CAA2014
21st century
Archeaology
concepts, methods and tools
Proceedings of the 42nd Annual
Conference on Computer
Applications and Quantitative
Methods in Archaeology

Edited by

F. Giligny, F. Djindjian, L. Costa, P. Moscati
and S. Robert

Archaeopress Archaeology

Archaeopress
Gordon House
276 Banbury Road
Oxford OX2 7ED

www.archaeopress.com

ISBN 978 1 78491 100 3
ISBN 978 1 78491 101 0 (e-Pdf)

© Archaeopress and the individual authors 2015
Cover photograph © Emilie Lesvignes

All rights reserved. No part of this book may be reproduced, stored in retrieval system,
or transmitted, in any form or by any means, electronic, mechanical, photocopying or otherwise,
without the prior written permission of the copyright owners.

Printed in England by Oxuniprint, Oxford
This book is available direct from Archaeopress or from our website www.archaeopress.com

Contents
Foreword������������������������������������������������������������������������������������������������������������������������������������������������������������������� v
Computers and mathematics in Archaeology, anatomy of an ineluctable success!���������������������������������������������������� 1
François DJINDJIAN

Chapter 1 Historiography
Towards a History of Archaeological Computing: An Introduction������������������������������������������������������������������������������ 9
Paola MOSCATI
A retrospective on GIS and AIS platforms for Public Archaeology in Italy. Searching backward for roots and looking
onwards for new methodological road-maps����������������������������������������������������������������������������������������������������������� 17
Mirella SERLORENZI, Ilaria JOVINE, Giorgia LEONI, Andrea DE TOMMASI, Andrea VARAVALLO
Art History of the Ancient Near East and Mathematical Models. An Overview��������������������������������������������������������� 29
Alessandro DI LUDOVICO and Sergio CAMIZ
Archaeology and Computer Applications: the automatic cataloging of Italian archaeological heritage��������������������� 35
Alessandra CARAVALE

Chapter 2 Field and laboratory data recording
Practical Assessment of a Multi-Frequency Slingram EMI for Archaeological Prospection���������������������������������������� 43
François-Xavier SIMON, Alain TABBAGH, Apostolos SARRIS
Utilizing Magnetic Prospection and GIS to Examine Settlement Organization in Neolithic Southeastern Europe������ 53
Alexis NIEKAMP, Apostolos SARRIS
Historic Forest Change: New approaches to Land Use Land Cover���������������������������������������������������������������������������� 65
Charlotte E. STANCIOFF, Robert G. PONTIUS Jr, Scott MADRY, Elizabeth JONES
Challenges and Perspectives of Woodland Archaeology Across Europe�������������������������������������������������������������������� 73
Hauke KENZLER, Karsten LAMBERS
Archaeological Mapping of Large Forested Areas, Using Semi-Automatic Detection and Visual Interpretation of HighResolution Lidar Data���������������������������������������������������������������������������������������������������������������������������������������������� 81
Øivind Due TRIER, Lars HOLGER PILØ
Laser scanning and Automated Photogrammetry for Knowledge and Representation of the Rupestrian Architecture
in Cappadocia: Sahinefendi and the Open Air Museum of Goreme�������������������������������������������������������������������������� 87
Marco CARPICECI, Carlo INGLESE
Advantages and Disadvantages of Digital Approach in Archaeological Fieldwork����������������������������������������������������� 95
Carlo BIANCHINI, Francesco BORGOGNI, Alfonso IPPOLITO
From Survey to Representation of the Model. A Documentation of Typological and Chronological Sequences of
Archaeological Artefacts: Traditional and Innovative Approach����������������������������������������������������������������������������� 107
Alfonso IPPOLITO, Luca J. SENATORE, Barbara BELELLI MARCHESINI, Gabriella CEROLI
Archaeology in the Third and Fourth Dimensions: A Case Study of 3D Data Collection and Analysis From Prince
Rupert, BC, Canada������������������������������������������������������������������������������������������������������������������������������������������������ 115
Alyssa PARKER, Morley ELDRIDGE
Integrated RTI Approaches for the Study of Painted Surfaces��������������������������������������������������������������������������������� 123
Eleni KOTOULA, Graeme EARL
Survey, Documentation and Analysis of the Archeological Architecture: the House of the Knights of Rhodes in the
Forum of Augustus������������������������������������������������������������������������������������������������������������������������������������������������ 135
Carlo BIANCHINI, Gaia Lisa TACCHI
Digital Research Strategies for Ancient Papyri: A Case Study on Mounted Fragments of The Derveni Papyrus�������� 145
Eleni Kotoula, Graeme Earl

