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The period between the beginning of the Early Iron Age and the end of the Archaic 
Period is a time of changes and developments in the Italian Peninsula, which led to 
the creation of regional ethnic and political groups and to the formation of the first city-
states in Western Europe. In the present study, we focus on the evolution of terrestrial 
route network in the Tyrrhenian region of Latium vetus as it has been hypothesized by 
scholars from the archeological evidence. Our main goal is to investigate the mecha-
nisms linking decision making processes and the structure of transportation networks. 
We first attempted to replicate some of its features applying three models previously 
elaborated for the neighboring region of Southern Etruria. Since it was not possible to 
attain entirely satisfactory results, we modified the model that performed better in the 
Etruscan region by including a tunable amount of rich-get-richer bias, which improved 
considerably its performance. Our results suggest that coordinated decision making with 
a slightly unbalanced power was responsible for the peculiar characteristics of the route 
network topology of Latium vetus. Moreover, the mechanism implemented by this model 
implies that places located at favorable positions can build on their initial advantage and 
get more and more powerful. This fits very well with the picture elaborated by different 
scholars on the nature of power balance and dynamics in this region.

Keywords: network analysis, network modeling, transportation networks, weighted networks, latium vetus, iron age

1. inTrODUcTiOn

The period between the beginning of the Early Iron Age (950/925 BC) and the end of the Archaic Age 
(509 BC ca) is a time of changes and developments in the Italian Peninsula, which led to the creation 
of regional ethnic and political groups and to the formation of the first city-states in Western Europe 
(the bibliography here is vast: on regional ethnic and political groups for a traditional approach, see 
Pallottino (1991) and for a network approach Blake (2014); on urbanization in Italy, see, e.g., Guidi 
(1998, 2006); Peroni (2000); Pacciarelli (2001); Bonghi Jovino (2005); Nijboer (2005); Fulminante 
(2014); Rendeli (2015)).

In the present study, we focus on the terrestrial route network in the Tyrrhenian region of Latium 
vetus (Figure 1).

Terrestrial routes can be considered as the result of the interplay of multiple factors: they are essen-
tial for permitting inter-settlement cooperative processes (information exchange, trade, defense), 
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FigUre 1 | Map of the latium vetus region and its surroundings.
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and at the same time, they need some level of cooperation to 
be established. However, since their creation and maintenance 
require a not negligible amount of resources, they are affected by 
competing interests. We can think of each connection between 
a pair of places as the result of a negotiation that involves the 
two actors but that can also be influenced, to some extent, by 
“third parties” as, for instance, a political authority acting on a 
higher level. Moreover, geographical and environmental condi-
tions also play an important role in determining which routes 
are feasible and convenient. More in general, any transporta-
tion infrastructure can be regarded as the emerging outcome 
of social interactions and interactions between societies and 
environments. The importance of such systems is self-evident: 
they influence the development of past societies enhancing trade 
dynamics and affecting the prosperity of a civilization and its 
complexification (e.g., emergence of urbanism).

Summarizing, terrestrial routes both shape and are shaped by 
the societies who create them and the environment in which they 
exist in a very clear example of feedback loop. Therefore, under-
standing the development of transportation networks in a region 
provides insights on its social and political integration (Smith, 
2005; Tuppi, 2014). In this study, we investigate what mechanisms 

shaped them and whether such mechanisms changed or stayed 
the same during the considered time framework.

We are tackling a specific aspect, but with the aim of shedding 
new light on the political and social dynamics between the cities 
that maintained those routes and connections. Specifically, we 
apply three non-parametric models on the region of Latium vetus, 
which we designed for the nearby Etruscan region (Prignano et al., 
2016) in order to understand whether things worked similarly or 
differently in these regions.

In addition, we design a modified version of one of those 
models specifically for Latium vetus. By comparing the outcomes 
of all the four options to the empirical system, we identify some 
of the contributory factors that could have led Rome to prevail 
over other Latin cities.

2. DaTa DescriPTiOn anD 
MeThODOlOgical aPPrOach

The set of settlements considered in the present study was used 
in previous works on the same region and periods (Alessandri, 
2007, 2013; Fulminante, 2014). Besides settlements, the other 
basic element of our study is routes connecting them. Obviously, 
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FigUre 2 | Distribution of geographical distance between pairs of 
settlements. Boxes stand for the second and the third quartiles, while 
whiskers represent the range of values. Horizontal red lines are the medians 
and the red squares are the means.

