model, we are using the dataset of 29 milestones introduced in Section 2.3, that
we consider to have in situ locations and accurate temporal information on when they were
(most likely) erected. We assign every milestone to its associated road segment and consider
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350 AD 400 AD

Fig 8. Temporal activation probabilities of the road segments obtained using the distance influence function, plotted together with milestones
(red triangles). Roman roads network lines reproduced with permission from Ancient World Mapping Center [60] under a CC BY licence, original
copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9008

the latter’s activation probability. A high activation probability of these road segments before
or at the time the respective milestones were placed, indicates a good fit between our model
and the validation data. We plot the activation probabilities together with the temporal mile-
stones in Fig 8, i.e. in each time frame we plot only milestones that were placed before or dur-
ing this time frame.

For each milestone, we assign all road segments within a radius of 4km to it. The radius of
4km is chosen wrt. to the discretised road map. In order to derive a single activation probabil-
ity for a milestone in each time frame, we take the maximum over the activation probabilities
of all road segments assigned to it. We take the maximum rather than the mean value, because
there are many road segments that are not considered by the model and therefore have an acti-
vation probability of 0, and the arithmetic mean is not robust to extreme values.

We plot the temporal activation probabilities of the road segments around the milestones
in Fig 9. The activation probabilities around milestones 1 to 18 each have their highest value
before or in the time frame in which the respective milestone was erected. We sorted the mile-
stones in the figure according to the shape of their activation probability graph. Namely, for
milestones 1 to 10 the activation probabilities reach a value larger than 0.8 in the time frame in
which the respective milestone was placed, showing an excellent fit between the validation
data and our model output. Next, the roads around milestones 11 to 15 were activated with a
probability of around 0.5. Although these activation probabilities do not reach very high val-
ues, these values are reached before or in the time frame the respective milestones were placed.
However, according to our model, road segments around the milestones 19 and 20 get acti-
vated with a very small probability of less than 0.2. There are some explanations for this result:
Milestone 19 was found around the city of Thabraca, which was a colonia in the first time
frame. Since our model only infers roads which were part of the expansion of the Roman
Empire after 0 AD, roads that would connect Thabraca to previously Romanised settlements
are not considered. The small activation probability in later time frames comes from Thabraca
being a parent to newly Romanised municipalities. Milestone 20 lies in the remote southern
region, on roads that connect the western and eastern part of the area we are considering.
Although such roads certainly played a big role in improving the infrastructure of the region,
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Fig 9. Temporal activation probability of the road segments around the milestones. Milestones that were found in
the same location are grouped in one image. The time frames the respective milestones were found are marked in grey.
Roman roads network lines reproduced with permission from Ancient World Mapping Center [60] under a CC BY
licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.g009
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available data does not provide information about the Roman status of the municipalities
there. Thus, these roads were not needed to connect newly Romanised municipalities to the
road network and are activated with a probability close to 0 in our model.

Finally, in the last four subfigures we grouped milestones that were found at the same loca-
tion, but were placed in different time frames. Since they were found at the same location, they
are assigned to the same road segments and thereby share the same activation probability
graph. Among other reasons, multiple milestones at the same location can indicate that the
road next to them was fortified or repaired once or even multiple times. Here, we again see a
good fit between our model and the milestone data for milestones 21-24. Most of the cites
around milestones 25—26 were Romanised in the first time frame, so the results can be
explained similarly to milestone 19. A very good fit can be observed for milestone 29, reaching
an activation probability of 0.8. However, the activation probabilities around milestones 27
and 28, placed at the same location as 29, have a very small value at the time when these mile-
stones were placed. The reason for this is that milestones 27 and 28 lie in the central northern
region, where there are many densely spaced municipalities (see Fig 8, time frames correlating
to 100 and 150 AD).

Since our model connects only newly Romanised municipalities to one of their closest
parents, initially only two clusters (west and east) are formed, without activating the roads in
the area between them, i.e. the area where milestones 27 and 28 are located. With a delay of 1
-2 time frames, we observe the activation of roads connecting these two clusters.

While this analysis provides valuable insights into the model, it limits the quantification of
a global model fit. A robust, integrated metric would enable comparison across models (assess-
ing different mechanisms) and across case studies (evaluating different scenarios). However,
defining an appropriate goodness-of-fit for such spatio-temporal models, applied to sparse
data, presents a significant challenge due to the inherent complexities and will remain a topic
for future research.

4.3 Sensitivity analysis

One of the main challenges of modelling historical processes is that available archaeological
data is sparse and uncertain. Therefore, it is important to examine if methods for such data are
robust to perturbations of the input data. The data set that we use in this paper is also prone to
errors, especially regarding the time of Romanisation, that can in principle vary several years.
In this section, we will analyse the impact that perturbations of available temporal data have
on the results of our method. Large deviations in outcomes produced by small perturbations
of the input data will indicate high sensitivity of our method, i.e. low robustness.

Given the nature of the historical process we study, we assume that the data uncertainty
stems from a municipality being Romanised earlier than what the data shows and not later.
Thus, for each municipality ¢ € C, we will perturb its time of Romanisation ¢,,,,(c) by

tom(c) =t (c) +X, X ~ Bernoulli(p),
where we introduce the Bernoulli distribution with
PX=-1)=p, PX=0)=1-p,

and choose p = 0.2 in our experiments. In the case that £, is less than 0 we set it to 0.
Next, we compute the activation probabilities of the road segment e at time frame ¢ using

the Bernoulli perturbed data D by &, (t) == P (e is active at time ¢ | D), based on Model 1.
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Fig 10. Temporal mean squared error between & (e) and a(e). Romanised municipalities are marked in red. Roman roads network lines reproduced
with permission from Ancient World Mapping Center [61] under a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.9010

We compare &,(t) to the a,(t) (with the original data D) using the mean squared error
v.(t) =E[(x,(r) — a.(1))7], (11)

that describes the expected deviation from the results of the temporal activation probability.