i

Chapter 3. Ontologies and Standards
Towards Linked-Data in Numismatics: How the DIANA Approach can Improve the Diachrony Integrating
Heterogeneous Pieces of Data������������������������������������������������������������������������������������������������������������������������������� 157
Maria CALTABIANO, Mariangela PUGLISI, Antonio CELESTI, Grazia SALAMONE
Celtic Coins in context, a new database����������������������������������������������������������������������������������������������������������������� 165
Katherine GRUEL, Agnes TRICOCHE, Philippe CHARNOTET
Uncertainty handling for ancient coinage�������������������������������������������������������������������������������������������������������������� 171
Karsten TOLLE, David WIGG-WOLF
Interoperability of the ArSol (Archives du Sol) database based on the CIDOC-CRM ontology��������������������������������� 179
Emeline LE GOFF, Olivier MARLET, Xavier RODIER, Stéphane CURET, Philippe HUSI
Find the balance - Modelling aspects in Archaeological Information Systems��������������������������������������������������������� 187
Franz SCHWARZBACH, Felix F. SCHÄFER, Alexander SCHULZE
Integration of Archaeological Datasets through the Gradual Refinement of Models����������������������������������������������� 193
Cesar GONZALEZ-PEREZ, Patricia MARTÍN-RODILLA
Linked Open Greek Pottery������������������������������������������������������������������������������������������������������������������������������������ 205
Ethan GRUBER, T.J. SMITH
The Digital Archaeological Workflow: A Case Study from Sweden�������������������������������������������������������������������������� 215
Marcus J. SMITH
Exploring time and space in the annotation of museum catalogues: The Sloane virtual exhibition experience������� 221
Stephen STEAD, Dominic OLDMAN, Jonathan Whitson CLOUD
Building comprehensive management systems for cultural – historical information����������������������������������������������� 227
Chryssoula BEKIARI, Martin DOERR, Dimitris ANGELAKIS, Flora KARAGIANNI
Managing Time Dimension in the Archaeological Urban Information System of the Historical Heritage of Rome and
Verona������������������������������������������������������������������������������������������������������������������������������������������������������������������ 235
Alberto BELUSSI, Sara MIGLIORINI, Piergiovanna GROSSI
Towards an Archaeological Information System: Improving the Core Data Model�������������������������������������������������� 245
Muriel van RUYMBEKE, Cyril CARRÉ, Vincent DELFOSSE, Pierre HALLOT, Michelle PFEIFFER,
Roland BILLEN

Chapter 4. Internet and Archaeology
Archaeological open access journals: the case of ‘Archeologia e Calcolatori’���������������������������������������������������������� 257
Alessandra CARAVALE, Alessandra PIERGROSSI
Massive Open Online Opportunity: MOOCs and Internet–Based Communities of Archaeological Practice������������� 265
Jeffrey P. EMANUEL
Moving Instruction Beyond the Museum’s Walls: Priorities in Online Public Education at the Oriental Institute ���� 271
Kathryn GROSSMAN, Catherine Kenyon, Megaera LORENZ, Brittany HAYDEN
Crowd- and Community-Fuelled Archaeology. Early Results from the MicroPasts Project �������������������������������������� 279
Chiara BONACCHI, Andrew BEVAN, Daniel PETT, Adi KEINAN-SCHOONBAERT
The ACCORD project: Archaeological Community Co-Production of Research Resources���������������������������������������� 289
Stuart JEFFREY, Alex HALE, Cara JONES, Sian JONES, Mhairi MAXWELL

Chapter 5. Archaeological Information Systems
12000 years of human occupation, 3 meters deep stratigraphy, 12 hectares… A geographical information system
(GIS) for the preventive archaeology operation at Alizay (Normandie, France)������������������������������������������������������� 299
S. MAZET, C. MARCIGN, B. AUBRY, I. COMTE, P. BOULINGUIEZ
Records and spatial representations in the context of a rescue excavation: the case of Quincieux (Rhône-Alpes,
France)������������������������������������������������������������������������������������������������������������������������������������������������������������������ 305
Ellebore SEGAIN, Veronique VACHON, Bernard MOULIN, Cécile RAMPONI, Wojciech WIDLAK

ii

Cartography and heritage: past practice and future potential for mapping Scotland’s cultural heritage����������������� 315
Peter MCKEAGUE
Visualization based on the Norwegian University Museum Database�������������������������������������������������������������������� 323
Espen ULEBERG, Mieko MATSUMOTO
An Inventory of Lucanian Heritage������������������������������������������������������������������������������������������������������������������������� 333
Alain DUPLOUY, Vincenzo CAPOZZOLI, Alessia ZAMBON
Integrating complex archaeological datasets from the Neolithic in a web-based GIS���������������������������������������������� 341
Kai-Christian BRUHN, Thomas ENGEL, Tobias KOHR, Detlef GRONENBORN
Enhanced 3D-GIS: Documenting Insula V 1 in Pompeii������������������������������������������������������������������������������������������� 349
Giacomo LANDESCHI, Nicolò DELL’UNTO, Daniele FERDANI, Stefan LINDGREN,
Anne-Marie LEANDER TOUATI
MAPPA Open Data Metadata. The importance of archaeological background.������������������������������������������������������� 361
Francesca ANICHINI, Gabriele GATTIGLIA
A simple way to formalize the dating of stratigraphic units������������������������������������������������������������������������������������ 365
Bruno DESACHY
Recognizing temporalities in urban units from a functional approach: three case studies�������������������������������������� 371
Julie GRAVIER
OH_FET: A Computer Application for Analysing Urban Dynamics Over Long Time Spans �������������������������������������� 381
Laure SALIGNY, Ludovic GRANJON, Thomas HUET, Gaël SIMON, Xavier RODIER, Bastien LEFEBVRE
An ‘alphabet’ to describe the spatio-temporal dynamics of settlement systems: a relevant representation of time?�� 393
Marie-Jeanne OURIACHI, Frédérique BERTONCELLO, with the collaboration of Pierre NOUVEL,
Laure NUNINGER, Elise FOVET, Stephane ALIX