Table 1 | number of nodes and average weighted degree of the 
empirical networks.

eia1e eia1l eia2 Oa aa

Number of nodes 93 93 107 93 78
⟨kw⟩ (km) 29.24 28.35 30.38 35.22 37.73 
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terrestrial routes for the earliest phases considered in this work 
have rarely been excavated, with exceptions being found mostly 
inside settlement areas (see, e.g., recent discoveries within the 
Latin center of Crustumerium (Kuusisto and Tuppi, 2009; Jarva 
et al., 2013), or references to road cuts in the Latin region (Tuppi, 
2014)). However, they were hypothesized on the basis of later 
roads of Archaic and Roman time together with the position 
of settlements. Our starting point is the proposal of terrestrial 
routes provided by Lorenzo and Stefania Quilici (Colonna, 
1976), which has been updated by incorporating newly discov-
ered settlements.

According to the study of the same region in Fulminante 
(2014), we divide the Iron Age into five periods that can be 
mapped against Latial chronology in the following way:

•	 Early Iron Age 1 Early (EIA1E): 
Latial Period IIA (950/925–900 BC)

•	 Early Iron Age 1 Late (EIA1L): 
Latial Period IIB (900–850/825 BC)

•	 Early Iron Age 2 (EIA2): 
Latial Period III (850/825–730/720 BC)

•	 Orientalizing Age (OA): 
Latial Period IVA and IVB (730/720–580 BC)

•	 Archaic Period (AA): 580–509 BC.

Within each one of these periods, the set of settlements can 
be regarded as unchanging, that is, all the centers existed during 
most of the corresponding time interval and did not suffer any 
major change. We can reasonably assume that the same applies 
to the routes between them. In this way, we are able to reduce the 
analysis of the continuous evolution of settlements and routes to 
the study of five static time stamps.

However, the set of sites is not constant through the peri-
ods considered since they eventually appear and disappear 
(see the system size in Table  1). This implies that terrestrial 
connections are not the only evolving element in the system 
under consideration. On the contrary, what we observe looks 
like a co-evolution of settlements and routes. The foundation 
of new villages and cities could be the consequence of the 
creation of new routes or crosses while some paths may had 
been opened or abandoned because of the growth of some 
places at expenses of some others. Addressing this complex 
phenomenon as a whole in a diachronic perspective is not 
feasible at this initial stage. The goal of the present study is 
to understand what kind of factors may had shaped, in terms 
of summary statistics indicators, the terrestrial transportation 
network connecting a given set of settlements. Hence, we 
should ask ourselves to what extent it is possible to analyze 
the evolution of the corresponding transportation network as 
an independent process.

In order to answer this question, we analyze the spatial 
distribution of settlements from period to period, concluding 
that they had very similar overall characteristics. As Figure  2 
shows, the average distance separating a (randomly chosen) 
pair of locations is about 25 km, and the diameter (maximum 
distance between settlements) remains around 70 km across the 
five Ages considered. In other words, despite the set of sites being 
different from Age to Age at the local scale, at a macroscopic level 
no major changes can be observed. Therefore, we can argue that 
the differences we may observe across networks corresponding 
to different periods are not the mere consequence of different 
distributions (relative positions) of the entities which such routes 
connect.

The question we want to address can be expressed as fol-
lows: given a set of settlements, why were the routes connecting 
them the way they were? Archeologists have hypothesized each 
route based on local evidences and considerations (local scale). 
However, when we look at all of them at the same time we 
have a transportation network with specific systemic features 
(at a regional scale). These systemic features are not defined 
by any single connection, but the whole of them together. Our 
goal is to identify the most important ones among them and to 
understand if there is some general mechanism that may explain 
the emergence of a system with such characteristics.

Thus, translating geographic maps into formal networks, that 
is, into mathematical objects that can be described and analyzed 
in quantitative terms, constitute an unavoidable necessity. Each 
settlement is represented as a geolocalized node and a bidirec-
tional link between two sites is established whenever they were 
directly connected by a terrestrial route, with no other settlement 
in between.

