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Resum

Aquesta tesi doctoral versa sobre una proposta metodologica per estudiar els
fenomens espaciotemporals en contextos historics i arqueologics.

A partir de tres casos d’estudi proposem un marc de treball que perme-
ti estudiar dinamiques temporals succeides a escales diferents, tot tenint en
compte les particularitats de cada escenari, les preguntes de recerca i els tipus
de dades utilitzats per a respondre-les. Els casos d’estudi sén els segiients:
a) el setge de Barcelona de 1714, b) una comparaci6 de la zona que comprén
la Depressié Prelitoral durant el bronze final i la primera edat del ferro, i ¢)
I’analisi dels patrons de poblament durant la prehistoria recent a la zona de
la conca del riu Besos. El resultats de cadascun d’aquests escenaris han estat
presentats en forma d’article de recerca en revistes d’alt impacte internaci-
onal. En conjunt conformen una imatge global a on estan representades les
tres escales temporals comunes a qualsevol estudi del passat: un esdeveni-
ment de curta durada (dies), una dinamica de mitjana durada (segles), i un
de llarga trajectoria (mil-lennis).

Aquest projecte de tesi fa servir aquests tres casos d’estudi per tal de
realitzar una proposta d’aproximacié metodologica integradora per 1’analisi
espaciotemporal de les dades arqueologiques i historiques.

Abstract

This PhD dissertation presents a methodological proposal to study spatio-
temporal phenomena within historical and archaeological contexts.

The proposal is based on the application of a common framework to
three case studies. The aim of this approach is the analysis of temporal
dynamics at different scales while taking into account the particularities,
research questions and data sources defined in the different scenarios. The
case studies were defined as follows: a) the 1714 siege to the city of Barcelona,
b) a comparative analysis of late bronze age and first iron age periods for
the catalan coastal and precoastal ranges, and c¢) the analysis of settlement
patterns during late prehistory in the Besos river basin. The results of each

15
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of these works have been presented as indexed paper in international high-
impact journals. They form together a global perspective encompassing the
three temporal scales commonly used in any study of the past: a short-
term event (days), mid-term dynamics (centuries) and long-term trajectories
(millenia).

This PhD project integrates the three case studies into a methodologi-
cal integrative approach designed to improve the spatiotemporal analysis of
archaeological and historical data.



Capitol 1

Presentacio

En aquest primer apartat presentem els treballs que formen part d’aquesta
tesi doctoral, aixi com la seva unitat tematica i el context del projecte del
grup del recerca on s’han realitzat.

1.1 Presentacio dels treballs

Aquesta tesi doctoral es presenta com a compendi d’articles amb el vist i plau
i sota la regulacions de I’Escola de Doctorat de la Universitat de Barcelona.
El treball inclou tres articles originals que han estat publicats en revistes amb
un sistema de revisié per pars. Les tres revistes presenten un factor d’impacte
dins del primer quartil, d’acord amb el 2014 Journal Citation Report (JCR),
per les categories de Anthropology, Social Sciences € Interdisciplinary.

La llista completa de referencies dels articles que formen aquesta tesi i el
seu factor d’impacte és:

e Rubio-Campillo, X., Cardona, F.X.H., Yubero-Gémez, M., 2014.
"The Spatiotemporal Model of an 18th-Century City Siege'. Soci-
al Science Computer Review doi:10.1177/0894439314558559 - Factor
d’impacte (2014): 1.36

e Yubero-Gémez, M., Rubio-Campillo, X., Lopez-Cachero, F.J., Esteve-
Gracia, X., 2015. "Mapping changes in late prehistoric landscapes: A
case study in the Northeastern Iberian Peninsula'. Journal of Anthro-
pological Archaeology 40, 123-134. d0i:10.1016/j.jaa.2015.07.002 - Fac-
tor d’impacte (2014): 1.906

e Yubero-Gémez, M., Rubio-Campillo, X., Lépez-Cachero, J., 2015.
"The study of spatiotemporal patterns integrating temporal uncertainty
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in late prehistoric settlements in northeastern Spain'. Archaeological
Anthropological Sciences 1-14. doi:10.1007/s12520-015-0231-x - Factor
d’impacte (2014): 1.878

1.2 Unitat tematica

Els tres articles presentats responen a una mateixa unitat tematica, en tant
que tots tres proposen solucions i aproximacions multidiciplinars per integrar
la incertesa espaciotemporal en I'estudi del passat, tot integrant tota ’eviden-
cia disponible (especialment arqueologica perd també historica) mitjangant
un Sistema d’'Informacié Geografica. Els tres casos d’estudi presenten carac-
teristiques tniques que fa que siguin complementaris des d'un punt de vista
metodologic. Tots tres presenten escales temporals diferents: dies, segles i
mil-lennis. De la mateixa manera, en els tres casos hem creat models formals
per tal de poder treballar amb dades fragmentades, informaci6 espacial de
les dades arqueologiques i historiques i alhora integrar la incertesa inherent
en aquestes dades.

Els tres articles presentats corresponen a tres casos d’estudi triats per
poder modelitzar la incertesa espaciotemporal en diferents escales temporals.
Els casos d’estudi son els segiients:

e Esdeveniments de curta durada: Setge de Barcelona a l’estiu de 171/

L’important paper que el terreny juga dins la guerra ha promogut una
intensa relacié entre els conflictes militars i I'is de tecniques disse-
nyades per entendre l'espai. Aquest és especialment rellevant des de
I’época moderna. Els enginyers, que tant construien com assaltaven
les defenses de les ciutats, registraven els esdeveniments amb diferents
tipus de documentacio, incloent informes, diagrames i mapes. La gran
majoria d’aquests documents contenen informacions espacials i tempo-
rals, pero son dificils d’integrar en un marc de treball comu degut a
la seva heterogeneitat. En aquest context, els Sistemes d’Informacio
Geografica proporcionen les eines necessaries per analitzar tot el po-
tencial que presenten aquestes fonts de caracter militar. Aquest treball
proposa una nova aproximacio a l'estudi dels setges utilitzant un model
espaciotemporal capag d’integrar fonts cartografiques, arqueologiques i
textuals.

Els principal objectiu d’aquest primer treball és definir una metodologia
par tal d’avaluar hipotesis de treball concretes a partir d’evidencia pro-
cedent de multiples fonts de dades. El cas d’estudi per aplicar aquesta
metodologia és el setge Franco-Espanyol de la ciutat de Barcelona al
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1714. Els protagonistes del setge van enregistrar el desenvolupament de
I’accié. Igualment, diferents autors van descriure I’esdeveniment com a
paradigma d’una ciutat assetjada. Per aquesta rad, el model ha estat
emprat per explorar per que les accions reals varen ser desviades de
les guies que apareixen als manuals. En aquest context, explorem dues
qilestions: a) per que els atacants escullen assaltar un sector particular
de la ciutat i b) els factors que expliquen les baixes dels assetjats.

Els resultats de I'article serveixen per a proposar eines metodologiques
capaces d’integrar informacié heterogenia per entendre un fet historic
de curta durada. En particular, entendre les dinamiques d'un setge
del segle XVIII no només té un abast militar, sin6 que també explica
la configuraci6 del paisatge urba de I’epoca i I'impacte del mateix en
I’Europa actual.

e Esdeveniments de durada mitjana: FEstudi comparativ de les dinami-
ques de canvi del bronze final a la primera edat del ferro entre les dues
ribes del Llobregat

Durant el bronze final i la primera edat del ferro (1300-550 ane) el
Mediterrani va ser un focus intens d’interconnectivitat. El desenvolu-
pament de I'intercanvi comercial va incrementar de manera exponencial
al llarg de les seves costes com es pot observar en l'evidencia arqueo-
logica. Aquests processos de gran magnitud van tenir un impacte en
totes les escales i territoris propers a les principals vies de comerg. No
obstant, aquest procés va ser altament divers en totes les seves for-
mes. Aquest treball presenta un cas d’estudi enfocat en dues zones
adjacents a la costa del nord est de la Peninsula Iberica, comprenent
el territori corresponent avui en dia al Baix Llobregat, Barcelones, Va-
llés Occidental, Vallés Oriental, Maresme, Garraf i Alt i Baix Penedes.
L’analisi espacial ha estat portat a terme per explorar les trajectories
de les dinamiques de poblament durant aquests dos periodes.

Per comparar ambdues arees i periodes, i identificar-ne les diferencies
principals hem explorat variables geografiques basiques, els patrons de
mobilitat i la distancia als corredors naturals. No obstant, una de les
arees va ser radicalment influenciada per les rutes de comerg a la pri-
mera edat del ferro, mentre que 'altre sembla no estar afectada de la
mateixa manera per aquest factor extern. La interpretacié d’aquestes
analisis suggereixen que l'augment de la connectivitat no va ser homo-
geni en tot el Mediterrani Occidental, pero en les regions on va tenir
lloc, aquest factor va esdevenir decisiu per explicar la seva trajectoria
historica.
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e Esdeveniment de llarg recorregut: FEstudi de l’evolucio del poblament
als jaciments localitzats a la conca del riu Besos del neolitic a la primera
edat del ferro.

Aquesta article explora la integracié de dos factors que sén tipicament
dificils d’emprar en 'analisi espacial: temps i incertesa. El marc de
treball ha estat desenvolupat per analitzar a mig i llarg termini la va-
riacié en les dinamiques de poblament durant la prehistoria recent al
NE peninsular. Seguint propostes d’obres anteriors hem creat un mo-
del aoristic construit a partir de les datacions relatives de materials
arqueologics. Aquest model ha permes integrar la incertesa de les da-
des en ’avaluaci6é d’hipotesis de treball a partir d’'un metode estocastic
conegut com a simulacions Monte Carlo.

El meétode ha permes explorar el cas d’estudi emprant una aproxima-
ci6 discreta als passos de temps i calculant les probabilitats d’absencia
i presencia de poblaments en funci6é de les datacions existents. Igual-
ment, les datacions radiometriques disponibles també han estat incloses
per validar la precisio dels resultats de la simulacié. Partint de la clas-
sica analisi estatica de les variables inherent als Sistemes d’Informacio
Geografica el model proposa una aproximacié on els investigadors po-
den integrar la variable temporal i la incertesa associada. Els resultats
mostren que els patrons detectats per 'analisi espacial classica poden
ser artefactes derivats de la falta d’aquesta integracié espaciotemporal.
El model és també utilitzat per comparar variacions identiques on la
ratio de canvi, analitzada des d’aquesta perspectiva, és totalment di-
ferent. En altres paraules, més enlla de comparar diferents periodes
es proposa calcular la velocitat de canvi en els patrons d’assentament
per tal de trobar possibles variacions dificilment identificables amb un
analisi espacial tradicional.

1.3 Context global de la recerca

Aquesta recerca s’ha portat a terme dins del marc del grup de recerca Se-
minari d’Estudis i Recerques Prehistoriques (SERP) de la Universitat de
Barcelona liderat pel Dr. Josep Maria Fullola i Pericot, del qual I'autora en
forma part en qualitat d’investigadora.

El SERP és un grup de recerca en el camp de la Prehistoria vinculat a
la catedra de Prehistoria del Departament de Prehistoria, Historia Antiga
i Arqueologia, i que fou fundat I'any 1986. D’aleshores enca centra el seu
treball en la reconstruccié paleoambiental i I’estudi de ’evolucié cultural dins
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la Prehistoria partint de la premissa de la interdisciplinarietat®.

El projecte de recerca presentat en aquesta tesi doctoral encaixa perfec-
tament amb les linies d’investigacié del SERP, i en concret en el marc dels
estudis transdisciplinars relatius a les poblacions holocenes. Aquests s’han
dut a terme dins diferents projectes financats HAR2011-26193, HAR2013-
48010-P, 2009SGR-01145 aportant noves visions que fan servir el potencial
de 'analisi espacial i altres metodologies quantitatives.

El nostre director i tutor F.Javier Lopez Cachero forma part del mateix
grup de recerca, a on lidera la linia dedicada a prehistoria recent. Ha fo-
namentat aquesta linia a través de la participacié en nombrosos projectes i
publicacions centrats en 'estudi de les societats del bronze final i primera
edat del ferro al Nord-est peninsular. Pel que fa al nostre segon director (i
també coautor dels articles), Xavier Rubio Campillo, forma part del grup de
recerca Computer Applications in Science & Engineering CASE del Barce-
lona Supercomputing Center - Centro Nacional de Supercomputaciéon, a on
aplica metodes quantitatius per estudiar els processos de canvi cultural (amb
especial émfasi en els escenaris de conflicte). La combinaci6 de tots dos va
ser crucial pel desenvolupament dels casos d’estudi on s’havien de combinar
dades quantitatives i qualitatives, tot aplicant metodes innovadors d’analisi
a problematiques arqueologiques de caire divers.

Durant aquest periode hem treballat amb diversos investigadors del SERP
també involucrats en les linies de recerca relacionades amb les noves tecnolo-
gies i la dinamica d’assentaments. FEn concret, el SERP presenta una recerca
consolidada en 'ambit de ’analisi espacial gracies a l'investigador Xavier
Esteve i Gracia (Esteve, 2006; Bouso Garcia et al., 2004). Esteve és també
coautor d’un dels articles presentats en aquest treball.

La recerca duta a terme ens ha permes també col-laborar amb altres grups
de recerca. Per poder dur a terme 'analisi del setge de Barcelona al 1714 va-
rem comptar amb la inestimable ajuda de I'investigador F.Xavier Hernandez
Cardona, catedratic i investigador principal del grup de recerca DIDPATRI
(Universitat de Barcelona). Fruit d’aquesta col-laboracié, i juntament amb
en Xavier Rubio Campillo, varem tirar endavant la idea de desenvolupar un
marc de treball integrat per estudiar el setge de Barcelona des d'una pers-
pectiva espaciotemporal.

Per ultim, les metodologies desenvolupades pels casos d’estudi descrits
no serien possibles sense les nostres estades a la Universitat de Southampton
i a la University College London. A 1’Archaeological Research Computing
Group ens vam centrar en l'estudi de patrons de mobilitats. Pel que fa
a la segona estada realitzada al GIS Lab ens varem centrar en 'estudi de

thttp://www.ub.edu/SERP consultada el dia 22/09/2015
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la incertesa temporal en casos d’estudi arqueologics. L’aprenentatge dut a
terme a tots dos centres esta explicitament representat en aquest treball a
partir de la introduccié d’estudis espacials quantitatius a on s’ha integrat la
incertesa inherent de les dades arqueologiques.

1.4 Estructura

Hem dut a terme una presentacié dels treballs publicats i les seves carac-
teristiques. Procedirem a fer una presentacié de l'estructura i els apartats
d’aquesta tesi doctoral. Aquest treball esta estructurat en tres blocs princi-
pals d’acord amb la normativa vigent de presentacié per tesis per articles de
la Universitat de Barcelona. Tots ells van precedits pels abstracts traduits al
catala de les tres publicacions, aixi com un explicacié global del context on
s’ha dut a terme la recerca.

El primer bloc introdueix els temes de la tesi doctoral al capitol 2. En
ell es fa un repas de les problematiques a abordar, els objectius de la recerca
i també on s’explica el marc teoric on s’integra la tesi. Aquest primer bloc
acaba amb el capitol 3, a on repassem les eines i tecniques utilitzades per
realitzar la recerca. Es aquest capitol un component essencial d’aquesta tesi,
donada la seva alta carrega innovadora a nivell metodologic i tecnic.

El segon bloc esta format per els tres articles que conformen el treball. El
capitol 4 presenta l'article The Spatiotemporal Model of an 18th-Century City
Siege, on es mostra un analisi espaciotemporal del setge de Barcelona. Es un
exemple d’analisi d'un esdeveniment de curta durada. El capitol 5 presenta
I’article que porta per titol Mapping changes in late prehistoric landscapes:
A case study in the Northeastern Iberian Peninsula, on es mostra un segon
cas d’estudi centrat en dinamiques de canvi de durada mitjana. Aquest
correspon a la comparacié de dos territoris veins situats al NE peninsular
durant les cronologies del bronze final i la primera edat del ferro. L’ultim
apartat d’aquest bloc és el capitol 6, i correspon a l'article The study of
spatiotemporal patterns integrating temporal uncertainty in late prehistoric
settlements in northeastern Spain on es presenta un analisi espaciotemporal
de llarga durada del poblament prehistoric a la zona de la conca riu Besos.

El tercer bloc esta format pels capitols 7 i 8, centrats en la discussio dels
resultats i les conclusions. En el primer presentem un resum de la discussio
dels treballs i una discussié globals dels resultats. En el segon cas presentem
les conclusions globals de la recerca.

Per ultim, en I’Apendix A es troben tots els articles publicats amb la seva
maquetacié original. Cal destacar que tota la informacié relacionada amb les
bases de dades i codi font emprats durant aquest treball estan llicenciats
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com a programari lliure, i es poden trobar al segiient repositori de GitHub:
https://github.com/myubero/tesi.
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Capitol 2

Introduccid

2.1 La identificaci6 de patrons espacials en
I’estudi del passat

Actualment els Sistemes d’Informacié Geografica (GIS)! s’han convertit en
una eina indispensable dins del mén de 'arqueologia (Per una discussié més
extensa sobre aquesta eina consultar el capitol 3, p. 39). La seva capacitat
analitica i integradora fan que siguin necessaris en qualsevol ambit d’estudi.
Aquesta eina que és basicament una base de dades espacial s’ha popularitzat
en els darrers 20 anys. Aixo ha permes que durant aquest temps el seu s
s’hagi disparat de manera exponencial en el camp de I'analisi espacial. Avui
dia, un dels principals reptes que afronta la disciplina és treballar en un
marc teoric més robust per donar resposta a reptes generats per la casuistica
de les dades arqueologiques i historiques. Exemples d’aquests reptes séon
la incertesa en les dades, la seva fragmentacio, la integracié de la dimensio
espacial en els models geografics o com treballar les diferents escales d’estudi
en els diferents casos d’estudi (Lock & Molyneaux, 2006).