Chapter 6. GIS and spatial analysis
ArkeoGIS, Merging Geographical and Archaeological Datas Online
Loup BERNARD, Damien ERTLEN, Dominique SCHWARTZ
Counting Sheep Without Falling Asleep: Using Gis to Calculate the Minimum Number of Skeletal Elements (Mne)
And Other Archaeozoological Measures At Schöningen 13Ii-4 ‘Spear Horizon’������������������������������������������������������� 407
Alejandro GARCÍA-MORENO, Jarod M. HUTSON, Aritza VILLALUENGA, Elaine TURNER,
Sabine GAUDZINSKI-WINDHEUSER
Looking for the best. A comparison between GIS and PageRank based algorithms for preventive archaeology in
urban areas����������������������������������������������������������������������������������������������������������������������������������������������������������� 413
Dubbini NEVIO, Gabriele GATTIGLIA, Augusto PALOMBINI
Analyses of bone modifications on human remains: a GIS approach���������������������������������������������������������������������� 423
Elsa CIESIELSKI, Hervé BOHBOT
Territorial organisation of the Terramare culture (Bronze Age, Italy): use of GIS methodology to tackle societal issues����431
Julie BOUDRY
From the excavation to the territory: contributions of GIS tools to the study of the spatial organization of the
archaeological site of Argentomagus (France, Indre, Saint-Marcel/Argenton-sur-Creuse)��������������������������������������� 443
Emeline LE GOFF, Laure LAÜT, Yoann RABASTÉ, Françoise DUMASY
The integration of landscape processes in archaeological site prediction in the Mugello basin (Tuscany/Italy) ������ 451
Elmar SCHMALTZ, Michael MÄRKER, Hans-Joachim ROSNER, Adrew-Williams KANDEL
The use of Burgundy stone from ancient times to the present day������������������������������������������������������������������������� 459
Stéphane BÜTTNER, Delphine MONTANGE, Laure SALIGNY, Marion FOUCHER with the collaboration of
Eric LECLERCQ, Marinette SAVONNET
Exploring Intervisibility Networks: A Case Study From Bronze and Iron Age Istria (Croatia and Slovenia)��������������� 469
Zoran ČUČKOVIĆ

iii

Chapter 7. Mathematics and statistics in archaeology
Intentional Process Modeling of Statistical Analysis Methods�������������������������������������������������������������������������������� 481
Charlotte HUG, Rebecca DENECKÈRE, Ammar AYMEN
Ancient Mesopotamian Glyptic Products, Statistics and Data Mining: A Research Proposal����������������������������������� 489
Alessandro DI LUDOVICO, Sergio CAMIZ
Intrasite spatial analysis applied to the Neolithic sites of the Paris Basin: from the archaeological feature to global
analysis����������������������������������������������������������������������������������������������������������������������������������������������������������������� 497
François GILIGNY
Statistical and mathematical models for archaeological data mining: a comparison����������������������������������������������� 509
Nevio DUBBINI, Adam LODOEN

Chapter 8. 3D Archaeology and virtual Archaeology
Measuring and describing 3D texture�������������������������������������������������������������������������������������������������������������������� 519
Vera MOITINHO DE ALMEIDA, Juan Antonio BARCELÓ
Old versus new – introducing image-based 3D modeling into the general documentation workflow of archaeological
rescue excavations. Case studies: the Čachtice and Bratislava castles, Slovakia������������������������������������������������������ 529
Jan ZACHAR, Seta ŠTUHEC
Beyond spreadsheets: digitising the archaeological artefact inventory process ����������������������������������������������������� 541
Arianna TRAVIGLIA, Stephen WHITE, Andrew WILSON
Potentialities of 3D Reconstruction in Maritime Archaeology�������������������������������������������������������������������������������� 549
Elisa COSTA, Carlo BELTRAME, Francesco GUERRA
Cultural Heritage Documentation in Cave Environnement Using Low-Cost Means for Archaeologists. Case Study of
the Larchant Caves in the Fontainebleau Forest in France�������������������������������������������������������������������������������������� 557
Aurelia LUREAU, Mehdi BELARBI, Pascal RAYMOND, Régis TOUQUET
Forum Romanum: A 3D Model For Self-Service Educational Purposes�������������������������������������������������������������������� 569
Philippe FLEURY, Sophie MADELEINE, Nicolas LEFÈVRE
The Virtual Reconstruction of a Small Medieval Town: The Case of Briviesca (Spain)��������������������������������������������� 575
Mario ALAGUERO, Andres BUSTILLO, Blanca GUINEA, Lena IGLESIAS
25 Years of Experience in Virtual Reconstructions - Research Projects, Status Quo of Current Research and Visions for
the Future������������������������������������������������������������������������������������������������������������������������������������������������������������� 585
Mieke PFARR-HARFST