After having connected sites among them, since we under-
stand terrestrial routes as infrastructures that have to be built 
and maintained, it is necessary to somehow include such costs 
into our networks. The simplest solution is to assign to the 
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links values (“weights”) corresponding to the linear geographic 
distance between the sites they connect. This is a reasonable 
approach providing that the region under study is relatively 
small and homogeneous. A more precise method to measure 
the aforementioned building and maintenance costs is ruled out 
at this point. For instance, trying to estimate the cost of each 
route by applying GIS based techniques would constitute a time 
consuming alternative that strongly relies on the precision of 
maps of ancient routes. Additionally, it would have with doubtful 
advantages for us, since our focus is on general properties of the 
system, not on the details of single paths. Obviously, real lengths 
were larger than straight lines, but by a factor that was more or 
less the same everywhere. Moreover, we are dealing with a com-
pact area with a smooth landscape (i.e., without major mountain 
ranges, rifts, crevices, or not inhabitable areas) where the cost per 
kilometer of paving a new route is expected to be approximately 
the same everywhere.

Once the empirical system is mapped onto weighted geographi-
cal networks, we put at work the analytical toolbox provided by 
network science for their characterization.

Network analysis is very useful for addressing questions 
about “what,” i.e., what properties a system possesses. For 
instance, if we are interested in knowing whether a certain 
social relation (e.g., trust) has the transitive property (if two 
people trust the same person, then they are more likely to 
trust each other) there exist standardized techniques that 
can be applied. However, if we want to take a step forward 
investigating why we observe what we observe, then per-
forming measurements on the empirical data is usually not 
enough anymore. In order to address questions about the 
reasons behind some observed properties, we have to devise 
a network model. In other words, it is necessary to hypothesize 
generative mechanisms that might have created the empirical 
network and to contrast their outcome (artificial networks) 
against the empirical evidence. This is exactly the main goal 
of the present study: to figure out if there is some general 
rule governing the decision-making processes that shaped the 
terrestrial route network.

Such decision-making process needs to be conceptualized 
in a simplified way, in order to become susceptible of being 
reformulated as a mechanism for the creation of network 
topologies.

Let us start considering that, in each Age, the process that 
produces the routes system can be described through the amount 
of available resources—i.e., the total link length—and a set of 
principles that determine the criterion for the selection of the 
connections. Of course, this is quite a raw simplification and it 
is necessary to carefully analyze its twofold implications. On the 
one hand, we are considering the evolution of the transportation 
infrastructure and the economic development of the region, 
which is supposed to fix the cost the system can afford in term 
of kilometers of routes, as separated processes. Although this is 
obviously not true—communication infrastructures are vital to 
the economic development and there is a clear feedback loop—it 
is also wrong to suppose that the amount of resources that can be 
invested in the route network is unequivocally and deterministi-
cally determined by the performance of the network itself. The 

amount of resources is determined by many complex factors 
playing a role in the development of a league of settlements that 
we cannot take into account quantitatively. Therefore, we regard 
the cost of the network at a given time as fixed externally, always 
taking this information from the empirical data as an input. 
Explaining why the total connection length varies through time 
is beyond the scope of this work.

We are also considering the existence of links in a given Age 
as something that depends only on their intrinsic importance, 
given the conditions (resources and principles) of that Age, 
without regard of whether they existed in previous times. 
We are thus assuming that the network has no memory. The 
underlying assertion is that the cost for track maintenance is 
comparable with the cost for creating routes anew and that no 
maintenance is the same as destruction. Since we are dealing 
with pre-roman, non-stone-paved routes, this assumption is 
quite realistic.

This conceptual framework sets the basis for the design 
of a quantitative study based on network analysis and net-
work modeling. The first part of our study consists in the 
characterization of the five empirical networks, one for each 
Age, through appropriate topological measures. Then we 
make simple hypotheses about the principles that could have 
driven the creation of routes and translate them into math-
ematically well defined criteria for adding new links (generative 
mechanisms). Finally, we compare the synthetically generated 
networks with the corresponding empirical ones so that we can 
get insights about which criterion (or criteria), and therefore 
which principles, are more likely to have shaped the terrestrial 
communication infrastructure of the Latium vetus region in 
the considered time periods.

Notice that we are not aiming at reproducing each and all 
the connections. We just want to explain some features of the 
overall topology, features that we have selected for their rel-
evance in determining the performance of such topology when 
understood as transportation network. This approach has the 
additional advantage of not being dependent on local individual 
details of the empirical network. As we explained above, ter-
restrial routes have been inferred by experts taking into account 
a vast heterogeneous amount of information. Hence, there is no 
absolute certainty on the actual existence of any of the links in 
the network. However, average properties of the connectivity 
pattern as a whole would not change noticeably if few routes 
were removed or replaced by equally realistic alternatives. In 
other words, we do not need the route map to be perfectly accu-
rate in order for this methodology to be applied since it relies on 
system-scale information.