Res millor que diversos exemples per il-lustrar la rellevancia dels GIS en
la recerca actual. Un dels millors exponents d’aquesta aproximacié multi-
disciplinar basada en Sistemes d’Informacié Geografica és el Kythera Island
Project (Bevan & Conolly, 2004, 2013), dirigit per Cyprian Broodbank (Uni-
versity College London) i Evangelia Kiriatzi (Fitch Laboratory, British School
of Athens). L’objectiu de la seva recerca es va basar en estudiar la diacronia
del poblament durant 7000 anys a l'illa de Kythera (Grécia) emprant totes
les ciéncies auxiliars disponibles a I’abast: geoarqueologia, GIS, geofisica, pa-

! A mode d’aclariment volem remarcar que els acronims GIS, provinent del terme angles
Geographic Information System, i SIG, conseqiiencia de la traduccié anglesa, es fan servir
com a sinonims actualment. Al llarg del text farem servir sobretot la primera de les formes.
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linologia, arqueometal-lurgia i estudis de materials ceramics, entre d’altres.
L’interes del projecte rau en que aquesta illa esta situada en un lloc estrategic
per a les comunicacions entre I’'Egeu i la Mediterrania central, i sobretot per
que havia estat molt poc estudiada. L’is del GIS dins del projecte va tenir
un paper preponderant ja que va permetre: la integracié de totes les troballes
en un mateix marc de treball; la creacié d’'una metodologia especifica tenint
en compte el tipus de dades; treballar les dades de procedents de la botanica,
geoarqueologia i la recerca d’arxiu; i explorar quantitativament els resultats
de I'excavacio.

Un segon exemple, similar al cas anterior, és el projecte de La Balagne
Landscape Project a la illa de Corsega, dirigit per C. Weiss, Marcos Llobe-
ra, Keith Wilkinson i Nick Branch (Llobera et al., 2010). Es tracta d’una
recerca destinada a coneixer 1’evolucié del paisatge a la regié de La Balagne
i les implicacions simboliques i socials que hi estan associades. Una altre
vessant d’aquesta recerca esta molt relacionada amb l'estat de l'art en la
recollida de dades i el seu tractament amb sistemes d’informacié geografica.
Aquesta darrera qiiestié és molt interessant, ja que la mateixa recerca obliga
al plantejament de noves metodologies, més adequades per a cada tipus de
dades.

Una tercera mostra d’aquestes rellevant innovacions metodologiques ba-
sades en els GIS és el treball de Hai Zhang, Andrew Bevan, Dorian Fuller i
Yanming Fang sobre la combinaci6 de ’arqueobotanica i les aplicacions dels
GIS (Zhang et al., 2010; Silva et al., 2015). En aquesta recerca s’han pogut
analitzar qiiestions relacionades amb el desenvolupament de l'agricultura a
la vall del riu Ying (Xina) des del neolitic fins 1’edat de bronze. Mitjangant
I’analisi de components principals i el GIS s’han pogut detectar les zones més
adients per I'agricultura, el seu desenvolupament i la relacié d’aquest fet amb
I’entorn i el medi ambient.

Els estudis centrats en la Peninsula Ibérica presenten també nombro-
sos exemples d’aquesta tendencia. Un cas comu és 'estudi de dinamiques
d’assentament i localitzaci6, des d’exploracions a nivell micro (registre en
superficie i analisi de densitat de materials) a grans estudis a nivell regional i
macro (captacié de recursos, pautes de visibilitat i vies de pas). En qualsevol
cas, 1'ts de GIS s’ha establert com una técnica interessant per a qualsevol re-
cerca del passat (Parcero Oubina & Fabrega Alvarez, 2006; Murrieta-Flores,
2012, 2010; Garcia-Sanjian et al., 2006; Bermuidez Sanchez et al., 2006).

Altres estudis com els de visibilitats entre assentaments o 1'is de rutes
de minim cost sén també usuals, tant per cronologies prehistoriques com en
casos més moderns. Exemples en tenim amb els estudis d’art rupestre a la
zona d’Alacant (Fairén-Jiménez, 2004) o a la zona de Santolea a Teruel (Mar-
tinez Bea, 2006), on la visibilitat, en les seves diferents variants i les rutes
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optimes s’utilitzen conjuntament per buscar les possibles variables geogra-
fiques que porten a la ubicacié de les pintures llevantines. L’estudi de les
gradients, aspectes, vies de pas i les visibilitats donen noves dades per a la
interpretacié de I'art rupestre llevanti i els assentaments neolitics. Altres tre-
balls com els realitzats als conjunts megalitics de Sierra Morena Occidental
(Huelva i Sevilla) (Murrieta Flores & Wheatley, 2008; Wheatley et al., 2010;
Garcia-Sanjtan et al., 2006; Murrieta Flores & Wheatley, 2008) han permeés
analitzar mitjancant el metode de la conca visual acumulada un conjunt de
36 monuments megalitics i 4 assentaments. Els investigadors han treballat
les relacions visuals existents tant entre els megalits, com entre aquests i els
assentaments, per intentar definir comportaments de caire simbolic i ideolo-
gic. Un altre exemple d’analisi de visibilitats en época iberica i romana el
trobem en el treball de Ruestes i Bitria (2006), que a partir d’aquesta tec-
nica i dels poligons Thiessen tracta d’analitzar els patrons d’assentament en
aquestes dues epoques a la zona de la Laietania litoral.

Ens agradaria remarcar que aquests son alguns dels exemples que podriem
posar, pero n’hi ha molts i de molta qualitat. La quantitat de treballs que hi
ha sobre les aplicacions del GIS a ’arqueologia és molt destacable, pero per
desgracia sembla que aixo no ha anat acompanyat d’una similar repercussio
al nostre pais. En aquests moments sembla que existeix cert creixent interes
sobre aquestes aplicacions, pero val a dir que encara queda molt a treballar.
En concret, cal afrontar una serie de reptes que encara son presents a 1'is de
GIS en l'estudi del passat, i és en aquest context de recerca que s’emmarca
aquest projecte de tesi doctoral.

2.2 Objectius de la recerca

La finalitat principal d’aquesta tesi doctoral és la generacié d’eines d’analisi i
coneixement entorn a l'estudi de variables espaciotemporals en contextos ar-
queologics i historics. Els objectius de la recerca que ens plantegem, tenint en
compte les consideracions anteriors, els podem agrupar en dos grans conjunts:
objectius globals i objectius concrets. Els primers corresponen al desenvo-
lupament d’una metodologia flexible, integradora i acurada que ens permeti
treure el maxim rendiment a les dades de les quals disposem i replicable en
altres contextos historics i arqueologics. Els segons fan servir I’aproximacio
metodologica proposada per tal de generar coneixement a partir de la seva
aplicacié a casos d’estudi particulars.

Els objectius global d’aquesta recerca es poden definir de la segiient ma-
nera:

e Adaptar la metodologia existent a les peculiaritats dels casos d’estudi i
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de les seves variables espacials i temporals. Es a dir, tenint en compte
el nostre registre volem desenvolupar una metodologia que ens permeti
aproximar-nos als patrons espacials i temporals.

Aportar una millora a les técniques d’analisi espacial incloent la incer-
tesa com eix de les analisis. D’aquesta manera, volem fer un pas més
enlla i incloure les variables temporals en el model d’estudi. Aquest
objectiu és de vital importancia, ja que permet aportar una dimensio
temporal. El principal problema que presenten els SIG és que la seva
seva capacitat d’analisi serveix per estudiar una imatge estatica, no
esdeveniment continuu.

Aquests objectius globals son la base amb la qual s’han definit objectius

concrets per tres casos d’estudi, corresponent a tres escales temporals dife-
rents i a la vegada complementaria: a) esdeveniments de curta durada, b)
esdeveniments de durada mitjana i c¢) esdeveniments de llarga durada. Aixi
doncs, a continuacié exposem els objectius concrets de la nostra recerca:

e Respecte al primer cas d’estudi, 1’objectiu principal és crear un marc

de treball on combinar les dades procedents de ’arqueologia, fonts es-
crites i geografiques i avancar cap a un model més quantitatiu que
permeti avancar fer interpretacions més informades, no només descrip-
tives. Aquest esdeveniment és ideal per acomplir aquest objectiu. La
relacié que s’estableix entre la geografia, el temps, i el procés de decisio
dels enginyers és tan heterogeni que no pot ser analitzat emprant no-
més una unica font. Per aquest motiu, un model geografic és la millor
solucié per integrar aquesta informacio.

Pel que fa al a segon cas d’estudi, 'objectiu és comparar espacialment
dues zones veines i similars en les cronologies del bronze final i la pri-
mera edat del ferro com sén les dues ribes del riu Llobregat. Per una
banda tindriem Alt i Baix Penedes, el Garraf i el Baix Llobregat, i per
I’altra Valles Occidental i Oriental, el Maresme i Barcelones.

I per tdltim, pel que fa al tercer cas d’estudi, és analitzar el poblament
prehistoric a la conca del riu Besos tenint en compte la fragmentacio
de les dades i la seva incertesa.

2.3 L’Gs de models geografics en arqueologia

Abans de definir la metodologia de recerca és necessari establir el context
en el qual s’emmarca aquesta projecte. quest punt és realment important,
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sobretot, des dels canvis radicals en la manera d’entendre la investigacio a
partir dels anys 60. Aixi doncs, és essencial entendre com aquestes eines
informatiques, que van entrar en ple funcionament en la década dels anys 90,
han estat integrades dins els estudis arqueologics, tant a nivell teoric com
practic. En conseqiiéncia, és necessari explorar com han estat inclosos els
GIS dins d’aquests marcs de pensament i de treball. Les corrents teoriques i
practiques, en definitiva, son les que modelen la forma de fer arqueologia: com
recollir dades, tractar-les i estructurar-les i com, en darrer terme, interpretar
els analisis i extreure’n conclusions (Lock, 2009a, 75).

La creacié de models geografics mitjancant Sistemes d’Informacié Geo-
grafica no es va popularitzar dins la recerca historica i arqueologica fins la
decada dels anys 80. Va ser a I’ambit anglosax on van apareixer les primeres
publicacions (Kholer & Parker, 1986) sobre aquesta tematica, donant molta
emfasi als models predictius. De fet, es tracta d’una disciplina jove, ja que
només té uns 35 anys de tradicié.

Tot i que el seu s no esta completament normalitzat ni generalitzat, es
tracta d'una de les renovacions metodologiques més importants dels darrers
anys, en quant arqueologia es refereix. Aquest factor es combina tradicional-
ment amb altres tecnologies de caire computacional, del que n’és un exemple
el congrés internacional que es celebra anualment dedicat a aquests temes,
conegut com a Computer Applications in Archaeology?.

Malauradament cal dir que tant a Catalunya com a l’estat espanyol aques-
ta metodologia no esta encara ben assentada. L’is sistematic del GIS és
encara una feina pendent a resoldre en el nostre pais, especialment en relacié
a la seva integracié dins una metodologia cientifica i sistematica. Malgrat
tot, la dltima década ha vist un augment en el niimero d’obres que apliquen
metodologies espacials a la recerca arqueologica, tot establint les bases per
una popularitzacié de la metodologia que permeti transformar els GIS en
una eina quotidiana per a l’arqueoleg (veure per exemple Parcero Oubina &
Fabrega Alvarez, 2006; Esteve, 2006; Garcia-Sanjuan et al., 2009; Wheatley
et al., 2010).

D’altra banda, cal destacar que encara que es tracti d’'una branca de re-
cerca relativament jove, el seu Us en els darrers anys ha experimentat un
augment de caire exponencial. Tot i aixo, les bases que presenta per realitzar
una aproximacié cientifica encara no han estat fixades totalment. Aixo no és
necessariament dolent, ja que permet adaptar aquest tipus de metodologies
als problemes que presenten les Humanitats i les Ciencies Socials, i donar
solucions diferents a les qiiestions que presenten aquestes disciplines. Al
mateix temps, actualment noves branques de coneixement procedents de la

2http:/ /caaconference.org consultada el dia 22/09/2015
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Intel-ligencia Artificial i la simulacié computacional s’estan combinant amb el
GIS per a permetre realitzar una aproximacié menys determinista i més com-
pleta de la realitat. Exemples d’aixo sén la Modelitzaci6 Basada en Agents o
les analisis de xarxes complexes, mitjancant els quals podem realitzar simu-
lacions de sistemes complexos, amb els que és més facil modelar la dinamica
de poblaci6 humana, tant ara com en el passat (veure per exemple els recents
monografics que el Journal of Archaeological Method and Theory ha publicat
en relaci6 a tots dos temes: Madella et al., 2014; Collar et al., 2015). D’a-
questa manera podem respondre i aproximar-nos d’una manera més real a
les comunitats pretérites i als seus comportaments (Rubio Campillo, 2009,
158).

Aquests ultims desenvolupaments volen fer front a la critica fonamental
que es realitza a les recerques d’analisi espacial a partir dels Sistemes d’Infor-
maci6 Geografica. Segons aquesta, en la gran majoria de casos els projectes
que fan servir GIS només tenen en compte les dades geografiques, tot ig-
norant d’altres procedents de I’arqueologia experimental o I’etnoarqueologia
(Grau i Mira, 2006, 17-18). L’as de simulacié ha permes superar aquesta
barrera, ja que possibilita afegir variables relatives al comportament huma
a les dades estrictament geografiques. Com a conseqiiencia, en els darrers
anys s’esta treballant per ampliar I'as del GIS com a eina d’analisi sobre els
patrons d’ocupaci6 espacials de les comunitats passades a un marc molt més
ampli, que tingui en compte diverses arees de treball per generar hipotesis
de treball més versemblants (Grau i Mira, 2006, 17-18).

A banda de les critiques, els avantatges de I'aplicacié dels Sistemes d’In-
formacié Geografica a I'arqueologia son molt evidents, ja que la majoria de
dades que es tracten son espacials, en tant que procedeixen del registre arque-
ologic. De la mateixa manera, 1'is d’aquesta eina s’ha anat estenent també
a diferents camps de la disciplina, com és per exemple la gestié patrimonial
de jaciments o bé la modelitzaci6 predictiva, la prospeccié o la organitzacié
d’una excavacio.

Aquestes dades d’entrada procedents dels registre arqueologic, és a dir,
les dades que introduim i tractem amb un GIS, provenen d’origen diferents:

e L’excavaci6. Es tracta de la recollida exhaustiva de la informacio
en un jaciment concret, on s’'ubiquen espacialment els materials docu-
mentats i es descriuen les seves caracteristiques. Cal dir que aqui els
materials es situen tridimensionalment, tot prenent la X, Y i la Z.

e La prospeccié. Es tracta de dades que ens ajuden a fer-nos una idea
global del territori, suggerint-nos possibles localitzacions de jaciments
i la seva possible extensio.
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La diferenciacié entre els dos metodes és important, ja que un ens pro-
porciona una visio detallada d’un jaciment en concret, mentre que l'altre ens
dona una perspectiva global de I’entorn o la regié. Cal esmentar una dife-
rencia important entre els dos metodes, i és que les dades procedents de la
prospeccié acostumen a estar situades sobre el terreny, mentre que en I'exca-
vacié les dades dels materials tenen tres dimensions, factor que cal tenir en
compte.

Aquesta tercera dimensio i la seva integracié en el model geografic és
un dels problemes de 'aplicacié del GIS a I'arqueologia. La representacio
d’aquesta en un model més agil, que no pas com a valors dins d’un raster
és encara un problema a resoldre. Generalment el programari GIS actual
no déna una resposta del tot eficient, tant si es tracta d’un jaciment a 'aire
lliure, com en el cas d’una cova, on es compliquen encara més les coses (Grau i
Mira, 2006, 23-24). Aquesta problematica és especialment greu en els casos
de les excavacions preventives, ja que en aquestes intervencions seria molt
util poder registrar tota les informacions possibles de manera agil i intuitiva.
Recalquem la importancia de 1'as del GIS en aquest darrer cas, per que la
majoria de les vegades un cop realitzada la intervencio el jaciment és destruit,
i no queda cap altra manera d’accedir a la informacio.

Un problema similar al comentat anteriorment succeeix amb la repre-
sentacié temporal. La majoria d’utilitzacions del GIS no tenen en compte
aquest factor, ja que en general no és rellevant per a problemes d’enginye-
ria i geografia. Les dades amb les que es treballa son del nostre present i
serveixen per resoldre problematiques actuals o bé del futur immediat. Pero
contrariament, en arqueologia el factor temporal és altament important, ja
que les nostres dades poden presentar cronologies diferents i molt concretes.
A més, en el cas de que la nostra informacié procedeixi de 'excavacié, el fac-
tor temporal esta intimament lligat al factor espacial, perque aquestes dades
provenen d’una estratigrafia particular de cada jaciment.

Darrerament hi ha un interes per representar aquesta tercera dimensio
tant a nivell intra-site (Barcelé & Maximiliano Castillejo, 2006) com ja de
forma més global, en la corrent coneguda com a TimeGIS3.

Per acabar, una altra critica usual a I'ts de Sistemes d’Informacié Ge-
ografica és el tractament de dades amb incertesa temporal, doncs la eina
original no va ser dissenyada per a tractar amb aquest repte (Lock & Harris,
1997; Lock & Molyneaux, 2006; Crema, 2012). El tercer cas d’estudi d’a-
questa obra, centrat en esdeveniments de llarga durada, és un bon exemple
d’aquesta problematica. El fet d’analitzar gairebé 5.000 anys de trajectoria
temporal va obligar-nos a modelar de manera especifica la incertesa de les

3Per coneixer més, veure treballs com els de Hlasny (2005).
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datacions; en concret, seria dificilment justificable analitzar un patré d’as-
sentaments sense tenir en compte que una mateixa localitzacidé no estava en
actiu durant tot el periode en el qual esta datada, sin6 probablement una
fraccié o fraccions del mateix. Aixo es tradueix en la necessitat de validar
les hipotesis tot integrant la incertesa de les dades en el propi analisi. En
aquest cas d’estudi es va proposar una aproximacié basada en 1'is de mo-
dels aoristics i un tipus de simulacié coneguda com a Monte Carlo (consultar
capitol 6, p. 135 per a més informacié).

2.4 Marc teoric

Els GIS, com qualsevol altra eina o subdisciplina dins de ’arqueologia com a
ciencia, han estat emprats i discutits dins de les diferents corrents teoriques
des del seu primer us. Cal recalcar, que tot i ser una eina, és important
coneixer les diferents corrents teoriques que han tractat el tema de 'espai,
en tant que el GIS s’utilitza per registrar, analitzar i interpretar I'evidencia
arqueologia.

Primer de tot, ens sembla obligatori descriure la base d’allo que descrivim
i analitzem amb el GIS: ’espai. En primer lloc, podem diferenciar el dos con-
ceptes d’espai que estan presents a la literatura cientifica i filosofica: ’espai
entes com a contenidor o bé 'espai entés com una relacié entre coses. En el
primer dels casos, el concepte absolut de I'espai s’entén com un contenidor de
tots els objectes materials, 1'existencia del qual és independent dels objectes
que conté. Aquesta visié, que prové dels filosofs atomistes grecs, va perdurar
i agafar forga durant el Renaixement i moments posteriors (Conolly & Lake,
2006, 18).