Chapter 9. Multi-agent systems and complex system modelling
A Density-Based Simulation Approach for Evaluating Prehistoric Population Fluctuations in Finland��������������������� 595
Tarja SUNDELL, Juhana KAMMONEN
Multi-Agent Modelling of the Neolithic LBK����������������������������������������������������������������������������������������������������������� 595
Jean-Pierre BOCQUET-APPEL, Richard MOUSSA, Jérôme DUBOULOZ
Explaining the Adoption of ‘Innovations’ in Western Europe during Bronze Age: Towards an Agent-Based Simulation����613
Juan A. BARCELÓ, Florencia DEL CASTILLO BERNAL, Giacomo CAPUZZO, Berta MORELL, Joan NEGRE
Spatial Interaction Simulation Methods for Ancient Settlement Distributions in Central Italy�������������������������������� 621
Taylor OSHAN, Carson FARMER, Eoin O’DONOGHUE
Interactions and network analysis of a rock art site in Morro do Chapéu, Bahia, Brazil������������������������������������������ 631
Carlos ETCHEVARNE, Grégoire VAN HAVRE

iv

Proceedings of the 42nd Annual Conference on Computer Applications and Quantitative Methods in Archaeology
CAA 2014 - 21st Century Archaeology/F. Giligny, F. Djindjian, L. Costa, P. Moscati, S. Robert (eds.)

Exploring Intervisibility Networks: A Case Study From Bronze and Iron
Age Istria (Croatia and Slovenia)
Zoran ČUČKOVIĆ
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Abstract
Using the rich archaeological record of 480 hillfort sites during the Bronze and Iron Age in Istria (Croatia and Slovenia), we have
attempted to build a structured approach for investigating intervisibility networks. This analysis is organized in three steps. An exploratory analysis of visual connections is first carried out, particularly focusing on the relationship between the lengths of connection between sites and the network structure. Next, two new indices of integration of individual sites into the network are proposed
and analyzed (connection success and visual neighborhood index). Finally, an approach for examining the statistical relevance of the
observed network is proposed.
Keywords: Visibility Analysis, Intervisibility Network, Gis, Prehistory

Introduction

connections) and the practice which is related to the function
of these connections. First, it cannot be denied that many
societies, including those inhabiting prehistoric Istria,
developed ‘strategies of visibility’ rendering certain aspects of
social life more visible than others (e.g. funerary monuments
[Criado, 1995]). However, this ‘will to visibility’ as F. Criado
puts it, does not need to be conscious or rationalized (ibid).
The structure may emerge as a result of complex social
processes rather than direct intentionality, which is, perhaps,
the essential argument of the structuralist approach (Murdoch,
2005). Hence there is a need for an in-depth analysis of the
observed structure, in particular testing for the possibility of
random emergence (cf. Wheatley, 1995; Brughmans et al.,
2014). We do, nevertheless, consider a functional hypothesis
in the case of the Istrian intervisibility network: that the
intervisibility network facilitated communication exchange.
However, it should be noted that the examination of that
hypothesis is a research incentive more than its presumed
goal. The principal aim of the following analysis is to propose
a methodological framework for the study of intervisibility
networks as prerequisite for consideration of any functional
interpretation.

The first interpretation of prehistoric hillfort sites in Istria,
a peninsula in the Northern Adriatic Sea (Figure 1) was
proposed by the local historian Pietro Kandler in the mid19th century. This promoted the idea of a vast network of
mutually visible fortresses which were dated erroneously
to the Roman period. Their visual connection would have
enabled coordinated actions for defensive or commanding
purposes (Kandler, 1869; Buršić-Matijašić, 2007: 577).
This anecdote reveals a deep-rooted fascination for
intervisibility phenomena, not only in Istria but in many
other regions where hilltop sites abound (Crete – Soetens
et al. , 2008; Bosnia – Benac 1985; Slovenia – Dular &
Tecco Hvala, 2007; Spain – Brughmans et al., 2014).
Intervisibility can be considered as a visual relationship
between two socially meaningful entities: two persons, two
communities, or even those of spirits or ancestors. These
relationships constitute a particular type of social network,
i.e. they facilitate and channel social contact (Hillier
,2005). Likewise, they participate in structuring the social
space by forging visual references to particular places
or constructions (Tilley, 1994, 6). In terms of the long
standing debate over shortcomings of visibility analyses
in landscape archaeology, that is, their limitation for
understanding complex social and cognitive phenomena,
the intervisibility analysis is particularly interesting
because of both, its explicit addressing of intentionality or
at least directionality of the gaze, and its focus on complex
relationships (Frieman & Gillings, 2007; Llobera, 2012).

The analysis is organised through a three-tiered scheme.
First, we begin with an exploratory analysis of visual
connections with particular attention to distances between
sites. Next a connectivity analysis is performed, which is
done using two new metrics, along with the standard index
of betweenness centrality. Third, as a means of testing the
relevance of the observed patterns (i.e. for their potentially
random emergence), a background intervisibility network
of all Istrian hilltops is modelled and compared against the
observed network of archaeological sites.

A crucial problem of intervisibility analysis is the relationship
between the observed structure (the patterns of visual
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Istria, a vast majority of hillforts is supposed to be
established in the Bronze Age, while fewer continued in
the Iron Age (Hänsel et al., 2009; Buršić-Matijašić, 2007).
In any case, a conclusive survey is yet to be made, but
broad contemporaneity of a large number of sites (roughly
two thirds or more) may be hypothesized for the Middle to
Late Bronze Age.