3. The eMPirical neTWOrKs

Following our previous work (Prignano et al., 2016), we charac-
terize the empirical network through five measures:

 1. Average weighted degree ⟨kw⟩: it measures the overall con-
nectivity of the network, taking the weight of the edges into 
account. It provides, on average, the sum of the weights 
(lengths) of the links connected to a site.
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FigUre 3 | average edge length (left) and average clustering coefficient (right). Legend: empirical network (black filled squares); averaged output of Model 1 (blue 
open circles); averaged output of Model 2 (green open squares); output of Model 3 (red filled circles); averaged output of Model 3PA (yellow filled circles and dashed line).
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 2. Average edge length ⟨le⟩: it is the mean value of the weights of 
all the links that are present in the system.

 3. Average clustering coefficient ⟨C⟩: among all the potential 
links between the neighbors of a node, the clustering coef-
ficient indicates the proportion of them that actually exist. 
Averaging this ratio over the whole set of sites, we obtain 
a global indicator of the density of closed triangles in the 
network.

 4. Global efficiency EG: the concept of efficiency implies a quanti-
fication of how well information is exchanged across the whole 
network. In the case of geographic networks, it is calculated as 
the average ratio between the geographic distance separating 
every pair of nodes and the length of the shortest weighted 
path connecting them. In doing so, we are comparing the 
ideal case (a geographic straight line) to the communication 
capability of the network (Vragović et al., 2005).

 5. Local efficiency EL: the local efficiency of a node quantifies how 
well information would be exchanged between its neighbors if 
the node itself is removed. As in the global efficiency, weights 
are taken into account, so efficiencies are calculated using 
geographic distances and shortest weighted path lengths. The 
local efficiency of a network is the average local efficiency of 
its nodes (Vragović et al., 2005).

All these properties are calculated with network analysis 
software or with functions written by ourselves.1 Table 1 shows 
the values of the mean weighted connectivity for each Age. On 
average, links attached to a node sum up a total length that ranges 

1 We used Python “networkx” package to calculate the chosen properties when 
available as functions, whereas we wrote our own code for those that are not 
implemented, as well as for the model simulations. Please check the package 
documentation https://networkx.github.io and our repository https://github.com/
ignaciomorer/frontiers for further details.

from 28 km (for the period EIA1L) to 38 (AA). These values are 
complemented with the average distance length (see Figure 3). 
The fact that ⟨kw⟩ is 4–5 times larger implies that the mean 
number of links that are adjacent to a site lies between 4 and 5, 
since the average (unweighted) degree ⟨k⟩ is obtained by dividing 
⟨kw⟩ by ⟨le⟩. Therefore, we can state that this is a highly connected 
region. It is also noticeable that the average edge length increases 
slightly through time.

The values of the average clustering coefficient are shown in 
Figure 3 as well. Empirical systems present values of ⟨C⟩ around 
0.3, meaning that roughly one third of the possible connections 
between neighbors of a site are effectively present. This repre-
sents a not negligible tendency of the system to form dense local 
clusters.

The efficiency of the empirical networks, both global and 
local, can be seen in Figure 4. They present surprisingly high 
values of global efficiency that remain steady along the five 
Ages. The local efficiency slightly increases along the periods 
and, while high, it is far from the one achieved for the global 
indicator of efficiency.

In order to understand the possible mechanisms that shaped 
Latium vetus terrestrial routes network, we start by applying 
the three models introduced in our previous study (Prignano 
et al., 2016).

4. MODels elabOraTeD FOr The 
eTrUscan case sTUDY

4.1. Model Description
The first model (Model 1) simulates a scenario of blind competi-
tion among settlements: each one of them tries to connect to 
as many neighbors it can, starting from the nearest one. In the 
second one (Model 2), we still have a scenario of competition, 

http://www.frontiersin.org/Digital_Humanities/
http://www.frontiersin.org
http://www.frontiersin.org/Digital_Humanities/archive
https://networkx.github.io
https://github.com/ignaciomorer/frontiers
https://github.com/ignaciomorer/frontiers


FigUre 4 | global and local efficiencies. See legend in caption of Figure 3.
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but this time settlements select the next place they want to 
connect applying a cost-benefit principle: they will connect to 
a settlement if it lies at a distance (cost of the new route) that 
is small compared to length of the shortest path to reach it that 
already exists. The third model (Model 3) simulates a coordinated 
decision-making process aimed at the minimization of weak 
points in the system: settlements still select the place they want 
to connect to according to the cost-benefit principle introduced 
in Model 2, but now the next settlement to gain a new link is 
not the one who wins some competition, but the one who needs 
it the most in the whole system.