En el segon cas, trobem el concepte relatiu de l'espai, on s’interpreta
aquest com una qualitat posicional del mén dels objectes materials o esde-
veniments. D’aquest fet es dedueix que no es pot parlar d’espai en abséncia
de les coses que el conformen. Com a reacci6 a la teoria desenvolupada per
Newton basada en la relativitat del concepte d’espai, els filosofs de la ciéncia
del segle XIX es van decantar per la idea del concepte relatiu (Conolly &
Lake, 2006, 18-19).

El GIS descriu el mén mitjancant els atributs, el registre d’allo que és
present i les localitzacions, és a dir, allo que registra on esta. Per estudiar-los,
analitzar-los i entendre els vincles que reflecteixen existeixen dos models de
dades diferents, que representen dues maneres ben diferenciades d’entendre
el concepte d’espai, com ja hem vist.

Per una banda, trobem el model de camps continus, que proposa un espai
on algun atribut varia, generalment de forma lleu i constant. Un exemple
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d’aix0 seria I'esmentat Model d’Elevacions Digital del Terreny (DEM), on
cada localitzacid, en principi, té un valor determinat. Ates que aquest model
de camps continus tracta les dades com un conjunt de localitzacions prede-
terminades a I’espai, el podem relacionar amb el concepte absolut de 1’espai.

D’altra banda, tenim el model de dades d’entitats alternatiu que proposa
que un conjunt de dades espacials tenen una localitzacio i es caracteritzen per
posseir atributs espacials i no espacials. Un exemple el podriem trobar en el
format vectorial, que representa els resultats d'una prospeccié on el territori
s’ha organitzat en poligons, i a aquests hi ha informacié associada en forma
d’identificador i un atribut precis, com és la cronologia dels materials. Si el
comparem amb ’exemple anterior, aqui podem trobar localitzacions que no
tinguin un valor d’atribut.

El model d’entitats presenta una certa relacié amb el concepte filosofic
relatiu de I'espai, en tant que organitza la informacié en funcié dels objectes
i no pas segons els conjunts de situacions predeterminades a ’espai (Conolly
& Lake, 2006, 20-21). Cal recordar, pero, que tant els mapes rasters com els
vectorials son estructures de dades i no models de dades. En els exemples
anteriors que hem mostrat sén 'associacioé estandard entre models de dades
i el concepte d’espai, pero val a dir que també els podem trobar a la inversa.

Un altre debat important a comentar, abans d’entrar més en profunditat
en el tema de la teoria arqueologica i el GIS, és la contraposicié per alguns
autors d’espai i lloc. De la mateixa manera que en el cas anterior, aquests
conceptes van lligats a la manera d’entendre els Sistemes d’Informacié Geo-
grafica i el seu Us. Per un costat trobem el PaleoGIS que entén l'espai de la
manera tradicional: mesurant arees, realitzant cartografia i analisi espacial,
pero sense anar més enlla. Per contra, existeix el G152, que es defineix per
la representacié dels elements basics de la experiéncia humana que donen
sentit al mén. Es a dir, alld que es busca son les diferents connexions de la
comunitat amb el seu comportament i el [loc. Val a dir, que tots aquests
conceptes de lloc, espai, comunitat i paisatge humanitzat encara tenen un
debat obert en el mén de I'arqueologia®. Aquestes idees van ser proposades
per Curry (1998) i van tenir un resso en el camp de l'arqueologia, sobretot
en quant a la idea de comunitat que es proposava.

Una comunitat crea i es sustenta conjuntament compartint una serie de
categories construides per donar sentit al mén social i material que ’envolta,
categories que també permeten expressions individuals i variacions. Aquestes
categories poden ser espacials i aquests llocs poden arribar a ser llocs on els
grups humans hi duen a terme activitats individuals o col-lectives, i que
poden perdurar i ser negociades i renegociades, pervivint al llarg del temps.

4Per coneixer més a fons aquest debat, consultar Lock (2001, 2009a).
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Aquesta visi6 del paisatge i de la seva relacié amb les comunitats humanes
contrasta amb el concepte tradicional de paisatge desenvolupat al segle XVI
pels artistes, on aquest és observat des de la distancia i bastant allunyat de
tot allo que es desenvolupava en ell. Aquesta visié ha estat reforcada encara
més per la cartografia i el GIS (Lock, 2001, 156). L’etern problema de la
representacié del temps i I'espai esta molt lligat a aquesta qiiestio, aixi com
també la incapacitat del GIS per representar correctament dinamiques de
caire temporal.

Un cop descrits aquests conceptes principals, mostrarem 'evolucié de I'ts
del GIS i el seu vincle amb la teoria arqueologica. Com ja hem exposat abans,
en geografia hi ha un debat important sobre si el GIS és una eina o bé una
ciencia, i sobre el seu s, en la vessant teorica i etica. En arqueologia, ha suc-
ceit un fenomen similar, pero sense donar-hi tanta importancia al valor étic
del seu s. Resumint en poques paraules aquest debat, els que consideren el
SIG com una eina, opinen que és potencialment aplicable a altres disciplines,
tant si s’empra dins d’'un marc inductiu, molt tipic de les ciéncies naturals i
experimentals, com si s’utilitza dins d’altres marcs teorics, com els que po-
driem trobar a les humanitats. D’altra banda, aquells que consideren el SIG
com una ciencia, sovint el veuen estretament lligat al model de les ciencies
naturals, restringint amb aquesta visid, el seu s en altres disciplines.

En la historia de 'arqueologia i el GIS, sembla que aquest sempre ha estat
més present en ’ambit de la recerca, és a dir, on la finalitat de 'estudi era
entendre 'organitzaci6 humana de l'espai. Des de les primeres aplicacions
fins a l'actualitat, les prioritats d’estudi han estat diferents, buscant maneres
distintes per aproximar-se a diferents facetes de la conducta humana (Conolly
& Lake, 2006, 23).

Anteriorment a I'aparici6é de la Nova Geografia, durant la decada dels 60,
la gran part dels treballs sobre la ocupacié humana del territori consistien
en resums merament descriptius on discursivament s’explicava el que havia
passat a cada lloc. Aquest mateix fet es va donar a I'arqueologia en general,
fins a la decada dels anys 70, on el discurs i la descripcid, en la majoria dels
casos, sense analisi, eren la base per tractar tots els fenomens arqueologics.

Un exemple el podem trobar en el desenvolupament de les seriacions cro-
nologiques i tipologiques dels materials, que tot i estar dins del que entenem
com a logica inductiva, no tenien cap motivacié ni necessitat de justificar
teoricament aquestes explicacions ni aquests desenvolupaments, ja que tot
estava englobat dins del “sentit comd”. Es curiés que alguns treballs d’ar-
queologia espacial de finals del segle XX i principis de l'actual encara es
continuaven i es continuen fent servir les mateixes premisses. Encara que
les idees siguin correctes i les analisis també, molts cops ’error recau en no
justificar suficientment la recerca. Per exemple, sovint en el nostre pais es
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parla de que els assentaments iberics es situen en llocs elevats per estar con-
nectats visualment. Pot ser que aquesta afirmaci6 sigui la millor hipotesi i
sigui corroborada amb analisis de visibilitat mitjancant un GIS, pero si no
s’argumenta correctament i s’analitza que no és fruit de 'atzar o d’algun
altre factor favorable, aquest estudi peca de caure en el nostre “sentit comu”.
Si evitem donar per suposat la interrelacié entre els assentaments, i tan sols
prenem com a variable rellevant per a la seva localitzacio la tria de zones amb
una amplia visibilitat del seu entorn, sense tenir en compte a on estan els
altres, potser trobariem el mateix patré d’establiments, i no caldria afegir la
regla “poder veure altres assentaments”; tot descartant la hipotesi anterior
segons el principi de parsimonia estretament lligat al metode cientific.

Aixi doncs, seguint amb el fil cronologic, durant els anys 60 i amb la
Nova Arqueologia que anava paral-lela al desenvolupament de la Nova Ge-
ografia, els estudis van ser realitzats des d’un punt de vista positivista i
“cientific” (Lock, 2009a, 76). L’aplicacié d’un pensament logic volia arribar
a determinar lleis de caracter general pel comportament huma. Tot i 'entu-
siasme inicial de I'aplicacié6 d'un metode hipotetic deductiu a I'arqueologia,
com si es tractés d'una ciencia experimental, la seva aplicacié es va veure
truncada quan es va comencar a aplicar en recerca arqueologica. Aquest
enfoc processual també destacava 1'is de metodes quantitatius, sobretot de
I’estadistica. Aixo va derivar en lleis molt vagues i basiques, que en darrer
terme no aportaven nous coneixements sobre el comportament huma. Tant es
aixi que els seus critics les van anomenar “Lleis de Mickey Mouse” (Flannery,
1973, 51).

Com a resposta a aquest enfocament processual, als anys 70 la geografia
va incorporar una critica humanista o antipositivista a les ciencies socials
positivistes, de la mateixa manera que ho va fer als anys 80 l'arqueologia
postprocessual. A partir d’aquesta critica basada en els que els seus autors
definien com simbolisme, experiencia, coneixement i “’altretat”; els usuaris
del GIS han pogut incloure nous matisos en els estudis, evitant els enfoca-
ments positivistes que la critica postprocessual ja havia refusat. Segons J.
Conolly i Mark Lake (Conolly & Lake, 2006) podem trobar tres tendencies
sobres 1'is del GIS en aquest marc postprocessual, tot i que no sén excloents
entre elles i sovint les podem trobar lligades:

e La primera de les corrents considera que allo important és la manera
que tenim d’aproximar-nos al passat. Es una aproximacié radicalment
diferent de les propostes que utilitzaven la metodologia de les ciencies
experimentals i xoca amb la finalitat de trobar una explicacié cien-
tifica. Basant-se en models de pensament idealistes i en les idees de
Hodder (Hodder & Orton, 1979), nombrosos arqueolegs postprocessu-
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als proposen que l'accié humana només es pot entendre adoptant la
perspectiva de qui la realitza.

Aquesta corrent s’ha vist enriquida i emfatitzada pels enfocaments fe-
nomenologics, que proposen la creacié de l'experiencia a partir d'un
compromis personal amb el moén fisic. Un exemple el trobem en les pa-
raules de Tilley (1990): “I’espai no pot existir al marge de les activitats
i esdeveniments en els que esta implicat”. Des d’aquest punt de vista,
una de les critiques que se li ha retret als treballs de GIS és el voler

jugar a ser Déu, és a dir, a presentar una visié absoluta del paisatge.
Com diu Julian Thomas (2000):

fer que tot sigui visible ens dona uns paisatges del passat
que els seus habitants no reconeixerien [...] siné que a més
representa una especie d’apropiacié intel-lectual.

En aquesta linia, cada cop hi ha més autors que suggereixen 1'as de la
realitat virtual, combinada amb el GIS, per poder dur a terme estu-
dis més complexos, en quant a la obtencié d’experiéncies similars a les
condicions materials en el passat. Aquest model és radicalment dife-
rent del que haviem vist anteriorment, on els metodes quantitatius i la
induccié eren la base de la metodologia per dur a terme la recerca.

La segona corrent postprocessual té com a objecte d’estudi aquells ele-
ments del passat que els investigadors han triat per estudiar. Com a
contraposicié a I'arqueologia processual, que es centrava en els factors
ecologics i economics del comportament huma, aquesta corrent proposa
canviar ’enfocament i prioritzar la dimensié humana del simbolisme i
la significacié. Un exemple el trobem en 'explicacié de 'expansioé de
I’agricultura a Europa, on es passa d’un model basat en la substitucio
d’un sistema de subsistencia a un altre basat en el canvi de signifi-
cat (Hodder, 1991). Aixi doncs, la majoria d’intents de trencar amb el
determinisme mediambiental anterior s’han basat en analisis de visibi-
litat en el paisatge. Ironicament aquest canvi pot caure en el mateix
parany, ja que tendeix a fabricar un altre determinisme, tot i que basat
en diferents factors. A més, cal tenir en compte que un analisi de vi-
sibilitat per ell mateix no és una base fiable per a la recerca, ja que es
necessiten altres eines per complementar els seus resultats. La resposta
a aquesta critica s’ha realitzat donant tres possibles solucions o opcions
al problema comentat. En el primer dels casos, es canvia la base de la
recerca en les linies de visibilitat per una modelitzacié d’aspectes més
complexos de percepci6 visual (Gillings & Wheatley, 2001; Wheatley
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& Gillings, 2002). D’altra banda, en el segon cas, es combina la psi-
cologia gibsoniana i el calcul de moltes o totes les vistes possibles per
a tractar de plasmar les “possibilitats” del paisatge, juntament amb el
moviment de les comunitats en aquest (Llobera, 2000; Lock, 2009b).
En 1ultim lloc, altres autors també han intentat modelar altres sentits
a part de la vista (Mlekuz, 2010).

e La tercera i darrera corrent postprocessual a considerar esta relacionada
amb el concepte de “l'altretat” del passat. Si la gent del passat va ser
diferent i tenia maneres diferents de pensar, ’experiéncia mateixa de la
individualitat i la seva relaci6 amb ’entorn potser va ser radicalment
diferent a la que nosaltres podem tenir (Thomas, 2000; Tilley, 1990).
Aquest fet implica reconeixer que el passat va poder ser diferent a com
nosaltres el plantegem i que el que en realitat estem fent és plantejar
un reflex de la nostra mateixa societat (Sdnchez-Elipe Lorente, 2011).
Respecte el paper que juga el GIS en aquesta posicié, hi ha autors que
plantegen que I'tis de models geografics i llenguatges determinats estan
intrinsecament lligats al pensament occidental.

La principal critica teorica que rep 1'is del GIS i els recursos informatics
en general, és que aquest tipus de sistemes de recerca no copsen en tota la
seva mesura la relacionalitat que dona sentit a les coses (Thomas, 2000). Els
investigadors han respost a aquestes critiques donant un sentit diferent a 1'is
del GIS en les seves recerques, plantejant nous objectius i tenint en compte
altres factors que potser abans no tenien aquesta importancia. En concret, a
principis dels anys 90 el GIS va ser part d’una revaloritzacié de les teécniques
quantitatives en arqueologia que, a més, integraven nous elements per res-
pondre a les critiques esmentades. Diversos autors van emprar ’estadistica
de manera integral, juntament amb el GIS, de manera que els diferents tests
aplicats podien servir per analitzar les associacions entre jaciments i entorn
mediambiental, patrons de localitzacid, etc. Cal dir que a partir d’aquest
moment va haver un interés més gran per un enfoc més inductiu (Conolly
& Lake, 2006, 25). Aixi, 'estudi basat en I'objecte o una revisié de I’analisi
intra-site, pot ajudar a realitzar un model on les relacions entre objectes i
activitats dins un espai concret estiguin més presents. D’altra banda, en
resposta a la critiques de caire postprocessual i al problema ja comentat de
representar processos de llarga durada amb el GIS ha sorgit la integracié
de GIS amb simulacions i models basats en agents per a simular processos
relacionats amb els humans i I’entorn en el qual vivien.

En resum, i de manera breu, hem fet un repas als conceptes més im-
portants de teoria arqueologica i la seva repercussié en I'is dels Sistemes
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d’Informacié Geografica. Tot i ser una eina molt potent al servei de l'ar-
queologia, ha rebut nombroses critiques pel fet de ser utilitzada massa a la
lleugera i, en ocasions, sense cap rerefons teoric important. Tot i que aquests
punts de vista critics son valids, una de les parts positives d’aquesta eina en
arqueologia és la diversitat de les seves aplicacions. Tant en el seu carac-
ter més basic, com podria ser ordenar de manera diferents les informacions
referents a un jaciment arqueologic, com en la preparacié i gestié d'una pros-
peccid, o bé en un estudi més global d'una zona geografica, el fet de crear un
sistema d’aquestes caracteristiques ja ens déna nova informaci6 i ens obliga
a reformular els nostres plantejaments inicials.

Aixi doncs, un coneixement exhaustiu i complet de les possibilitats i uti-
litats que planteja el GIS, juntament amb una base teorica on sustentar la
nostra recerca, segurament ens permetra desenvolupar metodologies adequa-
des i un major exit en les nostres investigacions. Per tultim, tampoc cal perdre
de vista altres eines ja esmentades com la modelitzacié basada en agents, la
intel-ligencia artificial, la realitat virtual o la realitat augmentada, que amb
la seva integracié amb el GIS poden esdevenir recursos molt potents, tant en
el camp de la recerca com en la divulgacié del patrimoni arqueologic.



Capitol 3

Metodologia

En aquest capitol exposarem les bases metodologiques i les técniques empra-
des per a explorar els diferents casos d’estudi. El tractament comu es basa
en la modelitzaci6 formal de les dades espaciotemporals mitjancant Sistemes
d’Informacié Geografica, i per aquest motiu ens centrarem en aquesta eina.
Els GIS sén en l'actualitat una de les eines fonamentals en la recerca del
passat, i per tant cal analitzar la manera com s’ha tractat aquest item des
de les diferents corrents teoriques dins de I'arqueologia.

En un primer punt, analitzarem i definirem alguns conceptes teorics dels
Sistemes d’Informaci6 Geografica i les capacitats que aquests ofereixen. Ai-
xi com també tractarem 1'tis d’aquestes aplicacions per a modelitzar la in-
teraccié social, definint quin tipus de coneixement podem generar a partir
d’aquesta idea. Seguidament exposarem les eines i recursos emprats, per aca-
bar definint les bases de dades dissenyades i els algoritmes d’analisi espacial
aplicats per dur a terme la recerca.

3.1 Una introduccidé als Sistemes d’Informa-
ci6 Geografica

3.1.1 Que és un SIG

Podriem definir els Sistemes d’Informacié de Geografica com el conjunt d’ei-
nes integrades i integradores que permeten als usuaris interactuar i com-
prendre la informacié espacial. Cal dir, pero, que tot i que els seus origens
estiguin lligats a la cartografia digital, els GIS no només serveixen per ela-
borar mapes o en manipular digitalment les dades que apareixen en aquests
mapes (Conolly & Lake, 2006, 30).

Altres definicions, com les de (DeMers, 2003), potser sén escadusseres,
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pero donen una idea concisa de que és el GIS: un conjunt d’eines que permeten
processar dades de tipus espacial, transformant-les en informacions lligades
a una porcié de la Terra i que poden ser emprades en processos de presa
de decisions sobre aquest fragment del planeta. En general, podriem trobar
moltes definicions de que sén els Sistemes d’Informacié Geografica, pero la
majoria conflueixen en que es tracta d’una eina que es caracteritza per la
visualitzacié, gestié i 'analisi de dades espacials presentades en forma de
mapes digitals. Es a dir, no sén uns programes monolitics, siné més aviat
sén una spatial toolboox (Wheatley & Gillings, 2002, 9) que permet integrar
varies tecnologies.