1. Dataset and methodology
The prehistory of Istria is best known for castellieri,
modestly sized Bronze and Iron Age hillforts (1 to 5
ha in surface), surrounded by one or several massive
ramparts (Mihovilić, 2013). Large amounts of pottery,
as well as settlement debris and traces of architecture
found in excavations, indicate that the majority of sites
were inhabited. Some sites display apparent indicators
of higher status, either in terms of their size, imported
goods or particularly rich necropoles that emerged in their
vicinity (Hänsel et al., 2009; Buršić-Matijašić, 2007). The
density of the distribution of these sites in the region is
remarkable — the distances between sites are less than 2
km on average (Table 1).

The dataset presented here has been compiled mainly from
an exhaustive catalogue by K. Buršić-Matijašić (2007)
for the Croatian part of Istria, and S. Poglajen (2007) for
the Slovenian part. The ‘hypothetical’ group from the
catalogue of K. Buršić-Matijašić has been retained in
order to account for possible lack in the verified part of
the dataset (Figure 1). The hypothetical sites tend to gather
in the less researched interior of the peninsula, which
may play a crucial role for assessing the integrity of the
intervisibility network. All analyses were run parallel, with
and without hypothetical sites.

There are, however, many uncertainties regarding Istrian
hillforts. The excavations tend to focus on large, high status
sites, while little is known about small, less intensively
inhabited sites. Many could have served as pastoral
enclosures, especially in the mountainous and karstic areas
(Slapšak, 1995), or even as observation outposts (Teržan
& Turk, 2005). Another problem, related to the lack of
research, is insufficient data on the chronology of the sites:
the vast majority is dated roughly to ‘protohistory’ (BuršićMatijašić, 2007). A recent study of the Northern part of
Istria by M. Sakara-Sučević (2012) has shown that six out
of nine sites examined could have been contemporary in
the Middle or beginning of Late Bronze Age. In southern

Standard viewshed analysis, implemented in many
GIS software packages, can be used for the purpose of
analysing intervisibility relationships (Wheatley, 1995).
However, this approach poses a significant computational
overhead because the usual viewshed algorithm verifies all
potential target points in a given radius, while in our case
only a very limited number of target points is of interest.
Massive viewshed calculations can take days of computing
on a common personal computer (Llobera et al., 2010).

Figure 1: Hillforts of Istria with an example of a site (elevation data: SRTM).

Figure 2: Intervisibility calculation.

GIS and spatial analysis
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Figure 3. Histogram of in,tervisibility connection lengths.

For the purpose of efficient analysis as well as generation
of an appropriate data format for network analysis (a list of
pairs of connected nodes with some supplementary data),
a customized intervisibility algorithm was implemented in
QuantumGIS software (Čučković, 2014). The algorithm
calculates the vertical angle of view towards each pixel
traversed by a straight line connecting the observer and
the target (Figure 2). The target is visible if situated above
the maximum angle of view. Note that the straight line
will rarely touch the centre of intermediary pixels (Figure
2, right): the height values are, therefore, interpolated
between two neighbouring pixels on each side of the tested
line, which is the common or ‘exact’ visibility calculation
(Kaučič & Žalik, 2002).

The histogram displayed in Figure 3 summarizes lengths
of visual connections between Istrian hillforts. The
highest frequency of connections is in the range of 5 to 10
kilometers with a peak at 7 kilometers. Apparently, these
are the ranges which contribute the most to the formation
of the hypothesised network, which can be further verified
by its visualisation (Figure 4). The network layout settles
down to a shape corresponding loosely to the geographical
shape of Istria at a 7 to 10 kilometer distance (‘Force
Atlas’ layout algorithm implemented in Gephi software
was used). That effect is less evident when hypothetical
sites are filtered out, because those are more frequent in
the interior of the peninsula, which plays a crucial role for
the network integrity.

Free SRTM data was used for the digital elevation
model (DEM), with the resolution of three arc seconds,
corresponding to 80 meters in the local projection (Farr
et al., 2007). More precise data of ASTER GDEM1 (30
meters resolution), also available free of charge, are
unfortunately very noisy in the studied area and not as
detailed as might be expected for the nominal resolution.
Although coarse resolution of the SRTM DEM is definitely
problematic for typical viewshed analysis which deals
with a handful of sites in a restricted area, it may be argued
that large numbers of sites, studied over a large area (here
90 x 60 km), would bring some additional robustness to
the analysis (cf. Fisher et al. 1997 for use of a 50 m DEM).