In Fig 10, we plot this error for every time frame from averaging over 1000 simulations. We
observe that the sensitivity to perturbations is much stronger on the road segments in areas
with less municipalities, i.e. in the remote regions (hinterland). The affected areas are different
for individual time frames and they mainly depend on the Romanisation times of municipali-
ties in the less dense areas.

4.4 Stability analysis

In this section, we will test how vulnerable our model is to missing data. The motivation for
this is the possibility that there existed Romanised municipalities in the region we are consid-
ering which do not occur in our data. Hence, the results of a stable model should not greatly
differ when excluding one or multiple municipalities from the model. To evaluate the stability
of our model, we select a municipality ¢ and delete it from the data obtaining the altered data

D). We compare the resulting activation probabilities «(*)(¢) of the road segments to the acti-

vation probability ,(f) of the unaltered data. Then, we consider the squared distance between
the two activation probabilities at each point in time

v (1) = (o9(1) — o, (1)) (12)

Evaluating this quantity over all choices of ¢, we observe that deleting municipalities has
only local effects, i.e. only the activation probabilities of road segments that are close to c are
altered. Furthermore, this effect is more pronounced in the areas with less municipalities, i.e.
in the remote regions. In Fig 11, we show v'“)(¢) for t = 100, 200, 300 AD and for a choice of
two cities, Cillium and Mactaris, which have low stability.

5 Conclusions and outlook

In this paper, we studied the interplay between the cultural phenomena of Romanisation
spreading and the Roman infrastructure evolving in ancient Tunisia. Since the various archae-
ological, historical and philological sources on such complex interactions cannot always be in
agreement [79, 94], formal and probabilistic approaches serve to integrate seemingly contra-
dictory evidence into a coherent model.
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Fig 11. Temporal squared distance v () when excluding the city of Cillium (top) and respectively Mactaris
(bottom) from the model. The city excluded is marked in red. Roman roads network lines reproduced with
permission from Ancient World Mapping Center [60] under a CC BY licence, original copyright 2015.

https://doi.org/10.1371/journal.pone.0309752.g011

Building on selected concepts of epidemiological modelling, we introduced a new mathe-
matical model and its spatio-temporal concept of Roman road activation. By integrating avail-
able archaeological records on the Roman settlement system, we showed how this model can
be used to explore the potential spatio-temporal diffusion pattern of Romanisation as visible in
our study region’s settlement system. We also offered an interpretation of how these formal
results might relate to the known historical record of ancient Tunisia under Roman rule.

Beyond the scope of our case study on the Romanisation of North Africa, we further
intended to make a contribution to the generic mathematical toolkit available for studying
complex social diffusion. The research and model design were driven by conscious decisions
as much as by the nature of the archaeological body of evidence. It was primarily the latter
which defined the limits of analytical flexibility and led to a pragmatic model design with a
focus on the Roman road network and selected attributes of the settlement system.

Thus, apart from the specific model outcomes, we also wanted to demonstrate more gener-
ally, that:

o Any seemingly intractably complex cultural phenomenon can be broken down into analyti-
cal components of manageable complexity, that still provide useful insights.

« Some methods and concepts from the domain of epidemiology can be transferred into that
of archaeology in an explicit and meaningful way, without going to the extreme of consider-
ing cultural diffusion a form of infectious disease.

o In the age of Big Data and artificial intelligence, there is still an important place for plain
mathematical models that can deal elegantly and transparently with typical archaeological
data.

Despite (or perhaps because of) the richness of the archaeological record, reconstructing
the actual temporal sequence and spatial spread of the Roman transformation of northern
Africa is no simple task. Much uncertainty stems from the fact that neither the surviving writ-
ten records nor the other archaeological evidence contain sufficiently dense and accurate tem-
poral information (one of the obvious weaknesses of our approach is the fact that we used a
largely reconstructed and only partially observed roads network).

In our case, the method for filling the temporal gaps is the use of a mathematical model that
will produce a plausible temporal sequence in which individual segments of the ancient road
network might have been activated during the course of the Roman reshaping of the existing
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settlement system. In this way, a spatio-temporally explicit picture of a core aspect of Romani-
sation in ancient Tunisia was inferred.

Some intricacies of the analysis do not arise from the spatial structure of the data as such,
but rather from the fact that the preserved and observable remains of the road network repre-
sent an agglomeration of regional sub-networks [95], each of them potentially shaped by dif-
ferent optimisation criteria. Like any modern traffic network, the Roman roads served
different purposes and priorities, and were supported by different funding and maintenance
models. Roman infrastructure tends to overlay and integrate previously existing roads, trade
routes and settlements. It also tends to augment existing structures with special-purpose ele-
ments, such as military roads, and new systems of land division for agricultural use.

Due to such sources of uncertainty, a model like ours is exploratory in general and inferen-
tial under the condition of strictly controlled (known) parameters. It is only as good as the
data and results depend, among other things, on initial conditions. It is, however, at the same
time capable of making (selected aspects of) a complex phenomenon explicit and disentangling
layers of information.

Any mathematical model can only represent selected aspects of reality and will always be a
compromise between explanatory power and demands on data quality. We make our data,
both the subset used in this paper, as well as the complete collection, openly available, in the
hope that researchers will use it to experiment, gain new insights and improve upon our work.
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