Cal destacar aquest darrer concepte, a diferencia dels CAD (Computer
Assisted Drafting), utilitzats sobretot en arquitectura, i els CAC (Compu-
ter Assisted Cartography), que no sén Sistemes d’Informacié Geografica, ja
que no tenen la capacitat d’analisis espacial que caracteritza als anteriors
( Wheatley & Gillings 2002, 9; Rubio Campillo 2009, 131).

D’altra banda, darrerament cada cop és més freqiient distingir entre el
GIS i el GISc (Geographic Information Science). El primer fa referencia a les
eines del software emprat per a processar les dades geoespacials. En canvi, el
GISc és la ciencia de la informaci6 geografica que s’encarrega dels temes més
teorics i conceptuals de les relacions espacials i espaciotemporals i també de
I'impacte de les tecnologies geoespacials en les humanitats i en les ciencies
socials! (Conolly & Lake, 2006, 30).

També podriem matissar que els Sistemes d’Informacié Geografica s’en-
carreguen de tractar especificament dades relacionades amb qiiestions d’esca-
la geografica. Es a dir, no s’encarreguen de problemes referents a pocs metres
quadrats, per exemple, una sola estructura arqueologica. Ni tampoc estudien
qiiestions superiors a ’escala planetaria (Rubio Campillo, 2009, 132).

Un altre tema a tenir en compte és que els GIS permeten treballar amb
dades que no sén, en principi, espacials (politica, religié, cultures...), malgrat
que totes aquestes poden tenir la seva vessant espacial, tenint en compte, per
exemple la seva distribucié en un territori o un pais.

Per ultim, una altra de les caracteristiques dels GIS és la possibilitat que
ofereixen de resoldre mitjangant les seves eines els buits que hi pot haver entre
preguntes molt generals i les dades molt concretes. Per una banda permeten
una analisi a macroescala, mesoescala o microescala. I d’altra banda, permet
fer d’enllag entre aquests diferents tipus de dades gracies a les seves capacitats
d’analisis, emmagatzematge i gestié d’informacié ( Rubio Campillo 2009,
132; Longley et al. 2005, 14-15). Es precisament aquest el motiu pel qual

I Per més informacié sobre aquest tema, consultar (Marble, 1990; Curry, 1998; Longley
et al., 2005)
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el GIS és la base de la metodologia emprada, doncs és 'eina adient per
estudiar successos passats a través de 'evidéncia arqueologica en les seves
diverses escales.

Cal destacar que davant d’aquest ventall d’opcions els investigadors es
poden veure desbordats per la quantitat de dades a les que es pot tenir accés.
Per tant, en cadascun dels treballs hem plantejat unes preguntes inicials
abans de comencar a treballar amb un GIS, per tal d’intentar respondre-
les i utilitzar 'eina en consequiencia. Aixi doncs i, tenint en compte les
problematiques concretes, s’han triat les dades que ens interessava treballar,
de la mateixa manera que hem escollit els algoritmes adients per avaluar
les hipotesis de treball formulades per cada recerca (Rubio Campillo, 20009,
132-133).

3.1.2 Breu historia dels Sistemes d’Informaci6é Geogra-
fica

De la mateixa manera que passa amb altres camps de la informatica, com
Internet, el primer ordinador, etc. actualment hi ha un cert debat sobre
lorigen dels Sistemes d’Informacié Geografica. Aquest fet es deu a que de
forma paral-lela han coincidit diferents nuclis de desenvolupament, que en
darrer terme també s’han influit els uns als altres. Actualment, America del
Nord, Australia i el Regne Unit sén punters en aquesta disciplina i la seva
aplicacio a l'arqueologia.

En general, pero, tots els investigadors conflueixen en que la primera
aplicacio GIS, tal com nosaltres ’entenem, va ser desenvolupada a Canada
a principis del anys 60 i s’anomenava Canadian Geographical Information
System (CGIS). El seu disseny va venir donat per la necessitat de coneixer
i classificar els recursos del gran i despoblat territori canadenc, per tal d’a-
nalitzar les seves possibilitats en quant a usos presents i futurs. El problema
que se’ls va plantejar va ser el segiient (DeMers, 2003, 5):

You are a part of a team working for the department of natural
resources and development for a large country. Among your many
duties in managing the resources in your area is to inventory all
the avalaible forest and mineral resources, wildlife habitat requi-
rements, and water availability and quality. Beyond just a simple
inventory, however, you are also tasked with evaluating how these
resources are currently being exploited, which are in short supply
and which are readily available for explotation. In addition, you
are expected to predict how the availability and quality of these
resources wil change in the next 10, 20 or even 200 years.
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Juntament amb aquestes qiiestions sobre recursos i la seva gestio, també
se’ls hi va plantejar la relacié de les poblacions amb aquestes explotacions,
temes com el soroll que provocaven les industries i com afectaven a la qua-
litat de vida dels habitants, quins inconvenients els hi suposava, etc. Tot
aixo lligat a ’aplicacié de legislacié a nivell local i regional. Aquest problema
complex, dinamic, multivariat i profundament espacial va ser el motor per
desenvolupar el primer GIS. Abans d’aquest esperonament, el principal pro-
blema que trobaven els geografs del projecte era la impossibilitat de mesurar
correctament les arees a partir dels mapes tradicionals.

També algunes aplicacions del GIS deuen la seva existencia al treball i a
les iniciatives de la elaboracié de mapes per part de la NASA i 'exercit dels
EEUU, doncs aquesta empenta a la cartografia digital va ser una de les bases
del GIS modern.

En la mateixa linia, ja a inicis dels anys 70 els britanics van contribuir a la
renovaci6 de la cartografia a partir del disseny assistit per ordinador (CAD).
Cal dir, pero, que les bases per aquest desenvolupament les podem trobar als
anys 50 i 60 quan va néixer la idea de tractar informaticament les dades car-
tografiques. El primer exemple el trobem a 1'Institute of Terrestrial Ecology
(Huntingdon, Anglaterra) on van emprar el Power Samas Card Calculating
System per elaborar mapes de les diferents especies de plantes d’Anglaterra.
El resultat va ser que van processar, classificar i elaborar mapes tematics de
més de 200 especies de plantes.

Durant els anys 1960 i 1970 van sorgir diferents programaris que perme-
tien la creacié de mapes geografics digitals que, per primer cop, van poder
ser reproduits en una pantalla d’ordinador i impresos (Wheatley & Gillings,
2002, 14). Arrel del desenvolupament de la cartografia digital i del primer
GIS, durant els anys 1970 diverses agencies federals d’Estats Units van ela-
borar diferents programaris de cartografia, processament d’imatge i GIS, fet
pel qual aquests van avancar considerablement. Un exemple és el DIME
(Dual Independent Map Encoding), un software molt semblant al CGIS, pero
orientat a analitzar el cens de poblacié del pais. A finals del anys 70, la
Universitat de Harvard va dissenyar un GIS de caracter general anomenat
Odyssey GIS, que partia dels seus antecessors. Durant aquesta decada es va
anar introduint a cada estat 1'is de cartografia assistida per ordinador.

Pero tot i aixi, no va ser fins el 1995 que un pais, el Regne Unit, va
tenir una base de dades informatica que contingués el 100 per cent del seu
territori (Rubio Campillo, 2009, 133).

Val a dir, pero, que tots aquestos avencos van ser possibles gracies al gran
desenvolupament dels fons de dades espacials i cartografiques procedents dels
primers satél-lits militars. Es en aquest moment quan es desenvolupen aques-
tes eines capaces de recollir informacions relacionades amb la superficie del
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planeta. Primerament aquests satel-lits van estar estrictament lligats als
departaments militars en el context de la Guerra Freda. Es dins aquesta ca-
suistica que es van desenvolupar nous sistemes de posicionament per disparar
correctament els Inter Continental Ballistic Missile (ICBM). D’aqui, les no-
ves tecniques de posicionament georeferenciat i 'apariciéo d’aparells com els
GPS (Global Positioning System). Ja cap als anys 70 existien aparells que
van sobrepassar la seva funcié primaria i eren capagos de realitzar fotografies
i altres tipus de dades, que per primer cop van poder ser utilitzades per a usos
civils. Aixi doncs, podem dir que 1'is dels Sistemes d’'Informacié Geografica
fins finals dels anys 70 va estar limitat a les agencies estatals i militars més
poderoses. Gracies a la popularitzacio i abaratiment dels ordinadors perso-
nals durant els anys 80, aquestes aplicacions informatiques (GIS, cartografia
digital, ...) van poder ser emprades de manera regular en un entorn civil.

En aquest context van néixer les primeres empreses dedicades a aquest
tipus de recursos, i d’altra banda, aquestes eines van ser assequibles per
a petites i mitjanes empreses. Per exemple, ESRI (Environmental System
Research Institute) una de les empreses més punteres en el sector va ser
fundada a California a principis dels 70. Actualment desenvolupa un dels
paquets de softwares comercial més popular, integrant un conjunt d’utilitats
GIS com ArcGis, ArcView, ArcMap, etc.

D’altra banda, i com a exemple de desenvolupament del programari lliure
trobem el programa GRASS (Geographic Resources Analysis System). Va
ser dissenyat pel cos d’enginyers militars dels Estats Units, i actualment és
un dels programaris lliures més potents per fer analisi raster i té un actiu
desenvolupament, especialment en relacié al sistema operatiu GNU /Linux, a
banda de gaudir d’una important comunitat a Internet.

3.2 Potencial i capacitats dels Sistemes d’In-
formaci6é Geografica

3.2.1 Estructura

Tots els Sistemes d’Informacié Geografica tenen en comi una estructura com-
partida, definida pels segiients elements i capacitats:

1. L’obtencio de dades espacials. Els GIS presenten una plataforma per
obtenir i integrar informacions espacials, com poden ser mapes topo-
grafics, localitzacié i morfologia de jaciments, planimetries arqueologi-
ques, etc. Tots ells poden incorporar a un mitja analitic comu, tot i que
els GIS permeten també incorporar fonts de dades variades i procuren
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compatibilitzar els diferents formats ( Conolly & Lake 2006, 31; Ru-
bio Campillo 2009, 134).

. La gestio de dades espacials. Es tracta de sofisticats sistemes de ges-

ti6 de base de dades per emmagatzemar i relacionar dades espacials i
atributs. Aquest aspecte implica la transformacié de sistemes de coor-
denades per poder integrar les dades procedents de les diferents fonts,
la. construccié de topologies® vectorials, la georeferenciacié de dades
espacials recentment digitalitzades i la creacié de metadades geoespa-
cials.

. La gestio de bases de dades. Una de les principals virtuts de GIS és la

seva potencia per vincular i explorar les relacions entre dades espacials
i no espacials. Es a dir, cal una modelitzacié conceptual i logica de
les dades; de la mateixa manera, que cal una creaci6 i “manteniment”
d’una base de dades relacional on els components espacials i no espa-
cials estiguin correctament vinculats. Aquesta és una de les bases per
dur a terme correctament les analisis posteriors, ja que si els diferents
tipus d’informacions no estan correctament relacionats i la base de da-
des no és funcional, les exploracions posteriors seran complicades de
realitzar-se o directament s’haura de refer la base de dades. En relacio
amb aquesta darrera qiiestio, cal que la base de dades relacional tingui
capacitat d’actualitzacio, d’edicié i consulta.

. L’analisi de dades espacials. Mitjancant diversos algoritmes i funcions

matematiques concretes els Sistemes d’Informacié Geografica possibi-
liten I'analisi i el tractament de les dades. Aquesta analisi pot ser a
nivell microespacial o macroespacial. D’altra banda, també tenim eines
per estudiar la visibilitat, el moviment i I’accessibilitat a través del pai-
satge. A més, disposem de potencialitats com la possibilitat de crear
models geoestadistics i predictius, entre d’altres.

. La visualitzacio de les dades espacials. En darrer terme, és molt impor-

tant la capacitat del GIS per plasmar de forma grafica les dades i els
resultats, ja sigui en forma de grafics, taules o directament en mapes.
El resultat de les visualitzacions permeten entendre millor la naturalesa
dels problemes als quals ens enfrontem i pot ajudar als investigadors/es
a prendre decisions i fer interpretacions de manera més informada.

2S’entén per topologia la part de la matematica que estudia aquelles propietats dels

conjunts de punts de la recta, del pla, de ’espai o d’espais de dimensions superiors que no
sén alterades per les transformacions continues.
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De tots aquests punts el més important és el factor d’analisi espacial, ja
que és el que permet més potencia, flexibilitat i utilitat per tal d’entendre
les relacions entre les dades de diferents origens, que sempre tenen en comu
el factor espacial. D’altra banda, aquesta capacitat és la que permet gene-
rar noves informacions tot establint patrons o generant nous models que a
simple vista, i sense una eina com el GIS, no serien “visibles”. Com a ultim
avantatge, el fet de quantificar les dades de caire arqueologic en un siste-
ma d’informacié comu possibilita 1'is de tests estadistics per tal de rebutjar
hipotesis de treball a partir de I'evidencia existent; sense aquesta capacitat
seria doncs impossible respondre preguntes de recerca a on les coordenades
espacials juguessin un paper rellevant.

3.2.2 Elements espacials

Per comencar a treballar en un GIS, primer de tot, cal tenir molt clar quin
tipus de preguntes volem respondre i amb quin tipus de dades treballarem.
En funcié d’aixo, tractarem i manipularem les informacions d’'una manera
determinada. Tenim 4 maneres basiques de representar els elements espacials
del moén real:

e Punts
e Linies
e Arees

e Superficies

Globalment, aquests quatre conceptes sén capagos de representar espaci-
alment la majoria de fenomens humans i naturals que ens podem trobar al
moén. Dins del GIS es fan servir, per a modelar els objectes del moén, tres
de les formes: punts, linies i arees. D’altra banda, els volums o superficies
sovint son representats mitjancant punts d’elevacio o altres estructures com-
putacionals. Allo important, pero, és la caracteristica explicitament espacial
de totes aquestes dades dins del GIS. Es veritat que els fendmens, per na-
turalesa, no sén espacials (idees, creences, politica), pero mitjancant el GIS
els podem traslladar a entitats espacials per a poder estudiar-los (DeMers,
2003, 25).

Cal destacar que aquesta tipologia de representacions dins d'uns sistema
cartografic (com un CAC o un GIS) no és directa, siné que s’ha de traduir.
Es a dir, cal pensar en quina escala volem utilitzar, en la complexitat de
cadascun dels objectes, etc. A mode d’exemple, si volguéssim representar un
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edifici a escala molt detallada podriem fer-ho delimitant el seu perimetre, és
a dir, marcant la seva area. Si ens allunyéssim i estiguéssim estudiant una
zona més gran amb milers d’edificis, hauriem de representar les cases amb
punts, doncs en cas contrari el mapa seria massa complicat d’interpretar i la
delimitaci6 dels edificis innecessaria. D’altra banda, si el que ens interessa és
la densitat de superficie urbanitzada a nivell nacional, ens sera més util una
representacié volumetrica que ens doni el valor de densitat d’edificis en cada
punt concret del mapa. Aquest darrer cas, per exemple, també el podem
veure amb les elevacions del terreny. Encara que estem parlant, en principi,
d’una dada volumetrica, la podriem transformar i representar-la amb linies,
és a dir, amb les corbes de nivell, o també podriem marcar tots els turons
amb una simbologia concreta expressant-ho a la llegenda. En definitiva, els
elements que triem per representar els nostres objectes d’estudi han d’anar
estretament lligats a I'escala a la que nosaltres volem treballar i a 1'is que
volem donar a cada variable (Rubio Campillo, 2009, 135).

Seguidament descriurem els diferents tipus de representacio espacial. Pri-
merament tenim els punts, que els hem d’entendre com un fenomen espacial
concret que esta en una unica localitzacio a I'espai i al temps. Només poden
existir en un lloc determinat en unes coordenades concretes. Es a dir, sén
dades discretes que no tenen continuitat a l’espai representat. Des del punt
de vista de la modelitzaci6é conceptual, aquests objectes no tenen dimensio, i
per aixo no es pot calcular ni la seva llargada ni el seu volum (DeMers, 2003,
25). En realitat aquesta assumpcio és falsa, ja que per forga tot ha de tenir
tres dimensions, siné no és podria ni mesurar ni veure. Pero per poder treba-
llar amb el GIS assumim aquesta simplificacio, ja que siné el nivell de calcul
requerit per dur a terme el minim dels processos seria molt elevat. Exemples
d’aquests tipus de dades de 0 dimensions podrien ser els arbres, persones,
senyals de trafic o encreuaments de camins. Pero tot i aquesta simplificacio,
encara podem processar i analitzar aquestes dades mitjancant analisis com
els algoritmes de veinatge, les diferencies de valors entre diferents punts o les
rutes més optimes entre dos punts.

Pel que fa a les linies, sén objectes representats de manera unidimensio-
nal, la longitud dels quals és sempre molt més gran que la seva amplada en
qualsevol dels seus punts. També és un element discret, ja que una linia esta
composta per un numero de punts finit i enllagat. De fet, ens trobem amb
el mateix problema sobre la tangencialitat que en el cas anterior, ja que els
objectes unidimensionals no existeixen. Tornem al problema de simplificacid
i realisme que comentavem anteriorment, que d’altra banda és inherent a la
realitzacié d’'un model geografic. Exemples de linies podrien ser carreteres,
camins, limits, rius, i també conceptes més abstractes com fronteres, fronts
de guerra.... Aquests ultims elements, al no existir en la realitat si que tenen
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una sola dimensio, ja que sén convencions per a expressar un canvi radical
d’aquesta variable en dos territoris adjacents. Els objectes linears, a diferen-
cia dels punts, ocupen com a minim dos punts de manera simultania, essent
I'inici i final d’un segment. En el cas de que hi hagi elements que no siguin
rectilinis, cal afegir punts intermedis per tal d’indicar els girs i modificacions
del tracat, per exemple les corbes d’una carretera. També, al ser unidimensi-
onals, aquests objectes es poden mesurar calculant la distancia entre ’origen
i el final, incloent els punts intermedis, si és que els hi ha.