Simple as it may be, the first step in the analysis of the
intervisibility connections reveals a crucial relationship
between network integrity and the distance of connections.
The network becomes a region-wide phenomenon when
connections of 7 or more kilometres are allowed, while at
5 km most parts of Istria already get integrated. The range
of 5 to 10 km is also the most frequent in the distribution
of connection lengths, which may explain the ranges
at which the intervisibility network would have most
efficiently operated. This finding may be further used
to define distance based ranges that shape contact and
communication. The near range would be situated at less
than 5 km from the site. Individual features of neighbouring
sites can still be discerned, large ramparts in particular,
and even acoustic communication can be established.3
The middle range, on the other hand, which covers
distance from 5 to 10 km, offers a larger number of visual
connections so that potential messages may be passed on
with fewer intermediaries over greater distances. Finally,
in far ranges, at distances beyond 10 or 15 km, only large
landscape features remain visible and communication

2. Assembling the network
The intervisibility relationships were calculated for
observers with height (from eye level) of 4 meters,
accounting for massive drystone ramparts recorded
on many excavated sites (Hänsel et al., 1999; BuršićMatijašić, 2007:513). The observer point was placed in the
approximate centre of each site. Only reciprocal visibility
was considered, i.e. if site A sees site B, the same should
be valid the other way around.2
1
2

close range, as in the case of surveillance systems (cf. Yekutieli 2006).
However, at longer distances considered here such relations seem
unlikely, especially if exchange of communication is hypothesized.
3
Drumming, for example, can be very effective means of communication
even beyond 5 km (Finnegan 2012, chap. 17)

ASTER GDEM is a product of METI and NASA.
Non-reciprocal visibility relationships may be an important feature at
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Figure 4: Progressive network integration in relation to increase of the maximum allowed connection distance (d, in
meters). γ denotes graph density.

(Graph density is calculated by dividing the number of observed links by the maximum possible number of links (everybody connected to
everybody - Newman 2010, chap. 6.9))

values tend to have large variances: most commonly tested
locations are spread all over the analysed zone. Note that
both metrics are relative to the local context rather than
to the overall configuration of the intervisibility network:
their purpose is chiefly in measuring local responses to the
potential for visual connection.

exchange becomes complicated. However, a practice of
visual referencing of prominent (symbolically charged)
features may still result in intervisibility networks.
3. Measuring connection
If a standard viewshed from a chosen observer point can
be quantified by absolute values such as surface, average
angle of view, shape etc., in the intervisibility network,
which is composed of pairs of connected nodes exclusively,
we have to rely on measures relative to the context of local
or overall connections in the network. Additionally, the
knowledge of spatial locations of analysed sites can be
used to evaluate the connected sites against other available
but disconnected sites in the vicinity (i.e. in the same
radius of analysis; Figure 5).

In order to study the integration of individual sites into a
possible global flow in the network, one classic metric has
been chosen as well: betweenness centrality. This metric
is calculated by counting how many shortest (or optimal)
paths between all pairs of nodes in a network pass through
each individual node (Newman, 2010, chap. 7.7) It is very
useful for detecting ‘bottleneck’ nodes which act as bridges
connecting different clusters in the network (also known
as ‘hub nodes’). In the case of the Istrian intervisibility
network, the betweenness centrality may help to locate
sites having an important role in maintaining the integrity
of the network.

Two basic intervisibility indices have been developed.
Connection success of a site is defined as the percentage
of the visible target sites in a set of evaluated target sites. A
simple node degree (i.e. the number of connections per site),
is less meaningful since it does not account for the number
of available sites in the vicinity. Visual neighbourhood
index is obtained by subtracting the median length of
unsuccessful connections from the median length of
successful connections. Negative values will, thus, indicate
‘myopic’ sites which keep their connections in the closer
range, while sites having mostly far reaching connections
will have positive index. The calculation is made on
medians rather than on averages of distances because these
GIS and spatial analysis

Our indices were, then, obtained using the intervisibility
algorithm at the search radius of 7.5 km, which is in the
hypothesized optimal distance range (supra). The output
produced by the algorithm, a table of both successful
and unsuccessful connections, makes the calculation of
proposed intervisibility indices a rather straightforward
procedure. The histogram of connection success (Figure
6) displays a slight bimodal distribution, as if there may be
a group of better and a group of less connected sites. The
visual neighbourhood index mostly in the negative range,
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indicating (expectedly) that most of the sites keep their
connections in the closer range. However, there are some
‘long-sighted’ sites which stand out from this ‘myopic’
majority, and which tend to connect farther away within
their 7.5 km neighbourhood. In the scatter plot on Figure
6 the individual sites are distributed according to the two
indices. No tendency of correlation between the success of
connection and visual neighbourhood index is apparent.
The spread of points indicates that even sites with long
connections do not necessarily have a good success.

both success of connection and visual neighbourhood
index in the medium range. The hillfort itself is small to
medium sized (1.8 ha) and single walled, situated on a
dominant hilltop in the north of Istria (Buršić-Matijašić,
2007: 441). Its dating is not quite certain, but the surface
pottery assemblage seems to indicate the Bronze Age.
Krug would be an ordinary Istrian hillfort if it didn’t have
one of the highest betweenness centrality values in the
intervisibility network (especially when the maximum
connection distance is set above 7 km) (Figure 6). The
second example, located at the lower left of the scatter
plot where sites with poor connection success and short
connection distances gather, is the site of Kaštelir near
Nova Vas (Figure 7). The site is exceptionally large for

The relevance of these abstract metrics for understanding
real-world archaeological sites can be illustrated by the
two following examples (Figure 7). The site of Krug has

Figure 5: Calculation of intervisibility indices: the observer point corresponds to Maklavun tumulus near Rovinj (Hänsel et
al. 2009).