For each age, we generate synthetic networks with the num-
ber of nodes and average weighted degree set equal to those of 
the corresponding empirical network. Then, we compare the 
empirical values of the remaining four structural measures with 
those of the model outputs. This comparative exercise allows us 
to hypothesize what mechanisms, among those implemented 
in the three models, are more likely to underlie the formation 
of the terrestrial networks under study. We are especially 
interested in checking whether Model 3, that is the one better 
reproducing structural properties of empirical networks in 
Southern Etruria, is also over-performing the other models for 
Latium vetus.

This procedure requires running Models 1 and 2 several 
times. Notice that Model 3 is deterministic, i.e., it does not 
include any random component. This model generates a link 
priority list that is univocally determined by the geographical 
distribution of the sites. Once the average weighted degree 
is set, links are created according to this list and therefore 
producing the same synthetic network as the only possible 
outcome. On the contrary Models 1 and 2 are non-deterministic 
(i.e., they do include certain randomness) and, consequently, 
we have to average over several realizations in order to obtain 
representative outputs. The number of realizations for each 
model and Age is not fixed a priori. We keep generating new 

ones, ten by ten, until all the structural measurements and 
their SDs stabilized within an error of 1%. The total amount 
of executions to meet this stabilization requirement ranges 
from 270 to 440.

4.2. comparison with the empirical 
networks
Figures  3 and 4 show the comparison between empirical net-
works at each Age and their synthetic equivalents. While Model 
2 seems to perform the best concerning the average edge length 
(Figure 3, left), Model 3 is better reproducing average clustering 
coefficient values (Figure 3, right).

Interestingly enough, Figure 4 shows that networks generated 
by Model 3 are more efficient (both globally and locally) than 
empirical networks in all Ages. Focusing on global efficiency, 
networks generated by Model 2 are the most similar to empiri-
cal ones. However, for some Ages (i.e., EIA2 and OA), outputs 
of Model 1 (the less globally efficient one) are more similar. 
Regarding local efficiency (Figure 3, right), Model 2 reproduces 
almost perfectly the empirical values.

Generally speaking, Model 2 seems to be the most accurate 
at reproducing the empirically observed behaviors, but it 
fails with the average clustering coefficient. On the contrary, 
Model 3 is the only one generating values close to the empiri-
cal ones for this magnitude. These results suggest that, in 
this case, the real mechanism at work was a combination of 
Models 2 and 3.

Actually, Model 3 is just one specific realization of Model 2. 
Once the focal node is selected, the criterion for determining 
links selection is the same for Models 2 and 3, namely minimiz-
ing the ratio r = d/L, where d is the length of the link to be created 
and L that of the shortest past already existing between the two 
nodes. What makes Models 2 and 3 different is the prioritization 
of nodes to be the focal one. In Model 2, all nodes have the 
same probability of being selected. Model 3 priorities the node 
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FigUre 5 | sD of the weighted degree of nodes. See legend in caption 
of Figure 3.

7

Fulminante et al. How Latin Shaped Transportation Networks

Frontiers in Digital Humanities | www.frontiersin.org February 2017 | Volume 4 | Article 4

minimizing r all over the system. Nevertheless, the likelihood of 
Model 2 to generate the same synthetic networks as Model 3 is 
negligible because there is a huge number of alternative order-
ings (N! ~ 10157). Moreover, because of the peculiarity of the 
ordering criterion in Model 3, these synthetic networks happen 
to be outliers whose values of the considered measures lie even 
3–4 SDs away from the average of Model 2 (see Figures 3 and 4).

This very particular prioritization of nodes can explain why 
in Model 3 the values of average clustering coefficient is higher 
than in networks generated by Model 2. Specifically, it is much 
more likely for small triangles to be closed, at least when the angle 
between the two already existing sides is acute enough since the 
r value associated to the missing side is always small. As shown 
in Figure 2, these higher values of ⟨C⟩ are close to the empirical 
ones, thus desirable to our purposes.