Quant a les arees, son el tercer grup de variables discretes que tenim per
descriure. Sén objectes bidimensionals que consten d’amplada i llargada. Es
representen com un conjunt de linies connectades que marquen un recorregut
tancat, és a dir, el punt d’origen i final és el mateix. Per tant, és possible
mesurar 1’area delimitada per aquest objecte. D’aquesta manera podem re-
presentar la superficie compresa entre els limits d’una ciutat, 'interior d’un
pais o la delimitacié d’unes elevacions.

Aquests tres primers elements comentats son molt facils de representar
dins d’'un GIS, mentre que els volums, el quart tipus d’objecte, comporta
més dificultats. En la majoria de casos la visualitzacié d’aquestes eines es
fa a través d’una pantalla en ordinadors personals. Aquesta és una matriu
bidimensional de pixels de diferents colors, que tots junts formen la imatge
correcta. Com aquesta matriu té dues dimensions, resulta complicat repre-
sentar un volum en ella, ja que aixd comportaria una tercera dimensié. Es
un problema important, ja que els accidents geografics sempre séon tridimen-
sionals i 'alcada és una variable important. En el cas de les elevacions com
muntanyes i turons aquesta variables és realment essencial. Aixi doncs, per
representar volums necessitem un canvi de concepte per representar objectes
tridimensionals en entorns bidimensionals (Rubio Campillo, 2009, 137).

Podem definir un volum com una matriu bidimensional on cada punt
representa una cel-la, i té assignat un valor diferent que marca l’elevacid
de cada sector de la graella. Es a dir, 'altura s’expressa com una variable
continua, ja que cada punt compres dins la matriu té valor, i no hi ha buits
entre un i altre. Aquest sistema ens permet treballar i afegir dades forca
complexes, per exemple, un mapa de temperatures sobre la terra, nivells de
contaminacié o, fins i tot, corbes de nivell. Els camps continus permeten ser
mesurats de diferents maneres i donar-nos muiltiples informacions: podem
coneixer el valor de cada variable a cada seccié de la matriu, els canvis
d’intensitat d’aquesta mateixa zona o el volum inclos dins del perimetre de
I'objecte.
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3.2.3 Dades i atributs

En l'apartat anterior hem descrit quins objectes es poden representar dins
d'un GIS. Aquestes entitats no séon simples representacions, siné que poden
contenir informacions de caire no espacial que les descriguin i ens aportin
dades sobre elles: els atributs.

Els atributs en ajuden a categoritzar aquests objectes i a descriure’ls des
d’un punt de vista no espacial. Per exemple, si haguéssim de realitzar un
mapa amb tots el jaciments romans de Catalunya, potser el més efectiu seria
posar un punt a cada assentament. Pero si només féssim aixo perdriem tota
la informacié d’aquests enclavaments i la qualitat que aquesta contenia. No
estariem dient ni quina cronologia tenen, ni el tipus d’assentament, ni cap
altre dada més sobre ells. Aixi doncs, caldria crear una serie d’atributs que
per cada assentament ens digués el nom, la cronologia, el tipus, etc. D’altra
banda, hauriem de realitzar altres mapes topografics especificant el nom dels
jaciments i els accidents geografics més importants a la zona.

En definitiva, cadascun dels objectes que remarquem haura de tenir un
conjunt d’atributs que el categoritzi. Es un tema important, doncs, serd a
partir d’aquesta informaci6é que podrem comencar a classificar les dades des
d’un punt de vista no espacial. D’aquesta manera, nosaltres podrem indicar
com de particular és una entitat, amb un nom propi i atributs mesurables,
que estan situats en una determinada localitzaci6. Aix0 ens afegeix nous
nivells d’organitzacié de la informacio, i per tant, ens ajuda a entendre el
que estem visualitzant per tal d’analitzar-lo i interpretar-lo de manera més
efectiva (DeMers, 2003, 28-29).

D’altra banda, cal recordar que bona part dels atributs sén quantifica-
bles, i que estableixen els diferents graus de mesura pel que fa a les dades
geografiques. Es a dir, que tenim diferents escales de complexitat per poder
definir les nostres entitats.

De menor a major grau, les podem establir de la segiient manera:

e FEscala nominal. Aquesta categoria especifica aquells elements que han
estat identificats de manera tnica. Es el nivell més simple de tots, a on
només s’anomenen les dades. No es poden establir ni classificacions ni
comparacions entre objectes. No podem dir que una entitat és millor
que un altre, perqué sén inherentment diferents. Es a dir, podem dir
que un jaciment té un nom diferent d’un altre, perdo només podem dir
que sén jaciments.

e Fscala ordinal: En aquesta segona escala és possible comparar diferents
entitats si les assignem un valor dins d’un rang predeterminat. En el cas
dels jaciments romans podem assignar un atribut en relacié a la mida,
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que tingui els segiients valors: petit, mitja o gran. Cada assentament
tindra definit aquest valor, per tant podrem saber si un jaciment és
més gran, més petit o igual a un altre. Aquesta escala la definim de
manera totalment subjectiva en el sentit que som nosaltres, de forma
independent, qui definim els parametres. Per tant, és important tenir
en compte que és 'usuari del GIS qui crea la variable, estableix els
parametres i descriu cadascun dels objectes segons aquest atribut. Aixi,
aquesta dada no la podem fer servir en cap altre camp, ja que esta
estrictament dissenyada per descriure especificament un tret que volem
destacar.

e Escala d’interval: Es el nivell més complex quant a la caracteritzaci6
d’atributs. Es tracta d’establir una variable en la que cada objecte pre-
senta un numero concret. En principi, aquests atributs proporcionen
una informacié procedent d’una font capacitada per mesurar les vari-
ables de forma quantitativa. Seguint ’exemple dels jaciments romans,
podem definir un atribut anomenat fragments de terra sigillata, que ens
mostri el nimero minim d’individus d’aquesta ceramica que ha estat
documentat a cada un d’ells. Altres exemples podrien ser el niimero de
mascotes en cada ciutat o el nimero d’arbres per hectarea de terreny.
Aquest tipus d’atribut presenta un potencial molt alt en quant a I’ana-
lisi, ja que permet donar resposta a diferents casos d’estudi, com per
exemple: la densitat de poblacié a les ciutats, relacions entre diferents
variables, etc.

3.2.4 Les bases de dades espacials

Una base de dades és un conjunt d’informacions organitzades d’una mane-
ra coherent segons una estructura dissenyada per a permetre facilment la
consulta de les mateixes. Per exemple, un conjunt de fitxes d’'UEs d’una
excavacié pot ser una base de dades, o ara bé una col-leccié de registres de
mostres arqueometriques d'un conjunt de jaciments que pugui ser accessi-
ble per web. Aquesta darrera es diferencia de ’anterior perque requereix 1'is
d’un programari especific per gestionar bases de dades, que afegeix capacitats
d’edicié i consulta dels registres, a més de software addicional per permetre
fer-ho a través d’un navegador.

Un sistema d’aquest tipus es tradueix, a la practica, en un conjunt d’ar-
xius dins els quals I'ordinador manté un registre actualitzat de les dades que
hem introduit i modificat. Una classe especial de base de dades és 'anome-
nada relacional, en la qual hem de definir els diferents conceptes importants
per a nosaltres, aixi com les relacions entre ells. Per cada tipus d’element
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crearem una taula, a on guardarem les seves caracteristiques com a atributs.
Alguns d’aquests atributs seran relacions amb altres taules, per permetre
d’aquesta manera relacionar els diversos conceptes entre si.

A mode d’exemple, podem imaginar-nos com es dissenyaria una possi-
ble base de dades relacional a on guardar informacié relacionada amb una
col-leccié de discos. Una taula guardaria la informacié dels autors (nom,
any de naixement, nacionalitat, ...), i una altra dels diversos albums (titol,
durada, any, ...). Cada element dins aquesta taula d’albums, pero, hauria
de tenir un atribut que marqués quin autor va crear aquest album, per tal
de poder relacionar les dades. Es podria anar ampliant la informacié, tot
creant taules per guardar les cangons, discografiques, estils, components dels
diversos grups, etc. Aquest tipus d’estructura fa molt senzilla la cerca dins
grans volums de dades, a on els usuaris poden relacionar la informacié, tot
creant complexes consultes que permetin, per exemple, saber en el cas ante-
rior quins grups de musica van publicar un disc en un any concret, o de quin
estil és una determinada cango.

Un Sistema d’Informacié Geografica no és gaire diferent a una base de
dades relacional, ja que part de les tasques que realitzem consisteixen en
emmagatzemar entitats i dades en atributs, de manera que aixo ens permeti
recuperar (per visualitzar, fer consultes...) aquestes entrades i realitzar com-
binacions amb aquests objectes. A la practica aquesta relacio és tan estreta
que s’han creat sistemes de bases de dades relacionals especificament disse-
nyats per a ser emprats en GIS, com per exemple PostGIS? per a gestionar
grans volums de dades i publicar-les en entorns web, o Spatialite per usos
més restringits com es demostra al Capitol 6.

Sigui quina sigui la eina triada, necessitem un ordinador i un software
adequat, on puguem crear, localitzar, recuperar i realitzar consultes de les
dades emmagatzemades. En altres paraules, les entitats espacials han de ser
emmagatzemades de manera organitzada, juntament amb els seus atributs
i les relacions entre elles. D’aquesta manera, si realitzem consultes i tenim
ben classificats els registres, podrem obtenir els resultats de manera eficient
i sense errors. La tunica diferéncia és que, a banda dels altres atributs i
relacions, per cada element haurem de guardar les coordenades espacials: X,
Y (i Z, si s’escau). Si en el cas anterior per obtenir les nostres cerques és
clau tenir una estructura coherent que permeti fer les consultes facilment,
en el cas de les bases de dades espacials encara és més important, atesa la
multiplicitat de dades existents. Una base de dades dissenyada correctament
estalviara molts mal de caps. Si ja des d’un principi plantegem les claus

3Per veure més, podeu consultar http://trac.osgeo.org/postgis/ consultada el dia
92/09/2015
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d’aquesta, les relacions entre taules, i els atributs de les mateixes, no caldra
fer canvis costosos en temps i esfor¢ més endavant.

3.2.5 Modelitzaci6é geografica

Un cop tenim definides les estructures dels Sistemes d’Informacié Geografica,
analitzarem quin tipus de model podem dissenyar amb elles. La base d’un
GIS és el model de dades que utilitza, és a dir, la forma com representa la
realitat geografica que volem investigar. A partir d’aquest model, I'investi-
gador realitza una serie d’analisis per tal de generar coneixement amb les
dades existents o bé creant-ne de noves. La modelitzacié que se’'n faci de
les dades és molt important, ja que d’aquest fet en dependra en gran part
les operacions que es puguin dur a terme i els resultats que s’obtindran. La
modelitzacié geografica a partir de Sistemes d’Informacié Geografica impli-
ca diferents nivells d’abstracci6é segons podem veure a la figura 3.1. Quan
nosaltres desenvolupem el nostre concepte d’espai i les pertinents relacions
espaciotemporals, estem organitzant les nostres dades amb la intencié per
poder donar-les un sentit. En definitiva, el mapa és el llenguatge grafic re-
sultant que utilitzem per representar aquest espai i aquests objectes. Malgrat
tot, cal tenir en compte que el nostre llenguatge grafic és clarament diferent
en lestructura dins de 'ordinador (DeMers, 2003, 100).

Com mostrem a la figura 3.1, el primer nivell d’abstraccié correspon a
la realitat concreta que volem modelitzar, com per exemple, un jaciment,
una area o una ciutat?. En ella trobem les estructures, els objectes i altres
elements que volem incloure, com podrien ser els edificis, la ceramica, o les
caracteristiques paleoambientals, entre d’altres.

El segon nivell, el nivell conceptual, fa referencia a la seleccié d’aquells
elements de la realitat que ens interessen per resoldre un problema concret.
Es tracta d'un procés de pensament huma, ja que cal un bon raonament per
tal d’escollir el model que més s’escaigui a la nostra recerca. Un cop triats
els elements a representar, cal que analitzem també les relacions entre ells.
Aquest punt és molt important, ja que si copsem malament les relacions entre
objectes, podriem caure en l'error de representar-les de manera incorrecta i
extreure’'n conclusions que no s’adiuen a la realitat estudiada. El perill recau
en que, mentre el nostre model podria ser totalment valid, les relacions entre
els objectes estarien malenteses i les conclusions a les que arribariem no serien

4Normalment es parla de modelar la realitat, perd en el nostre cas la “nostra realitat”
és inexistent. Si apliquem el GIS per resoldre problematiques relacionades amb el passat,
estem analitzant problemes que actualment no existeixen, i aquest fet s’ha de tenir en
compte. Podriem dir que els arqueolegs creem un model a partir d’un altre, és a dir, a
partir de la idea preconcebuda que tenim d’allo a investigar.
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Figura 3.1: Nivells d’abstraccié d'un model geografic
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valides.

El segiient pas és el model logic. En aquest tercer nivell necessitem fer
servir alguna eina per traslladar el model de dades conceptual a un altre
entenedor per I'ordinador. L’objectiu d’aquesta fase és la creacié d’'un model
d’estructures de dades intel-ligible per un sistema informatic. Aquest pas
pren com a base les dades escollides i les relacions establertes en el moment
de desenvolupar el model conceptual, convertint-les en un llenguatge que tots
els GIS puguin entendre. Es a dir, les dades d’entrades i les relacions entre
aquestes, que eren totalment abstractes en el model anterior, es tradueixen
en estructures de dades computables. En aquest moment encara no hem
traslladat tot el model a un Sistema d’Informacié Geografica, pero ’hem
traduit a un llenguatge més proper a un model geografic.

Finalment, el darrer pas és el model fisic. En aquest punt convergeix
tot el procés anterior, és a dir, hem passat de tenir un model conceptual a
tenir un seguit de fitxers, bases de dades i valors. En aquesta fase final hem
traslladat la realitat a un model de dades geografiques informatitzat, que és
la nostra base per a comencar I’analisi del mateix®.

3.2.6 Tipus de formats: rasters i vectors

Els objectes i els seus atributs son conceptes teorics que ens son tutils per a
poder modelar geograficament la problematica que estem intentant respon-
dre. D’aquesta manera, cal dissenyar curosament la implementacié que farem
del nostre model mitjancant diversos tipus de dades. En concret, els objec-
tes es poden transformar dins el model computacional a dos tipus de dades:
discretes o continues, tenint cadascuna els seus problemes per a modelar la
realitat.

En el primer cas, si desitgéssim representar cada objecte de manera dis-
creta i completa farfem servir un nimero infinit d’atributs. No només aixo;
hauriem de definir tot allo que des d'un punt de vista geografic necessitariem
per descriure la complexitat del fenomen. Aixi per cadascun dels elements
que componen una entitat tindriem el mateix problema. Si per exemple vol-
guéssim modelar un arbre, al seu torn hauriem de definir les seves fulles,
arrels, etc.

En el segon cas, la quantitat d’informacié existent és infinita. Si a cada
punt geografic li correspon un valor, i entre dos punts geografics real hi ha
infinits punts més, la conclusié és que una variable continua presenta infinits
valors i, d’aquesta manera, tampoc la podem representar a un ordinador.

5Ens referim a una petita part de la realitat. Seria impossible encabir-la tota en un
model. Per entendre aixo, només cal fer-se una pregunta, quants atributs necessitem per
definir una persona en concret?
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En tots dos casos necessitem simplificar la realitat per poder traslladar-la
a un entorn computacional. Per realitzar aquesta abstraccié, ho podem fer
en dos tipus de format: raster i vector. Ambdés tipus de dades (discretes
i continues) poden ser representades amb aquests dos formats, tot i que
generalment es fan servir els vectors per les dades discretes i els raster per
les continues.

Aquesta és la manera que tenim de representar els nostres objectes i la
manera que es relacionen a nivell logic, seguint una serie de regles explicites.
Aquesta conversié permet a 'ordinador entendre i reconeixer tots aquests
punts, linies i arees representats en algun punt de la terra i alhora les relacions
entre ells. En definitiva, vectors i rasters son la resposta a la necessitat de
crear un llenguatge per expressar aquestes relacions espacials. Seguidament
veurem les diferencies entre aquests dos tipus de formats:

e Format raster. La representacié geografica mitjancant un raster con-
verteix I'espai en una serie regular de cel-les que conformen una matriu
bidimensional. Les variacions geografiques sén expressades amb valors
dins de cada cel-la, com es veu a la figura 3.2. Aixi doncs, sorgeix un
parametre important que abans no teniem, la resoluci6. Es tracta del
valor que expressa la distancia entre dos valors diferents. Per exemple,
una matriu 1000x1000 cel-les amb una resolucié de 200 metres descriu
un valor concret per un territori de 200.000x200.000 metres. Es a dir, la
qualitat del raster sera inversament proporcional a la resolucié, doncs
a menors valors de resolucié tenim menys distancia entre dos punts i,
per tant, perdem menys informacié. Es tracta d’un concepte molt im-
portant, ja que aquest parametre marcara la nostra recerca i l'obtencié
de les dades.

Hem de tenir en compte que en un raster es perd qualsevol mena de
variacio entre dos punts, perque estan separats per la distancia equiva-
lent a la resolucié del raster. Si escollim com a valor un punt central
a cada cel-la, potser estem descartant dades interessants entre un punt
i el segiient. En aquestes situacions sempre s’han de prendre altres
solucions o estrategies, com trobar el valor més alt o més baix de cada
cel-la, o bé fer mitjanes en diversos punts triats en aquella cel-la.

e Format vectorial. Des d’una perspectiva geografica un vector és un
conjunt successiu de punts georeferenciats que poden estar aillats, o ara
bé connectats per linies rectes. D’aquesta manera, un objecte lineal és
anomenat polilinia, que es defineix pel conjunt de punts connectats
entre ells que la formen (veure els diferents tipus de vector a la figura
3.3. Al seu torn un poligon és una polilinia tancada, tot representant el
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Figura 3.2: Estructura del format raster

perimetre d’una area. Aixi, assumim que ’espai geografic és continu,
o millor dit, que en aquest cas es tracta de petites cel-les discretes que
podem quantificar (DeMers, 2003, 115).

Punt © (XY) (*.)
(X.\Y)
(X.Y) (X,Y)
(XY)
(X.Y)
(X,Y) (X.Y)
Linia
Area  (X.Y)

Figura 3.3: Estructura del format vectorial

3.2.7 La millor opcié: raster o vector?

Escollir el millor format per a representar cada concepte involucrat en la
nostra recerca no és una quiestié trivial. En la majoria dels casos no hi ha
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una resposta unica, ja que tot depeén del tipus de problematica que vulguem
resoldre.