Figure 6: Intervisibility indices for analysis radius of 7.5 km.
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Iron Age observation tower from Ostri Vrh in Slovenia.4
In effect, the evidence of complex surveillance strategies
in the Iron Age suggests that larger sites, such as Kaštelir,
could still be well connected to the network through
particular, intermediary sites. Such a higher level of
complexity still remains to be tackled.

Istrian prehistory (13 ha), and after a Bronze Age phase
it became a local centre in the Iron Age (Sakara-Sučević,
2004). A glance on its topographic position – surrounded
on all sides by higher ground – belies bad placement in
terms of visual dominance. In fact it has only 5 visual
links and measures of its connectivity are insignificant.
However, the site is connected to two major hubs in terms
of their betweenness centrality (Figure 6: just above and
below the site), albeit both are considered as hypothetical
sites.

4. Testing for relevance
By scattering observers in the landscape according to a
spatially random process, some of the observers should
see each other thus creating an intervisibility network.
Landscape has inherent visual connectivity. The observed
prehistoric network should, then, differ significantly from
such a random set if it has been shaped by particular, nonrandom processes.

While in the case of Krug the visual connections may have
played a role in the choice of the location of the site (note
the high betweenness centrality), this is definitely not
true for the important settlement of Kaštelir. Apparently,
intervisibility connections (or visibility in general) are
not directly related to the settlement status. In fact, well
connected sites tend to occupy high spots which are more
often than not surrounded by rugged and poor terrain, less
attractive for agricultural practices. Some of those may
even have had surveillance and intervisibility connection
as their primary function, as in the case of the probable

A very popular method for statistical testing of intervisibility
was proposed by David Wheatley. Essentially, his method
uses viewshed surfaces generated from the analysed
The tower is a massive drystone structure of oval shape, 11 meters long,
with walls 1.5 to 2.5 meters in thickness, perched on top of a steep, rocky
hill. Calibrated radiocarbon dates are in the range of 8th to 5th century
BC. The excavators interpret the structure as an element of a surveillance
system over an important land passage (Teržan & Turk 2005).

4

Figure 7: Sites Kaštelir near Brtonigla and Krug near Buje (same scale).

Figure 8: Correspondence of hilltops and prehistoric hillforts (map coverage: surroundings of Rovinj).
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Figure 9: Connection success of analysed hilltop population.
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Figure 10: Median betweenness centrality for distance based models of the hilltop intervisibility network.

locations (i.e. sites) and tests whether the same sites tend to
gather in zones with dense viewshed overlaps (Wheatley,
1995). However, that method operates in a uniform,
indiscriminate space; the null hypothesis is that sites had
equal chances of being placed anywhere in the landscape.
That may work for some types of sites, such as prehistoric
tumuli analysed by Wheatley, but not for hillforts which,
by definition, occupy hills or elevated positions.

period under study, seems solid enough for statistical
analysis, even if obviously biased by virtue of applied
topographic criteria.
The intervisibility analysis was repeated on the sample
of extracted hilltops, but with the observer and target
heights set to two meters, considering these locations to
be devoid of particular constructions (i.e. higher than half
a metre). The same observer height was used regardless of
the eventual prehistoric occupation of hilltops, in order to
provide an unambiguous basis for statistical comparison.
The complexity of the obtained network is enormous:
more than 400 000 visual connections for the analysis
radius of 20 km. Regarding the presence of archaeological
evidence on the observer and target locations, three types
of connections are considered here: 1) unoccupied hilltops
to all hilltops, 2) occupied hilltops to all hilltops, and 3)
occupied hilltops to each other.

In order to develop a test more appropriate for our dataset,
the background population of possible hillfort locations
was reduced exclusively to hill-tops. These are defined as
locations (here pixels in the DEM) which have the highest
height value in a radius of 250 meters. Setting this radius
to smaller values (equivalent to one or two pixels size) will
likely result in selecting insignificant ‘noise’ in the DEM.5
Close to two thirds of site locations (64%) correspond to
the applied hilltop criteria (Figure 8). Apparently, many
hillforts occupy other types of topographic positions,
such as ridges or spurs, which have to be isolated by more
sophisticated methods.6 Nevertheless, the obtained sample
of 2.813 hilltop sites, of which 310 occupied during the

The histogram on Figure 9 shows the connection success
(i.e. the percentage of successful links) for one-kilometre
wide distance ranges.7 A strong tendency towards better
connection between occupied hilltops is apparent. The
statistics of betweenness centrality was calculated for six
network models, each defined by the maximum distance
allowed for establishing visual connection (Figure
10). These values have very large variances, and their