To summarize, although both Model 2 and Model 3 capture 
some of the empirical features, none of them are satisfactory 
enough. It is noteworthy that the advantages of one correspond 
to the flaws of the other and viceversa, suggesting that a model 
placed somewhere between these two could satisfy our needs. 
Therefore, it becomes necessary to understand where and why 
Models 2 and 3 fail in order to explore our options.

5. a neW MODel FOr laTiUM VeTUs

5.1. Model Definition
A new model explaining Latium vetus networks better should 
keep this convenient principle of global ordering of nodes, but 
should also change the specific criterion adopted. By modifying 
the ordering criterion, we could, in principle, interpolate between 
the average properties of networks of Model 2 and this very 
special outlier that is Model 3. However, we need some clues to 
modify the node ordering in a desirable way. In order to gain 
insight in this line, we take a closer look at both synthetic and 
empirical networks and, in particular, to their weighted degree 
and edge length distributions.

Figure 5 shows the SD of the weighted degree. In this case, 
Model 3 results (red circles) are much closer to the realizations 
of Model 2 (green open squares). Both models produce networks 
whose diversity among nodes in terms of weighted degree is 
much smaller than that observed empirically.

For the link length distribution we adopt a slightly dif-
ferent approach. We want to know where Model 2 is failing, 
even when considering its best realization. Hence, we need 
a definition of what such best realization is. We define the 
distance D between an empirical network and a corresponding 
synthetic one as:

 D
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where e and s labels refer to the empirical and synthetic net-
works, respectively. According to this formula, distance D is 

obtained as the average of the absolute differences between 
the values of the quantities used for their characterization, the 
original four plus the SD of the weighted degree distribution. 
For quantities that are not defined in the range [0, 1], we nor-
malize by dividing the difference by the value calculated for the 
empirical network.

We use this distance definition to select the synthetic net-
works generated by Model 2 that were the closest to the cor-
responding empirical ones. Then, we compare their edge length 
distribution with that of both empirical networks and Model 3 
synthetic networks. In Figure 6, we show the boxplot of the edge 
lengths for ages EIA2 and OA, the two periods when the empiri-
cal average of the edge length is almost perfectly reproduced by 
Model 2.

When compared to the empirical ones, networks generated 
by Model 2 present a very similar average length but also many 
extreme outliers (i.e., with length values up to five times larger 
than the mean). On the contrary, Model 3 has a lower mean but 
similar maximum.

Taking into account these results, we conclude that empirical 
networks have (a) a weighted degree distribution more skewed 
than that of networks generated by in Models 2 and 3 and (b) an 
edge length distribution less skewed than the one generated by 
Model 2 but more than in Model 3. Consequently, in terms of 
identifying mechanisms capable to reproduce our empirical net-
works, this suggests that we are looking for a mechanism allowing 
the nodes to accumulate an increasing amount of connections 
up to a certain limit. In other words, we need nodes to compete 
for connections (but to a lesser extend than in Model 2), in such 
a way that a few privileged nodes could accumulate most of the 
connections.

There are obviously many ways to implement this general 
framework and many possible interpretations of what being 
a privileged node means. However, in the present study, we 
are interested in exploring the idea of privilege understood as 
the importance of a node in terms of some network measure. 
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FigUre 7 | Distance D from the corresponding empirical networks. 
Error bars represent the SD from average for the non-deterministic models. 
See legend in caption of Figure 3.

Table 2 | Values of the preferential attachment parameter a that 
generate the best synthetic network (the one with the shortest distance 
D to the empirical one) for each period.

eia1e eia1l eia2 Oa aa

a 0.09 0.11 0.10 0.08 0.06

FigUre 6 | edge length distribution of the artificial and empirical networks in the ages eia2 and Oa.
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Such property would make some nodes more powerful and 
capable of imposing their priorities when new connections 
have to be built, thus increasing their importance even more 
in a positive feedback loop. Our models simulate the progres-
sive addition of new links connecting a given set of initially 
disconnected nodes, but we are not reproducing the time 
evolution of the network. Each one of the steps of this growth 
corresponds to a mature state of the network but with less 
resources (total link length). Hence, the initial stages of the 
process correspond to less economically prosperous systems, 
not to younger ones; and the first links that the algorithms 
create have to be regarded as the most necessary connections, 
and not as the oldest ones. In this sense, if a node is very 
important when the growth starts, this means it is decisive 
when the economical situation in the region is not good. We 
intend such condition as an advantage that confers privileges 
when the system flourishes again.