El format vectorial és més economic, ja que emmagatzema la informacié
de manera compacta. Destaca per detallar de forma definida i resumida les
determinades entitats geografiques que vulguem mostrar o que ens puguem
trobar. De fet, un conjunt de punts pot representar qualsevol mida desitjada
independentment del seu niimero, ja que la distancia entre dos punts la tria el
propi investigador, igual que I'exactitud amb que esta feta cada representacio.

Per exemple, el riu Ebre el podriem representar amb una polilinia de
milers de punts determinant el seu curs, o bé amb 4 o 5 punts. Tot depén de
la nostra recerca i de la finalitat de les dades recollides. Si estem treballant
a un nivell de macroescala, representarem amb més detall i amb una major
resolucié aquelles entitats més rellevants, mentre que tendirem a simplificar
les altres.

D’altra banda, aquest format és molt util per elaborar projectes relaci-
onats amb bases de dades de catalegs patrimonials, materials d’excavacions
arqueologiques o similars. Es, dones, la millor opcié per a treballar qilestions
relacionades amb entitats relacionades o realitzar analisis basats en xarxes.

Al seu torn, el format raster permet representar ’espai d’'una manera
continua i predictible, motiu pel qual sempre implica un major volum d’in-
formaci6. En alguns casos, aixo resulta inutil, ja que si tenim un valor que
no varia al llarg de moltes cel-les, estem emmagatzemant el mateix a cadas-
cuna d’elles. En canvi, si empréssim el format vectorial només guardariem
les variacions.

Els rasters son tremendament ttils quan estem treballant amb dades de
camps continus o bé quan necessitem treballar amb capes tematiques. Un
bon exemple el trobariem amb les fotografies aeries, les imatges procedents de
satel-lit, cartografia antiga georeferenciada, o també en treballs de cartografia
o densitats de materials en superficie, com podria ser una prospeccio.

3.2.8 El Model Digital d’Elevaci6é del Terreny

Per tal d’exemplificar aquests dos tipus de dades pararem especial atenci
a una variable particularment rellevant dins qualsevol model: ’elevacio del
terreny. A banda de marcar I'altura de la zona de treball, altres factors com
la inclinacié del terreny, la possible xarxa hidrografica, o la visié del territori
depenen d’aquest. Les diverses representacions que hi ha sén conegudes
com a DEM (Digital Elevation Model). Com hem comentat, totes les dades
geografiques poden ésser representades amb dos formats diferents: vectors i
rasters, i els DEM no sén una excepcio.

En el cas del format vectorial, els DEM es presenten en formes de corbes
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de nivell. Es tracta de poligons tancats que mitjancant una gradacié deter-
minada denoten els canvis significatius del terreny. D’aquesta manera podem
trobar DEMs de corbes de nivell que representin elevacions cada 50m, 20 m,
etc. Aquesta estructura, pero, no és particularment eficient per representar
les gradients i aspectes, o realitzar un mapa del relleu ombrejat amb aquest
tipus de model del dades (DeMers, 2003, 345).

En el segon cas, el DEM a partir d’un raster ens mostra les elevacions del
terreny com a una matriu discreta de punts, cada un dels quals té un valor
concret en alcada i situacié espacial. En quant a la seva representacio, es
mostra un model tridimensional d’aquesta malla de punts, tenint en compte
els valors de 'altura. Aquests tipus de DEMs sén la base per analisis com
les rutes de minim cost, el calcul de les gradients, etc. A tall comparatiu
mostrem el territori de la zona de treball que tractarem al tercer cas d’estudi
(I'area de la conca del riu Besos), en format vectorial a la figura 3.4, i en
raster a la figura 3.5.

e

Figura 3.4: Model Digital del Terreny en format vectorial

El segon format ha estat 'emprat per dur a terme els analisis dissenyats
als tres casos d’estudi (veure per exemple la figura 5.1, p. 111 i la figura 6.4,
p. 141). D’altra banda, la visualitzacié de la informacié a vegades es be-
neficia de 1'as simultani dels dos formats. Aquesta soluci6 és especialment
interessant quant el terreny presenta poques variacions, com és el cas del Pla
de Barcelona en el primer cas d’estudi (figura 4.1, p. 94).
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Figura 3.5: Model Digital del Terreny en format raster

3.3 Eines

Presentem inicialment el programari utilitzat en la nostra recerca. El softwa-
re utilitat esta especialitzat en els diversos components necessaris per a dur a
terme els treballs: a) bases de dades, b) Sistemes d'Informacié Geografica i c)
llenguatges de programaci6. Cal destacar que tot el programari utilitzat esta
llicenciat com a a programari lliure, és a dir, aplicacions que tenen una lli-
céncia oberta, que permet als usuaris veure, modificar i executar el codi font
del programa. La llicéncia és coneguda com a GPL (General Public License).
Per aquest motiu es diferencien dels programes “tancats”, que comercialit-
zen ’executable binari, i per tant els usuaris no saben que és exactament
allo que s’esta executant al seu ordinador ni tampoc el poden modificar per
tal d’adaptar-se a les seves necessitats concretes. Aquest fet és important,
ja que existeixen comunitats d’usuaris realment potents d’alguns d’aquests
programes. D’aquesta manera, al existir la possibilitat de modificar el codi
lliurement, els usuaris poden crear petites aplicacions especialitzades per a
tasques molt concretes. A més, existeixen diverses versions per a cada al-
gorisme, per la qual cosa es pot triar el que més s’adapti al problema que
volem resoldre. Aixi doncs, I’aplicacié original és constantment actualitzada,
essent una eina molt 1Util per a la recerca.

El programari dels GIS més utilitzat en 'actualitat sén els que pertanyen
a 'empresa ESRI (ArcView, ArcMap, ArcGis,...), tot i que trobem que 'opcid



3.3. EINES 29

de 1"open source és realment positiva per les possibilitats que ofereix en el
camp de la investigacié. Permetre coneéixer els algoritmes emprats, aplicar-
ne de nous o modificar el codi informatic sén part d’aquests beneficis, a més
d’evitar problemes amb futures versions de programes tancats que no puguin
obrir arxius antics.

D’altra banda, un altre qiiestié interessant és la compatibilitat entre pro-
gramari. Normalment, si es tracta de software tancat, aixd acostuma a ser
un problema. En canvi, en I'entorn del programari lliure es possible com-
patibilitzar diversos programes en un mateix marc de treball, com veurem
seguidament amb el cas de Grass i Qgis. En aquest context, existeix 1’Open
Source Geospatial Foundation®, una fundacié sense anim de lucre que vetlla
pel desenvolupament i col-laboracié entre els diferents programes d’analisi
geoespacial lliure en funcionament actualment.

3.3.1 Bases de dades
Libre Office Base

Libre Office Base 7 és un sistema gestor de bases de dades relacionals publicat
sota llicencia de programari lliure. Va comencar a desenvolupar-se al 2010,
arrel de la bifurcacié del projecte d’Open Office. Es similar al MS Access, perd
a diferencia d’aquest, és lliure. Per aquest motiu té una millor compatibilitat
amb altres programes, com per exemple els SIG.

Aquest programa permet crear, modificar i gestionar bases de dades, al-
hora que pots elaborar taules, formularis, consultes i informes ben gestionats
des del sistema gestor de bases de dades HSQL que ve inclos amb Base o bé,
qualsevol altre. L’aplicacié proporciona diferents assistents, vistes de disseny
i de treball, i també vistes SQL®, per usuaris avancats.

D’altra banda, un gran avantatge que presenta és la integracié amb altres
programes com Calc o Math, de Libre Office. Aix0 permet accedir a fonts
de dades comunes des de diferents programes, facilitant la gestié de tota la
informaci6. Aixo, i la seva compatibilitat per traslladar les dades al GIS fan
del Libre Office Base una eina molt util per gestionar i tractar tot el corpus
de dades dels casos d’estudi que posteriorment analitzarem amb el SIG i R.

Shttp://www.osgeo.org consultada el dia 22/09/2015

Thttps://es.libreoffice.org/descubre/base consultada el dia 22/09/2015

8Sigles de Structured Query Language. Aquest tipus de llenguatge és l'estandard en
desenvolupament de bases de dades.
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.....

Figura 3.6: Base de dades del Libre Office, a on es mostren les vistes de
formulari, consultes i taules.

Spatialite

En alguns casos és necessari integrar d’arrel les coordenades espacials en les
fonts de dades. Libre Office Base, tot i ser 1til, té limitacions en aquest
aspecte per la qual cosa una alternativa possible és 1'is d’Spatialite (Furieri,
2014). Aquest programari segueix els mateixos conceptes basats en el pro-
tocol estandard de bases de dades relacionals SQL (Date & Darwen, 1997),
perd permet introduir estructura espacial als diferents atributs seguint els
conceptes basics de qualsevol GIS (punt, linia i poligon). Tot i existir altres
projectes molt més potents com PostGIS, la tria d’Spatialite ha estat basa-
da en la seva simplicitat i claredat d’is, adequada a les necessitats d’aquest
treball.

3.3.2 Sistemes d’Informacié Geografica
GRASS

El programa GRASS (Geographic Resources Analysis Support System) és
una sistema GIS molt sofisticat emprat per gestionar la informacié, proces-
sament d’imatges, produccié de grafics, modelitzacié geografica i visualitzacio
de diferent tipus de dades® (GRASS Development Team, 2015).

Grass, en origen, va ser desenvolupat per I’exercit nord-america, concreta-
ment per la secci6 dels laboratoris de recerca del US Army Corps of Engineers
el 1982. Aquest programari va ser ideat com a eina per a la gestio territorial
amb finalitats militars. En 1995 el codi va fer-se lliure i va donar lloc a un

9Hem treballat amb la versi6 7.0.0. La web del projecte és https://grass.osgeo.org
consultada el dia 22/09/2015
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software extremadament potent que presenta una gran gama d’aplicacions
cientifiques. Tenint en compte que es distribueix de manera lliure i gratuita
és molt utilitzat per investigadors dedicats a I’analisi espacial. Altres agenci-
es estatals amb necessitats de gestionar informacié espacial com la NASA o
el National Park Service també utilitzen aquest sistema de manera intensiva.

Una de les avantatges que presenta és la integracié de diverses utilitats
lliures addicionals que han permes 'augment de les seves capacitats progres-
sivament. D’altra banda, un altre punt extremadament positiu és la seva
capacitat de carregar gairebé la totalitat de formats rasters i vectorials exis-
tents.

=228 v0as

Figura 3.7: Interficie de treball de GRASS

Quantum GIS

De la mateixa manera que GRASS, QGIS és un aplicacié lliure que ha nascut
dins del projecte OSGEO (Open Source Geospatial Foundation)!®(Quantum
Gis Development Team, 2014). A diferéncia de Ianterior, aquest software
esta destinat a la visualitzacié de dades, la produccié cartografica i analisis
senzilles gracies a la seva combinacié amb altres programaris. Un d’aquests és
GRASS, i per aix0, ha permes crear una nova eina que és un potent recurs per
els investigadors/es en 1'analisi espacial (veure com a exemple la Figura 3.8).

QGIS va néixer al 2002, quan oficialment va comencar la seva programa-
ci6. Es tracta d'un software molt jove. La idea en la que es basa l'inici del
projecte era la creacié d’una eina per a la visualitzacié de dades de manera
agil, i que alhora fos capag de carregar un gran nombre de formats georefe-
renciats diferents. Tot aquest rapid desenvolupament és possible gracies als

1013, versi6 utilitzada ha estat la QGIS 2.10 Pisa. Per més informacié sobre el projecte,
podeu consultar la segiient web http://qgis.org/en/site/ (visitada el 1/09/2015)


http://qgis.org/en/site/
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beneficis del programari lliure. La capacitat d’integrar programes diferents
en un mateix projecte, modificant el codi i creant-ne de nou quan és necessari
és un gran avantatge.

Figura 3.8: Integraci6é entre GRASS i QGIS

3.3.3 Llenguatges de programacio6
R Project for Statistical Computing

R és un llenguatge de programacio i un framework complet per a realitzar
analisi estadistic i visualitzacié d’informacié (R Development Core Team,
2008). Es un projecte GNU que és similar al llenguatge S i desenvolupat al
mateix ambient, els Bell Laboratories. R proveeix d’una gran varietat de tec-
niques estadistiques (regressions, simulacid, tests estadistics classics, analisi
de series temporals, classificacid, clusteritzacié, etc) i tecniques sofisticades
de visualitzacio de la informaci6.

Esta molt estes en el camp cientific i és facilment compatible amb els
software comentats en la seccié anterior atés que també és una iniciativa
Open Source'l.

Python

El llenguatge de programacio R ha estat complementat puntualment per Pyt-
hon, un llenguatge d’scripting que permet implementar processos d’analisi i
generaci6 de dades de manera simple i intuitiva(van Rossum, 1995)'2. Tot i
ser un dels llenguatges més joves, la seva popularitzacié ha crescut de manera

"Per més informacié consultar https://www.r-project.org/ (visitada el 1/09/2015)
12Per més informacié consultar http://python.org/ (visitada el 1/09/2015)
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exponencial en la ultima deécada fins al punt que disputa a R la supremacia
en quant a programacio en entorns cientifics es refereix.

3.4 Recursos emprats

Per tal de contextualitzar la nostra recerca i establir un marc de treball,
cal fer referencia a les dades i recursos emprats per dur-la a terme. Po-
dem diferenciar dos grups de dades, per les fonts de dades geografiques i les
arqueologiques i historiques.

3.4.1 Geografia i topografia

Pel que fa a les fonts de dades geografiques generals utilitzades en el nostre
cas d’estudi, provenen de ’agencia publica de Catalunya encarregada de la
cartografia: I'Institut Cartografic i Geologic de Catalunya (ICC)'3. Es tracta
d’una institucié puntera en el seu camp, ja que la qualitat i quantitat de les
dades que ofereix és extraordinaria i la gran majoria dels seus recursos son
d’accés obert.

Quant als serveis que ofereix I'ICC, sén nombrosos, des de mapes topo-
grafics a ortofotografies i mapes geologics a diferents escales, que van fins a
1:5000. A tot aixo li hem de sumar mapes i fotografies antigues georeferenci-
ades, juntament amb gravats i mapes antics del segle XVI en endavant. Un
altre servei molt interessant que ofereix és I'ortoXpres'*, I'objectiu del qual
és permetre la visualitzacio dels darrers vols fotogrametrics que ha realitzat
I'ICC en cadascuna de les tres escales habituals de vol.

En aquesta linia, un altre punt a valorar molt positivament de 'lCGC
és lestabliment d’un servidor WMS (Web Map Server) gratuit, de manera
que facilment podem connectar aquestes aplicacions GIS a la nostra base
de dades'®. El WMS és un protocol estandard internacional definit per 1'O-
pen Geospatial Consortium (OGC) que serveix per establir una comunicacié
entre qualsevol programari o aplicacié que ho desitgi amb servidors que pro-
porcionin informacions de caire geografic. Aixi doncs, emprant aquest servei
ofert per I'lCC podem integrar aquestes dades amb altres que hagim adqui-
rit per altres vies: NASA| el cadastre, SIGPAC (Sistema de Identificacién de
Parcelas Agricolas), IGME (Instituto Geol6gico y Minero de Espafia), entre
d’altres.

Bwww.icc.cat consultada el dia 05/09/2015

Mhttp: / /www.ortoxpres.cat/client /icc/ consultada el dia 6/09/2015

5Durant 1’elaboracié del present treball Padrega era http://geoserveis.icc.cat/. A mode
de referéncia, l’enllag va ser emprat el dia 21/9/2015.
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http://www.ortoxpres.cat/client/icc/
http://geoserveis.icc.cat/icc_mapesbase/wms/service?
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A més dels recursos oferts per ICC, també hem utilitzat algunes de les
capes que ofereix el servei de cartografia del Departament de Medi Ambient
i Habitatge!® de la Generalitat de Catalunya. L’accés a elles és totalment
gratuit, només cal tenir el programari adequat per poder visualitzar-les i
treballar-les'”. La majoria de les dades que ofereixen estan destinades a
projectes relacionats amb urbanisme, planificacid, transport o medi ambient,
pero hi ha algunes que ens poden resultar tutils. Per exemple, mapes sobre
els usos dels sols en les diferents comarques, la xarxa hidrografica dels rius
principals amb tots els seus afluents o dels antics camins i vies ramaderes,
ens poden ser interessants de tenir en compte per a la nostra recerca. Per el
cas d’estudi que nosaltres presentem en aquest treball, hem emprat 'arxiu
descarregables en format vectorial de la xarxa hidrografica catalana %.

3.4.2 Arqueologia

Pel que fa al tipus d’evidencia més comu del projecte, les dades arqueolo-
giques, tot seguit farem una breu explicacié sobre la seva obtencié i el seu
us. Cal dir, que en la gran majoria provenen de les cartes arqueologiques
dels municipis de la biblioteca de Patrimoni Cultural del Departament de
Cultura i Mitjans de Comunicacié de la Generalitat de Catalunya. A banda,
també hem tingut la possibilitat de consultar I'’eGIPCI. Tal com ho definei-
xen els seus propis administradors, es tracta d’un sistema a ’entorn extranet
del Departament de Cultura i Mitjans de Comunicacié que permet l'accés
controlat a la consulta de determinada informacié del Patrimoni Cultural
Immoble catala. El projecte eGIPCI vol donar solucié a la necessitat d’un
sistema unic i centralitzat que permeti la consulta diferenciada de la infor-
macié del patrimoni arquitectonic, arqueologic i paleontologic de Catalunya,
aixi com la consulta de I'estat de tramitacio i altres dades significatives de
les sol-licituds dels permisos d’intervenci6 arqueologica i/o paleontologica.
La majoria de cartes arqueologiques presentaven informacions prou actu-
alitzades, ja que en gran part s’havien revisat als anys noranta i presentaven
totes les fitxes de les darreres excavacions preventives realitzades als muni-
cipis. Tot i aixi, en alguns casos les dades provenien de revisions dels anys
vuitanta. Pel que fa al tipus d’informacions, les més tutils pel nostre cas
eren les referents a les coordenades geografiques en UTM dels jaciments,
com arribar-hi, la cronologia, la seva descripcid, les campanyes realitzades,

Yhttp://territori.gencat.cat consultada el dia 5/09/2015

17"La majoria estan en format Miramon i en DFX (Digital eXchange Format). EI primer
correspon a un programa GIS desenvolupat a Catalunya, i el segon a un format vectorial
procedent de I’Autocad.