The noise, i.e. insignificant topographic prominences or simply
fluctuations of the DEM, is difficult to avoid in any case. For the purpose
of our analysis ‘hilltops’ less than a meter in height and situated in
completely flat areas were manually deleted.
6
Another problem is the definition of hillfort which is inevitably
ambiguous. Preferably, it is 1) relatively large site, 2) delimited by
massive rampart and 3) situated on an elevated position. However, not
all of these criteria are met in cases such as coastal hillforts or small,
possibly seasonally occupied hillforts (cf. Buršić-Matijašić 2007, 485ff.)
5
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Previously discussed connection success index evaluates the success of
individual sites while here the links are grouped according to their length,
regardless of sites they connect.
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distribution is extremely skewed, which is otherwise typical
of this metric (Newman, 2010: chap. 7.7). Therefore,
medians rather than means were used. Again, occupied
hilltops differ from unoccupied ones, in particular after
5 km, which corroborates with the previous observation
that the visual connections tend to concentrate in the range
from 5 to 10 km. In order to verify statistically the observed
differences in betweenness centrality the non-parametric
Wilcoxon-Mann-Whitney test, which compares median
differences of two samples, was used (Table 2). A very
small (< 0.2) effect size of all differences should be noted,
which indicates that these populations still resemble each
other very much, even if their differences are statistically
significant (p < 0.05).8

should be tested by more advanced methods (see esp.
Brughmans et al., 2014).
It can be concluded now that hilltop sites play a key role
in the connectivity of the network and that intervisibility
relationships did influence choices of site location, which
seems less clear for other, non-hilltop archaeological
sites. Indeed, the bias introduced by selecting hilltop
sites enabled at the same time to filter out sites with poor
connection potential.
Conclusion and perspectives
It is hoped that the analysis of Istrian prehistoric hillforts
demonstrated the existence of a web of intervisibility
relations as a distinct cultural phenomenon. A consistent
tendency towards settlement locations offering better
intervisibility connections is discernible, particularly
at the middle distance range (between 5 and 10, at
maximum 15 km). Distance is apparently a key variable
for understanding intervisibility networks, not only in
terms of presumed function (see below), but also in terms
of the potential for visual communication offered by the
landscape. Nevertheless, intervisibility studies often
present network models with connections ranging from 0
to beyond 30 km (e.g. Dular et al., 2007; Soetens et al.,
2008). In the outlook, an exploration of interplay between
near, medium and far distance ranges (as proposed above)
in the intervisibility network is envisaged, aided by
modelling networks where connections are weighted by
distance.

Further clues on the character of the intervisibility network
can be obtained through graph theory, namely by examining
the statistical distribution of node degrees (i.e. number of
links per node). The simplest networks, formed by the
random selection of links created with a set probability
(called Bernoulli or Erdős-Rényi random graphs), will
have a binomial or Poisson degree distribution (Newman
2010, chap. 12.3). Indeed, that is precisely the case with
the intervisibility network of all hilltops (Figure 11). Much
the same is valid for the population of all hillforts in the
dataset, but the statistic becomes more interesting when
hypothetical sites are eliminated. A tendency towards
dispersion in degree distribution can be discerned in the
group of attested hilltop sites (Figure 11). The network
of hilltop sites, thus, features a higher proportion of wellconnected nodes (with normalized degrees above 0.5),
at least in comparison with the network of all hilltops.
However, the exact relationship between these networks,
including possible differences from a random pattern,

Two new indices for the insertion of sites into the
intervisibility network are proposed: the connection success
and the visual neighbourhood index. Both make use of data
that are absent from the intervisibility network, namely the
unsuccessful connections to sites which are close by but
hidden from sight. Such an approach is explicitly local
inasmuch as it evaluates individual responses of sites to
the intervisibility network. Consequently, the proposed

The effect size was calculated as r = z / √N, where z is the z-score and N
the number of all observations (Fritz et al. 2012). wilcox.test and wilcox_
test functions from R software, with paired option set to False, were used
for obtaining these values. The basic assumption of the Wilcoxon-MannWhitney test is that groups have similar distributions, while conformity
to normal distribution is not required (Wilcox 2009, 273).

8

Radius of
analysis

3 km

5 km

7.5 km

10 km

15 km

20 km

W

342391

304235

284040

276330

268640

275264

p

0,0007562

5,72E-010

< 2,2e-16

< 2,2e-16

< 2,2e-16

< 2.2e-16

Effect size (r)

0,06

0,12

0,15

0,16

0,17

0,16

Table 2: Results of Wilcoxon-Mann-Whitney test for betweenness metric.

Figure 11: Degree distributions for networks with maximum connection distance of 7.5 km.
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indices may be better suited for evaluating sites in their
local context than the node degree metric, as demonstrated
on cases of two hillforts. Many more parameters can
be evaluated in the same manner, such as azimuths of
connections or types of sites engaged. Such elaborate data
may be used to investigate an experiential context of a site
(i.e. visual references with the surrounding landscape), as
well as to nuance the often globalising approach of the
network analysis.

conclusions, which have been subject to critique (cf.
Briault, 2007). Diving deeper into the complexity of visual
networks and examining them in their own right is crucial
if these critiques are to be confronted.
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Testing for statistical relevance of the intervisibility
network is not an easy endeavour. It was not possible to
use the elegant and very popular solution by D. Wheatly
(1995) which tests the observed population against
uniform spatial distributions – our sites are normally on
hilltops. All Istrian hilltops were therefore isolated as the
background population of potential sites and analysed
using the intervisibility algorithm. This approach is useful,
but comes with an important caveat. Moving away from
the expectation of uniform spatial distribution, we’re
stepping into predictive modelling (Verhagen & Whitley,
2012). That would certainty introduce a new scale of
complexity, but would also enable evaluating intervisibility
against other factors in the choice of site locations, such as
topography, environment or social relationships.
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