In Network Science this mechanism is usually called pref-
erential attachment and the measure for the importance of the 
nodes is their weighted degree, also called “node strength” 
(Barrat et al., 2004). The basic idea is that link creation takes 
into account the “power” acquired by nodes up to that point 
and gives a higher priority for the creation of further con-
nections to those nodes that have a weighted degree above 
the average. We modified Model 3 by adding Preferential 
Attachment to its link generation mechanism (Model 3PA). 
More precisely, in Model 3PA, each node proposes the con-
nection that is most necessary from its point of view, but the 
decision about which one is the next to be built is made taking 
into account two factors. On the one hand, we consider the 
objective need for that link (i.e., the value of r), on the other 
one, we also include in the equation the importance of the 
proposing node. The larger its weighted degree, the higher 
the priority of the link.

Mathematically, such a bias is obtained by weighting the ratio 
r with a (negative) power of weighted degree of the proposing 
node. The trade-off between the two ingredients in determining 

the priority of each link is tuned by the exponent a of such power. 
Hence, the new value of the biased ratio r′ for a connection 
between node i and j proposed by node i is

 ij ij w
a

ij

ij
w

ar r k i d
L

k i′ = =− −( ) ( )  (2)
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FigUre 8 | networks of the eia1l. Center: empirical; top left: best realization of model 1; top right: best realization of Model 2; bottom left: Model 3; bottom 
right: Model 3PA (optimal value of a). Connections to the node Rome are highlighted in red.
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where dij and Lij are, respectively, the geographic distance and 
the shortest weighted path length between them and kw(i) is the 
weighted degree of node i.

When a is equal to zero, there is no preferential attachment 
and we recover Model 3. By varying its value, starting from 
a = 0, one can generate networks with an increasingly biased link 
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prioritization. The higher the value of a, the more determining the 
privileged condition of some nodes and less equitable principle 
driving the growth of the infrastructure.

5.2. assessment of the Model Performance
For each Age, we select the value of a that generates the syn-
thetic network whose distance to the corresponding empirical 
system [according to equation (1)] was minimal. Table 2 shows 
the obtained a values. Then, we compute all the structural 
measures for each one of these configurations of the new model 
(Model 3PA).

By comparing these results with those corresponding to 
Models 2 and 3, we identify the following points in favor of the 
new model:

 1. It is able to capture important features of the empirical system 
that none of the previous models could reproduce, that is, the 
SD of the weighted degree (see Figure 5).

 2. Although Model 3 was already pretty good at reproducing the 
average clustering coefficient, the new model performs even 
better (see Figure 3, left).

 3. It is almost as good as Model 2 at reproducing the average 
link length without the shortcoming of having some extreme 
outliers (see Figure 3, right, and Figure 6).

 4. Consequently, it is the model with the shortest distance D 
from the empirical network for all the five Ages (Figure 7).

 5. Overall visual inspection reveals that synthetic networks 
generated this way look very similar to the empirical ones, 
displaying the typical combination of small triangles and poly-
gons along with few radial structures of larger connections.

 6. It reproduces interesting structural characteristics around 
Rome. In particular, the city shows at the center of the most 
evident radial structure (see Figure 8), and it is also the node 
with the largest weighted degree in the EIA1L when the aver-
age is ⟨kw⟩ = (28.39 ± 31.29) km and kw (Rome) = 192.2 km.

Summarizing, the best model is a modified version of Model 
3 that includes weak preferential attachment (i.e., a takes small 
values).

Nevertheless, both the global and local efficiency of networks 
generated by Model 3PA are still higher than the empirical ones. 
We do not have an explanation for this fact yet. One possible 
explanation would relate such a difference with the existence 
of information limitations in the empirical case, which would 
undermine the capacity of the system to establish links according 
to global preferences (as it is required by Models 3 and 3PA).

6. DiscUssiOn anD cOnclUsiOn

We first attempted to replicate some characterizing features of 
the terrestrial route network of Latium vetus, as hypothesized 
on the basis of available archeological and historical knowledge, 
using three previously elaborated models (Prignano et al., 2016). 
It was not possible to attain entirely satisfactory results; in par-
ticular, none of these models was able to account for the observed 
concentration of long range connections at few settlements. 
Hence, we modified one of these models—that is, the one that 

performed better in the Etruscan region—including a tunable 
amount of rich-get-richer bias, which improved considerably its 
performance.