8http://aca-web.gencat.cat/ enllag consultat el dia 5/09/2015.
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http://aca-web.gencat.cat/aca/appmanager/aca/aca?_nfpb=true&_pageLabel=P41800277491338804707154

3.4. RECURSOS EMPRATS 65

I'estat de conservacié i la bibliografia relacionada. Aquesta darrera dada ha
estat molt important, ja que hem pogut complementar les informacions de
jaciments que a la carta estaven molt breument detallades. També hem con-
sultats les memories i publicacions dels jaciments estudiats, aixi com en el
cas del cas d’estudi sobre I'evolucio del poblament a la zona de la conca del
riu Besos hem visitat la majoria de jaciments per assegurar la fiabilitat de
les dades o corregir les coordenades en alguns casos.

Aixi doncs, aquesta recerca es basa en dades arqueologiques ja publicades,
perd que malgrat tot no havien mai estat estudiades des d’una perspectiva
integral. Un dels objectius basics dels tres casos d’estudi era, doncs, de-
mostrar com és possible tractar totes les dades recollides de forma global.
D’altra banda, cal destacar que alguns resultats d’aquesta recerca podrien
permetre desenvolupar un model predictiu del territori analitzat, a partir
del qual fos possible preparar properes campanyes de prospeccié en les zones
estudiades (particularment els dos estudis prehistorics). Aixo seria possible
gracies a l'establiment de patrons espacials capacos de detectar arees amb
elevat potencial arqueologic.

3.4.3 Historia i Cartografia

El cas d’estudi d’esdeveniments de curta durada esta centrat en un fet suc-
ceit en un periode historic (1714). Com a tal, va ser necessari incorporar
a l'estudi dades de tipologia diversa més enlla de I'arqueologia. Gracies al
detall amb que el setge de Barcelona va ser cobert, s’han pogut integrar tant
fonts escrites com nombrosos mapes antics. Es aquest un dels punts més
interessants en 1'is de SIG, ja que no seria possible referenciar geografica-
ment totes aquestes evidencies i enllagar-les amb material arqueologic sense
aquesta eina.

En concret, es van fer servir diverses narracions i registres del setge de
nombroses procedéncies, bona part d’ells recollits al portal de patrimoni di-
gital Europeanal®. Els mapes georeferenciats en aquesta obra van ser també
accedits des del mateix portal, i addicionalment des de la Cartoteca Digital
de Catalunya del mateix Institut Cartografic de Catalunya?’. Es pot veure
un resum dels dos tipus de dades a la Secci6 4.2.2, p. 91.

Yhttp://www.europeana.eu, accedida el 23/9/2015
2Ohttp://cartotecadigital.icc.cat/ accedida el 23/9/2015
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3.5 Bases de dades

L’eix principal de la nostra recerca ha estat desenvolupar eines per entendre
millor els processos arqueologics i la seva dimensio espacial. Per aquest motiu,
la metodologia emprada per a cada cas d’estudi ha estat enfocada tenint en
compte la tipologia de dades particular de cada cronologia. Els casos d’estudi
sobre Prehistoria es van basar en una mateixa base de dades desenvolupada
en Libre Office Base, mentre que I’estudi historic va necessitar d’una base de
dades diferent creada amb Spatialite. En conjunt formen un bon exemple de
quin tipus d’estructura de dades relacional pot ser generada per la integracié
de dades procedents de periodes prehistorics i, alternativament, historics.

3.5.1 Base de dades de jaciments prehistorics

Com hem esmentat, la fundacié en les que s’assenta qualsevol model geo-
grafic és una bona base de dades creada especificament per les necessitats i
usos del cas d’estudi. Si des d'un bon principi plantegem aquestes qiiestions
com a prioritaries, ens estalviarem més d’un mal de cap en el moment de
treballar les dades. La planificacio de la base de dades és vital, ja que ha de
convertir-se en una de les eines de treball per nosaltres. Aquesta ha de ser
util i ens ha de permetre emmagatzemar, buscar i realitzar les consultes que
siguin necessaries. Alhora, també ha de ser prou flexible per que puguem
realitzar les modificacions que siguin necessaries sense haver de canviar tots
els continguts.

A la figura 3.9 mostrem el model de base de dades que hem elaborat
pels casos d’estudi segon i tercer. A continuacié descriurem l'estructura de
la base de dades, taula a taula, i fent una especial incidéncia a les relacions
que hi ha entre elles. Cal dir que per omplir-la de manera més comoda vam
dissenyar un formulari que integrés totes les taules, per tenir-ho tot en una
mateixa vista, com es pot veure a la figura 3.10.

La primera de les taules que vam elaborar ha estat la de Jaciments.
Aquesta taula inclou els segiients camps:

e ID: és l'identificador de cada jaciment. Aquest nimero 'assigna auto-
maticament el programa a cada jaciment introduit a la base de dades
i mai es pot repetir, ja que és unic.

e Nom del jaciment: nom del jaciment, tal com esta introduit a la
carta arqueologica.

e Altres toponims: altres possibles noms que pot rebre o que se li han
atribuit al jaciment.
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Jaciment Dades Arqueologiques,

Context Geografic

N:M

esta format per

Tipus d'estructures Subtipus d'estructures Materials
*
* *
N:M datats segons datats segons N:1
* 1
Cronologia

Figura 3.9: Model entitat-relacié del nostre cas d’estudi.
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diferents conceptes, relacions i caracteristiques que haurem de reflectir a la

base de dades final
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Figura 3.10: Vista de formulari de la base de dades

X i Y: les coordenades UTM dels jaciments. En el nostre cas aquestes
estan dins de la zona 31N, que correspon a la zona de Catalunya.

Municipi: poblacions on es troben els jaciments. En alguns casos els
jaciments poden estar en més d’un terme municipal.

Comarca: comarca on es troba el jaciment.
Algada: alcada sobre el nivell del mar del jaciment.

Comentaris: dades interessants o rellevants relacionades amb el jaci-
ments.

Descripci6: informacions sobre les excavacions dutes a terme i sobre el
registre arqueoldgic. Es una breu descripcié del jaciments i dels mate-
rials trobats. Es tracta d’'una de les parts més 1tils de la base de dades,
sobretot per aproximar-nos a la realitat arqueologica del jaciment.

Context: tipus de terrenys on esta ubicat ’assentament. També en
alguns casos esta inclosa una breu descripcié de com arribar-hi.

Tipus d’intervencid: el caracter de les intervencions dutes a terme, si
es traca d’excavacions antigues, preventives, programades, prospeccions
o troballes puntuals. En els casos que ens és possible apuntem quina
empresa o quin treballador particular a dut a terme la intervencio.

Dataci6: aquest camp no ha estat utilitzat en aquesta recerca. Esta
destinat a ser més complet en futurs treballs i incloure les datacions de
14C existents dels jaciments.
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e Estat de conservacio: situacié de conservacio en la que es troba el
jaciment: destruit, conservat o indeterminat.

e Revisio de la carta: any en que es va revisar la informaci6 de la carta
arqueologica.

La taula que hem descrit anteriorment és la taula principal de treball.
Perdo com necessitavem altres camps més complexos, que ens permetessin
organitzar millor la informaci6 i realitzar consultes més acurades, vam disse-
nyar altres taules que poguessin acomplir aquesta funcié. D’altra banda, per
relacionar aquestes taules entre elles de manera correcta vam crear taules
auxiliars on es formalitzaven les relacions que incloien a més de dues tau-
les (figura 3.11). En aquesta imatge es representa mitjangant un llenguatge
formal l'estructura relacional de la base de dades.

Aixi doncs, la segiient taula que descriurem és la de Cronologies. En
aquesta només hi ha dos camps:

e ID: Aquesta ID correspon a cada cronologia introduida i no es pot
repetir. Ens és molt 1til, a banda de la seva funcié dins de la base
de dades, ja que és I'item que emprem per fer estadistica amb aquesta
variable qualitativa.

e Nom: Aquest camp correspon a les diferents cronologies que hem in-
troduit.

Aquesta taula és molt 1til, ja que mitjancant dos taules més que ens fan
d’intermediaries, podem relacionar la cronologia amb els materials i el tipus
d’estructures que trobem a un jaciment. Les cronologies que hem fet servir
son les segiients:

e neolitic antic cardial: 5500-5000 cal ane.

e neolitic antic epicardial: 5000-4.400 cal ane.

e neolitic antic evolucionat o postcardial: 4400 — 4000 cal ane.
e neolitic mig: 4000-3300 cal ane.

e neolitic final: 3300-2300 cal ane.

e neolitic indeterminat: Es tracta d'una categoria on hem inclos aquells
jaciments que a la carta o als treballs publicats apareixien com a “ne-
olitics” amb materials pendents d’estudi o similar.
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Figura 3.11: Model relacional final de la base de dades.
diferents taules i el grau de relacié que hi ha entre elles
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e ITI mil-lenni: 3200-2200 cal ane. Es tracta d’'una categoria que in-
clouria el neolitic final i el calcolitic. Hem respectat la categoria de
neolitic final, citada més amunt, ja que els autors I’han utilitzat sovint.

e bronze inicial: 2300-1300 cal ane.

e bronze inicial-mig: 2300-1300 cal ane. Aquesta categoria la hem
inclos per respectar la nomenclatura de certs autors. Quan hem analit-
zat les dades, aquestes han estat incloses al mateix grup que el bronze
inicial.

e bronze final: 1300-750 cal ane.

e bronze final-primer ferro: 1300-550 cal ane. Categoria que hem
inclos per introduir els jaciments que no estaven definits en les publi-
cacions ni com bronze final ni com primer ferro. Es tracta de jaciments
que no presenten datacions radiocarboniques ni materials arqueologics
suficientment clars com per adscriure el jaciment dins d’una de les dues
etapes.

e primer ferro: 750-550 cal ane.

e prehistoric indeterminat: Es tracta d’una categoria on hem inclos
per classificar tots aquells jaciments que a la carta i a les publicacions
surten vagament com prehistorics.

La segiient taula que descriurem és la de Tipus de jaciment. En aquesta
hem establert unes tipologies, que a grosso modo, engloben tots els tipus
possibles en el context de la prehistoria recent al Valles. Aquesta taula esta
relacionada amb tres taules més (Jaciments, Cronologies i Subtipus) a partir
de la taula de nexe Rel Jac Crono_Tipus Sub. Aixi doncs, en aquesta
taula trobem dos camps:

e ID: Identificador per a cada una de les tipologies establertes.

e Nom: En aquest camp hem introduit les diferents categories que hem
establert per classificar els diferents tipus de jaciments.

En la descripcié hem volgut incloure els atributs de la taula Subtipus que
estan intrinsecament lligats amb aquests. Les categories sén les segiients:

e Cova habitacional: cova on es desenvolupen activitats relacionades
amb I’habitat. Com a subtipus, tindriem les segiients tipus d’estructu-
res: sitges, altres estructures negatives, cubetes, forats de pal i llars.
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Estructures de manteniment: estructures relacionades amb les ac-
tivitats de manteniment de la comunitat. Aixi doncs entenem aquest
grup com aquelles estructures relacionades amb la subsistencia de la co-
munitat. Aixi doncs, com subcategories tindriem: rases, sitges, cubetes
i cisternes.

Sitja-estructura aillada: elements allunyats de la resta d’estructures.
Més que una categoria especifica, descriu les condicions de coneixement
que es té d'un jaciment.

Estructura d’habitat: estructures relacionades amb I'habitat de les
comunitats. Els elements a incloure en aquesta categoria serien els
segiients: grans retalls, llars, forns, forats de pal, cubetes i bancs.

Troballa ocasional: troballes fortuites o fora de context.

Altres estructures negatives indeterminades: estructures negati-
ves (retalls als subsol) on és impossible determinar la seva funcionalitat.

Estructura ritual: estructures relacionades amb contextos simbolics
que no estan relacionades amb contextos d’habitat o de manteniment.
Els elements a incloure son els segiients: recinte de menhirs, menhirs,
grans estructures de combustié, sitges amb diposits de fauna i sitges
amb restes humanes sense connexi6 anatomica.

Context funerari d’inhumacié: estructures relacionades amb el
mon funerari de les comunitats on la practica habitual és la inhumacio,
tant si es tracta d’'un enterrament aillat o d’una necropolis. Les subca-
tegories son les segilients: cista, camera, galeria, sepulcre de corredor,
altres estructures dolmeniques, fossa, hipogeu senzill, hipogeu complex
(amb pou i/o ninxol), sitja, sitja amb ninxol, cova sepulcral i cova-abric
paradolmenic.

Context funerari incineracié: estructures relacionades amb el mén
funerari de les comunitats on la practica habitual és la incineracid, tant
si es tracta d’un enterrament aillat o d’'una necropolis. El subtipus sén
els seglients: necropolis incineracio, estructura d’incineracio aillada,
sitja o cova sepulcral.

Indeterminat: estructures on és dificil atribuir alguna funcionalitat
o is. O bé les dades disponibles sén antigues i no tenim informacio
suficient del jaciment.
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La segiient taula a descriure és la de Subtipus que esta lligada a I'an-
terior. En aquesta hem establert uns subtipus d’estructures que es po-
den localitzar dins dels grans tipus descrits anteriorment. Aquesta tau-
la és relaciona amb tres més (Tipus, Jaciments i Cronologies) a partir de
Rel _Jac_Crono__Tipus Sub, que les articula vincula a totes.

Aixi doncs, la segiient taula a descriure és la de Materials. Incloent
aquesta a la base de dades hem volgut fer un recull orientatiu dels materials
més representatius de cadascun dels jaciments tractats. La qiiestio de si
hem pogut especificar més o menys, o afinar més la cronologia, ha depes de
la bibliografia consultada i dels seus autors. Aixi doncs, recalquem que es
tracta d'un camp orientatiu, ja que era impossible recollir el 100 per cent
d’aquestes informacions. Aquesta taula esta relacionada amb tres més: la de
Jaciments, la de Cronologies i la de Rel _Mat Jac_Cro, aquesta darrera és
I’encarregada de de relacionar totes les anteriors. Aixi doncs, aquesta taula
presenta dos camps:

e ID: Aquest és tinic per a cada tipus de material introduit, i mitjancant
la taula Rel Mat Jac_Cro i la de Cronologies podem associar cada
tipus amb una cronologia determinada.

e Tipus de material: Aquest camp ens permet introduir els tipus de
materials, i com hem dit abans, després els podem relacionar amb una
cronologia concreta.

Hi ha diferents tipus de materials inclosos, de generals i d’altres més
concrets. Aixi doncs, aquest camp també ens ha estat molt util pel tema de
les cronologies, ja que aquestes forcosament havien d’encaixar amb les de les
taules Tipus i Subtipus i en cas contrari detectariem rapidament el problema.
D’altra banda, en jaciments sense datacions, els materials han estat un “fossil
director” orientatiu.

Aixi doncs, les segiients taules a descriure son la de Rel Mat _Jac Cro i
Rel_Jac_Crono__Tipus Sub. Es tracta de taules que serveixen per solucio-
nar relacions de M:N quan estan implicades més de dues taules. Per exemple,
trobem aquest tipus de relacions al intentar definir les estructures dels di-
ferents jaciments. Un jaciment pot tenir varis tipus d’estructures, i alhora,
aquests tipus es poden trobar en més d’un jaciment. En canvi, si tinguéssim
una relacié de N:1 ens trobariem en un cas diferent. Per exemple, la cerami-
ca amb decoracié cardial només la podem trobar en cronologies del neolitic
antic cardial, perd en aquesta mateixa cronologia hi ha molts més materials.
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3.5.2 Base de dades historiques

La base de dades emprada en el cas d’estudi historic va ser dissenyada per
integrar dades de caire temporal (baixes de soldats, segons diari dels asset-
jadors) amb dades de caire espacial (georeferenciacié dels treballs de setge).
Es va seguir una aproximacié similar a la base de dades anterior, centrada
en 'as d’un model entitat relacié (veure Figura 3.12).

e Regiments: Unitats participant al setge.
e Baixes de soldats: Registre diari de soldats ferits/morts.
e Baixes d’oficials: Registre diari d’oficials ferits/morts.

e Treballs: - Taula espacial definint ’area a on cada obra de setge es va
desenvolupar (les paral-leles, trinxeres d’atac, bateries, etc.).

e Activitat: Relaci6 d’obres de setge i I'interval temporal de la seva
construccio.

e Dia: Llistat de dies possibles en que les baixes i els treballs es van dur
a terme.

e Graduacio: Llistat de possibles graduacions pels oficials atacants.

La tnica diferencia a nivell tecnic amb 'altra base de dades és la taula
Treballs, a on cada element de la mateixa té, a banda d’un conjunt d’atributs,
una georeferenciacié espacial (en aquest cas un poligon). Mentre que a l'altra
base de dades era possible només definir els diversos jaciments amb un punt,
en aquest cas 'escala d’analisi va forcar a fer servir una base de dades espacial
per tal de permetre modelar aquests treballs com a arees.

3.6 Analisi espacial

Fins aquest moment hem estat definint i mostrant les dades que podem tre-
ballar en un Sistema d’Informacié Geografica i la manera que tenim de fer-ho.
Totes aquestes qiiestions sén la base per a treballar en analisi espacial, on el
GIS demostra tot el seu potencial. De fet, aquesta és la rad del funcionament
dels GIS, que es basa en una llarga trajectoria de metodes quantitatius en
arqueologia. Moltes de les bases de 'analisi espacial les van establir geo-
grafs quantitatius en les decades dels anys 50 i 60 del segle XX, i durant les
decades del 1970 i 1980 els arqueolegs les van adoptar i les van modificar.
Per diferents motius, i per 'emergencia de determinades corrents teoriques,
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BAIXES_SOLDATS
diaSetge INTEGER 3
> DIA
morts INTEGER TREBALLS
ferits INTEGER dia IECER PK_UID INTEGER
indeterminat  INTEGER mes = id INTEGER
diaSetge INTEGER — TEXT
descripcio  TEXT
BAIXES_OFICIALS REGIMENTS tipus TEXT
> 5 dist DOUBLE
nom TEXT 7| # nom  TEXT B
L . dist_per DOUBLE
graduacié TEXT exercit TEXT
. Geometry POLYGON
regiment TEXT batInf INTEGER
ipus TEXT S —— baixes_dia SQLITE_INTEGER
i LITE_FLOAT
diaSetge INTEGER coronel  TEXT paixecRavoMSQUIETELO
" ACTIVITAT
GRADUACIO -
diaSetge INTEGER
D TEXT area TEXT

dist_cc DECIMAL
dist_per  DECIMAL

Figura 3.12: Model entitat relacié de la base de dades historica

I’analisi espacial en arqueologia i en les ciéncies socials, va deixar de ser el
focus d’interes. Aixo0 es deu, en part, a que hi havia una excessiva generalit-
zaci6 de models matematics massa simplistes, que no eren capagos de tractar
I’alta complexitat inherent a I’estudi de I’ésser huma; i d’altra banda, al gir
teoric a favor de I'estudi del comportament huma des d’una perspectiva més
relativista i contextualitzada (Conolly & Lake, 2006, 202).