Our results suggest that coordinated decision making with 
a slightly unbalanced power was responsible for the peculiar 
characteristics of the route network topology of the Latin region. 
This fits very well with the picture elaborated by different scholars 
on the nature of power balance and dynamics in the region.

Latium vetus was organized in a number of proto-urban cent-
ers and later city-states with a common material culture (Latial 
culture I-IV), similar burial costumes and a similar socio-political 
organization.2 These polities were characterized by cooperative/
competitive behaviors (Renfrew, 1986; Renfrew and Cherry, 1986; 
Verhagen, 2015). However, the power was quite unbalanced. In 
particular, it seems undeniable that by the end of the EIA1E and 
the beginning of the EIA1L, with the shift of the funerary areas 
from the Forum to the Esquiline and Quirinal Hill, Rome became 
by far the largest settlement in the region.3

Remarkably, in the period EIA1L, Rome emerges as a hub in 
both the empirical network and the one generated by the biased 
model (Model 3PA). Notice that, since the only information our 
models take from the empirical data are settlement locations, a 
place can only be favored or disfavored by its relative position 
with respect to other places. Therefore, such outcome seems to 
confirm the hypothesis that the city occupied an advantageous 
position within the region. Certainly, Rome had other features 
that made it unique, for example, the capacity of the city of 
including strangers within its community [Ampolo (1976–1977, 
2011) on Archaic Rome].4 However, it is very likely that its 
favorable location within the system of Latium vetus reinforced 
the concentration of power.

Interestingly, the dissimilarities in the dynamics of power 
among city-states of Latium vetus and its neighboring region of 
Southern Etruria are reflected in the difference between Models 
3PA and 3 (i.e., the one best fitting the Etruscan case study). 
Indeed, Etruria during the Early Iron Age was dominated by a 
number of equally ranked proto-urban centers that went on to 
develop into the city-states of the Orientalizing and Archaic 
Period (Veii, Tarquinia, Caere, Vulci, Orvieto, and now also 
Bisenzio) characterized by a strong common identity5 but also by 
distinctive local “flavors.”6 None of these centers were able to pre-
vail over the others and impose them a guiding role.7 Therefore, it 
has been suggested that at this time Etruria was characterized by 

2 For recent accounts on the history and archaeology of the region, see Smith (2007, 
2014); Carafa (2014); Fulminante (2014); Mogetta (2014).
3 On the importance of this shift in the development of the city of Rome, see 
already Guidi (1982) and more recently Carandini (1997); Alessandri (2013); 
Fulminante (2014).
4 See also reflections of ancient authors themselves such as the famous discourses by 
Canuleio, in Livy, IV, 3–4 and by the imperator Claudius at Lione, CIL, XIII, 1668, 
and Tacitus, Ann. XI, 24 quoted by Ampolo (2011), 47, or by Philippus in Polybius.
5 See Pacciarelli (2001) and recently Marino (2015).
6 On the unity but also the local variabilities within the Villanovian culture, see 
Bietti Sestieri (2010).
7 This behavior had already been captured by the application of the rank-size rule 
already a few years ago Guidi (1985) and also more recently Fulminante and 
Stoddart (2012).
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a more balanced dynamics of power (Fulminante and Stoddart, 
2012). This is consistent with the very good performance of a 
model (Model 3) that assumes an evenly distributed negotiating 
power among all the settlements (Prignano et al., 2016).

To conclude, this paper has presented a new model that cap-
tured some important features of the transportation network 
system of Latium vetus between the beginning of the Early Iron 
age and the Archaic Period. The mechanism implemented by 
this model implies that places located at favorable positions 
can build on their initial advantage and get more and more 
powerful.

There is still need for a better understanding of what a privi-
leged position is in terms of spatial distribution of node-sites. 
Some additional effort should be devoted to find out what are 
the peculiar characteristics of the relative position of the most 
important sites that make them privileged. We have already 
discarded the most trivial options, like being located at the center 
of the region, since none of the sites in the central area of Latium 
vetus appears to be especially relevant, or having many close 
neighbors. However, we do not know what is special about Rome 
yet. Additionally, by perturbing the geographical coordinates 
of the nodes, we could determine how robust our results are. 

In  particular, it is important to clarify whether Rome or some 
other city would have emerged if the positions of the sites had 
been slightly different.

Obviously many aspects were at stake in the configuration of 
the terrestrial route network in Latium vetus. Nonetheless, this 
work has shown that, provided that the interpretations are made 
with caution, extremely simple models can shed light on the main 
forces at work in complex historical processes.
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