En les dues darreres decades hi ha hagut una explosié i un renovat interes
per l'analisi espacial i les aproximacions quantitatives a l’arqueologia, que
ha pogut fer front a aquelles critiques per a entendre millor 1'organitzacio
espacial del comportament huma. En els Gltims anys, a més, en els camps de
I’economia, la geografia, antropologia i altres ciéncies socials, s’han realitzat
avencos per coneixer i interpretar patrons complexos del comportament huma
en diferents nivells, del marc local al més general, emprant la geoestadistica.
L’arqueologia no ha participat tant activament com altres ciencies en aquestes
innovacions, pero en els darrers anys hi hagut un creixent intereés en aplicar
totes aquestes tecniques d’estudi a les comunitats humanes preterites.

Aixi doncs, podem definir I'analisi espacial com allo que inclou les trans-
formacions que podem realitzar a les entitats representades dins del nostre
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GIS. Tenint en compte el volum de dades al que podem accedir, com les
intricades i complexes relacions que s’estableixen entre elles, és necessari un
periode de processament de les dades per tal d’aconseguir distingir connexi-
ons que a priori semblen dificils de veure.

Per dur a terme tot el processament de dades, tenim a I’abast un nombre
d’algoritmes, formules i tecniques molt elevat. Per tal de no quedar aclaparats
per les possibilitats que ens ofereixen els diferents programes al nostre abast,
cal coneixer quines aplicacions té cada eina, amb la intenci6 de treure un alt
rendiment en la nostra recerca.

A continuacié, descriurem algunes de les tecniques més utilitzades en
I’analisi espacial, que molt sovint, han estat les més emprades en arqueologia.

3.6.1 Consultes

La primera de les maneres de realitzar un analisi de la informaci6 continguda
en un GIS és fent cerques i preguntes sobre les dades que ell mateix té. Aixo
ho podem fer:

e A partir d’'un atribut. El tipus de consulta que podriem realitzar se-
ria, per exemple, mostra una llista de jaciments que tinguin ceramica
campaniforme.

e A partir de dades geografiques, amb una consulta com aquesta: mos-
tra’m els jaciments que estiguin a quinze quilometres de Barcelona.

e Mitjancant la combinacié de factors, amb una consulta com la segiient:
vull saber tots els jaciments a quinze quilometres de Barcelona on hi
hagi preséncia de ceramica campaniforme.

Alguns Sistemes d’Informacié Geografica incorporen a les seves cerques la
possibilitat d’emprar algoritmes dissenyats dins el camp de la Intel-ligencia
Artificial, 1 sén prou complexos. D’aquesta manera, alguns d’ells poden res-
pondre a preguntes més complexes, com quina ciutat romana gran hi ha més
al nord d’on estem situats. La informacié continguda en un GIS pot ser
mostrada a partir de tres interficies grafiques diferents. En el nostre cas,
utilitzem el programari Quantum GIS i farem referéncia a aquest per exem-
plificar graficament aquests elements.

e La primera interficie és el cataleg, a on podem veure les dades en funcié
dels fitxers que les incorporen. Les caracteristiques que es tenen en
compte sén el format (raster o vector), tipus de fitxer, etc.
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e La segona manera d’accedir a la informacio és a partir de la vista de
mapa, on veiem directament tota la informacié georeferenciada cor-
rectament de les diferents capes tematiques de dades. Aquestes dades
poden ser consultades molt facilment amb una seleccié del ratoli.

e [ per acabar, la tercera vista és en forma de taula. En aquesta se’ns
mostra la informacié d’'una capa concreta ordenada segons un dels atri-
buts dels que consta.

Amb aquesta organitzacio tenim la possibilitat de fer cerques complexes a
partir dels atributs dels objectes. Normalment, per fer aquest tipus de cerca
s’utilitza 'anomenat SQL (Standard Query Language), un llenguatge formal
especificament dissenyat per a realitzar consultes en models entitat-relacio.
Usualment les aplicacions donen la possibilitat de realitzar les cerques tant
per linia de comandes com a partir de la interficie grafica, segons es pot veure
a figura 3.13.

Figura 3.13: Les tres vistes existents en la interficie grafica d'un GIS (en
aquest cas Quantum GIS)

3.6.2 Mesures

Aquesta segona aproximacié permet calcular els valors numerics que descri-
uen una caracteristica particular en relaci6 a les dades geografiques. Aixo
inclou la mesura dels objectes, la seva llargada, la distancia entre dos punts,
les relacions entre ells o bé la direccié (Longley et al., 2005, 320). Aquesta
tipus d’analisi és un valor afegit del GIS, ja que no existeixen eines manuals
precises capaces de calcular distancies dins un model de terreny realista. De
fet, com ja hem comentat fou una dels requeriments principals dels primers
GIS, dissenyats per a permetre la mesura d’arees.
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Tot i aixo0, existeixen problemes en la discretitzacié de les dades vectori-
als, necessaries per representar-les en la plataforma informatica i poder-les
mesurar. El problema que es presenta recau en que les linies corbes son re-
presentades dins un GIS com a una col-leccié de punts enllagats per linies
rectes. La longitud conjunta d’aquestes linies rectes és menor que l'objecte
corbat que es vol representar, donat que no segueixen exactament el mateix
tragat, per la qual cosa existeix cert marge d’error, que s’incrementa en re-
laci6 a la complexitat del tracat i a la simplificacié del model creat. A més
a més el sistema ha de ser prou sofisticat per a tenir en compte la curvatura
de la Terra, doncs en cas contrari ’area mesurada sera inferior a la superficie
real, que no és exactament plana.

A banda de les possibilitats comentades, també podem calcular perfils, és
a dir, mesurar la distancia entre dos punts calculant ’alcada. Aixo és molt
important, ja que si treballem en un entorn bidimensional la distancia més
petita sempre sera una recta. Quan parlem de dades geografiques de caracter
tridimensional, pero, és probable que un recorregut més llarg i en pla sigui
més rapid que un altre de més recte, pero que hagi de passar per muntanyes
O creuar rius.

3.6.3 Generacio de noves dades

Els dos tipus d’analisi mostrats fins ara no han modificat en res les dades de
les quals nosaltres partim, i tampoc n’han creat de noves. El segiient pas,
doncs, és transformar-les i generar-ne nova informacio a partir d’unes regles
simples (Rubio Campillo, 2009, 152).

El primer dels algoritmes que podem fer servir és el buffering o area
d’influencia. Es tracta d’eixamplar un objecte donat, sigui un punt, una
linia o un area. Aquest analisi el podem realitzar a partir d’un vector, o
bé fent servir el format raster, on assoleix tota la seva poténcia. Val a dir
que el format vectorial permet la possibilitat de realitzar consultes espacials
implementades per la superposicié de poligons (Conolly & Lake, 2006, 276).
Per exemple, d’aquesta manera seria facil localitzar tots els jaciments situats
en una mateixa comarca, i alhora, els que estiguessin a 30 metres d’una futura
carretera.

Aixi doncs, tornant al format raster, podem parlar d’un cas concret com
la generaci6 isocrones. Per posar un exemple il-lustratiu, pensem en un mapa
en aquest format a on se’ns mostri el cost de travessar cada cel-la del mapa, és
a dir, que cada cel-la tingui un valor que representi el que ens costa accedir-
hi. Aquest valor s’anomena valor de fricci6 i globalment, aquest tipus de
representacions son conegudes com a mapa de friccions o de costos. Hem de
tenir en compte que el cost del desplagament depén del mitja de transport i
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dels atributs de la cel-la (Conolly & Lake, 2006, 282). En aquest cas podem
fer servir el buffering per expandir-nos des d’un punt concret del raster, tenint
en compte les variables comentades anteriorment i la velocitat donada sobre
els valors de friccié adjacents. Aixi doncs, entenem que a menor grau de
friccio, més rapid es pot avancar; i a major grau de friccié el desplagament
sera més lent, i per tant el resultat no sera uniforme en la seva expansié en
totes direccions?!.

Un altre exemple d’analisi que podem aplicar a partir del buffering és
I’algoritme de veinatge. Es tracta d’un metode per determinar si un conjunt
d’objectes a l'espai tendeix a un patrd espacial aleatori o ara bé agrupat
d’alguna manera. El concepte de “veinatge” fa referencia al conjunt de llocs
utilitzats en una operacio espacial per a calcular el nou valor d’atribut en una
determinada localitzacio. Les localitzacions d’un veinatge no tenen per que
estar espacialment proximes. L’exemple de veinatge més emprat es realitza a
partir d'un mapa raster, i consisteix en que cada nova cel-la pren com a valor
la suma de la cel-la de referencia més les 8 cel-les immediatament contigiies.
Per exemple, si analitzéssim mitjancant un algoritme del veinatge més proxim
tots els jaciments romans de la comarca del barcelones podriem observar la
tendencia de les agrupacions i els punts més importants, doncs tindrien valors
més alts que les zones a on els assentaments estaven més dispersos.

Cal tenir en compte, pero, que aixo és una representacié esbiaixada del
registre arqueologic i que, de fet, el que hem analitzat son els volums d’in-
tervencions arqueologiques en una comarca, que en gran part dels casos van
lligats al desenvolupament urbanistic. Per a solucionar aquest problema hau-
riem d’elaborar dos mapes: un amb tots els jaciments coneguts del barcelones,
i un altre amb tots els jaciments romans. Un cop fet aixo, hauriem de realit-
zar una operaci6 d’algebra entre els dos rasters (en aquest cas una resta), per
tal de poder observar, d’una banda, on hi ha dades i on no hi ha; i de 'altra
si hi ha zones buides d’informacié degudes no a la inexisténcia de jaciments
sind a la manca d’estudis. Com a exemple, la figura 3.14 és el resultat de
I’aplicacio de l'algoritme de veinatge per a jaciments de la Prehistoria recent
a la zona d’estudi del tercer treball.

Més enlla del buffering, hi ha altres tecniques que ens permeten establir
relacions entre els diferents objectes, especialment si estan modelitzats com
a vectors. Entre aquests, destaquen els algoritmes que permeten veure si un
punt esta dins d'un poligon o calcular les interseccions i conjuncions entre
tessel-les.

21 Tot i aixod, cal entendre que el GIS com a eina té les seves limitacions per representar
i poder donar respostes a ’estudi de processos. Si volem aprofundir en aquest tema, com
hem destacat abans una bona aproximacié podria ser la modelitzacié basada en agents
(ABM) (Conolly & Lake, 2006; Gilbert, 2008, 386).
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Mapa de densitats

Figura 3.14: Aplicacié de I'algoritme de veinatge. La gradacié de blau a
vermell indica un nombre creixent d’intervencions arqueologiques a I’area.

Una altra linia de transformacié de dades és la interpolacié. Es tracta
d’una técnica que permet estimar matematicament els valors dels atributs
(com D’elevacid, el tipus de sol, etc) de localitzacions no mostrejades a partir
dels valors calculats en llocs analitzats, quan els primers estan situats dins
d’'una zona on ja existeixen dades (Conolly & Lake, 2006, 283). Aquest
algoritme el podem fer servir en casos d’estudi on ens faltin dades i vulguem
augmentar la resolucio, mitjangant el procés conegut com resampling. Cal
dir, pero, que la interpolacié es pot aplicar a qualsevol fenomen espacial
quantitatiu amb un minim grau d’estructura, és a dir, quan els valors de
les observacions no siguin aleatoris, siné que presentin una autocorrelacio
positiva??. Per exemple, si estem treballant amb un DEM amb una resoluci6
de 100x100 metres i tenim un mapa amb una resolucié de 50x50, amb el que
volem relacionar dades, haurem d’interpolar el DEM, per tal de que tingui
el doble de resolucié i puguem comparar i relacionar els valors de manera
correcta. Val a dir que hi ha diferents metodes per interpolar dades, pero en
tots els casos hem de ser conscients de 'operacié que estem realitzant i de
I’exactitud de les dades originals. Cal recordar que en aquests processos estem
obligats a pressuposar dades, amb tots els riscos que aixd pot comportar

22 Aquest terme descriu una forma d’estructura espacial, on tota la distribucié succeeix,
en major o menor mesura, que quan més a prop estan dues observacions, més similars
seran els seus valors (Conolly & Lake, 2006, 132)
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( Longley et al. 2005, 90; Conolly & Lake 2006, 157).

Dins l'analisi espacial amb GIS, els quatre metodes d’interpolacié més
emprats son la ponderacié a partir de la distancia inversa, ’algoritme dels
poligons Thiessen, el kriging i la interpolaci6 a partir d’splines. Aquest darrer
cas esta molt indicat per a superficies que varien lleugerament i lentament,
com les elevacions d'un terreny poc abrupte. Cal dir que tots quatre algorit-
mes so6n complexos, i per exemple, el kriging requereix uns alts coneixements
d’analisi geoestadistica per poder-lo dur a terme. La seleccié del metode
d’interpolacié més adequat depen de 'estructura de les dades mostrals, dels
resultats que es busqui obtenir, i de les caracteristiques del model de super-
ficie.

D’altra banda, també podem dur a terme la operacié contraria a la inter-
polacié. Es el que es coneix com reclassificacié. En el cas anterior partfem
d’un conjunt limitat de dades per generar-ne de noves, i en aquest cas es trac-
ta del cas oposat. Es tracta de simplificar un conjunt de dades alterant les
classes o categories utilitzades per enregistrar els atributs (Conolly & Lake,
2006, 389). Es a dir, simplifiquem les dades que tenim per tal de crear un nou
mapa més senzill, sovint a menys resolucié. Aquesta técnica és bastant uti-
litzada, per exemple, per calcular densitats de poblacié en un territori, o bé,
per analitzar si hi ha zones amb mancances de transport public, abastiment
electric, etc.

3.6.4 Resums descriptius i geoestadistica

Els GIS incorporen tot un conjunt de férmules, tests i tecniques relacionades
amb l'estadistica (mitjana, mediana, variancia, correlacions, x?, t de Stu-
dent...) que ens permeten explorar, clarificar i determinar la importancia de
les relacions en les bases de dades espacials i d’atributs. D’aquesta manera,
si la nostra mostra és suficientment amplia, podrem canalitzar tota aquesta
informacio i organitzar-la.

D’altra banda, els GIS també presenten tot un conjunt de tecniques ano-
menades data mining relacionades amb la recollida selectiva de dades i amb
la deteccié de patrons regulars entre aquestes.

3.6.5 Dades generades a partir del DEM

Com ja hem vist, el DEM és una de les bases més importants per poder
desenvolupar la nostra recerca en 'ambit espacial. A banda de I'altura, que
ja de per si pot ser una variable rellevant, podem extreure a partir d’ell nova
informaci6 extremadament til per realitzar I’analisi espacial.
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Ens concentrarem en les dues més rellevants per a la nostra recerca, tot
i que com podem veure a la Taula 3.1 n’hi ha moltes més. La primera
d’aquestes és la gradient. Es el resultat de calcular, per cada punt donat d’un
DEM raster, quina és la pendent respecte a ’eix d’horitzontalitat. Es tracta
d’'un factor prou rellevant, ja que és una variable que incideix plenament
en el calcul de rutes de minim cost i la tria de localitzacions, problemes
d’optimalitat que veurem a continuacié.

L’altra variable que podem extreure del DEM és I'aspecte. Aquesta ens
indica la orientacié de la gradient en graus, partint de la base de que varia
de 0 a 360 graus, tenint en compte que el 0 és el nord teoric (per tant, 90°
correspondrien a I'Est, 180° al Sud i 270 a 1'Oest).

Atribut
Gradient

Aplicacié

Inclinacié del terreny; difi-
cultat de moviment; classi-
ficacié del potencial de ter-
res; erosié i moviment dels
artefactes; model predictiu
de jaciment

Irradiaci6 solar; model de
vegetacid; moviment; model
predictiu de jaciments
Model d’erosio;
dels sols

Definicio
Maxima inclinacié en eleva-
cid

Orientacié de la pendent
descendent

Aspecte i exposicié

Curvatura de perfil | Maxima pendent avaluacio

Relleu ombrejat

Representacio del relleu del
terreny mitjancant l'efecte
ombra

Analisi visual de la variabi-
litat del terreny

Insolacio Quantitat d’energia solar | Model de vegetacio; classifi-
sobre un segment del paisat- | cacions del potencial de les
ge terres; model predictiu

Visibilitat Localitzacié de paisatge vi- | Model predictiu; analisi de

sible des d’un punt donat

localitzacié d’assentaments

Conca de drenatge

La zona que drena en un
punt definit del paisatge

Analisi de localitzacié d’as-
sentaments

Taula 3.1: Models de superficie que podem obtenir a partir del DEM (a
partir de (Conolly & Lake, 2006, 147)

A les figures 3.15 i 3.16 podem veure, a tall d’exemple, la gradient i
I’aspecte generades a partir del DEM emprat al tercer cas d’estudi.

3.6.6 Rutes optimes i accessibilitat

L’explicacié d'un patré de I'is huma del sol requereix, encara que no sempre,
coneixer el potencial favorable i desfavorable a través del paisatge. Es a
dir, requereix que s’intenti establir I'accessibilitat relativa de les diferents
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Figura 3.16: Mapa d’orientacions
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localitzacions. En aquest sentit, aquest concepte s’ha modelat de maneres
diferents, bé analitzant 1’accessibilitat com una funcié de distancia, de la
compactacié territorial, de consum energetic o de temps (Conolly & Lake,
2006, 281). En principi totes aquestes analisis les podem dur a terme amb un
GIS. Per exemple, les dues primeres les podem elaborar mitjangant la creacid
d’arees d’influencia i poligons Thiessen. En canvi, el temps i la despesa
energetica es poden representar a partir del calcul de les rutes optimes.

Entenem per optimitzacié (i rutes optimes) el procés pel qual a partir
d’unes dades concretes generem noves informacions que impliquin minimit-
zar el cost de qualsevol accid que representem, tenint en compte el terreny.
Cal dir que els algoritmes utilitzats per resoldre aquests tipus de problemes
procedeixen de certes branques de la Intel-ligéncia Artificial, ja que és el ma-
teix GIS qui decideix quina és la millor opcié al seu abast seguint una serie de
regles predeterminades. En aquesta eleccié juga un paper molt important el
terreny, i les bonificacions o penalitzacions sobre aquest que nosaltres haurem
afegit. Per exemple, nosaltres podriem tenir en compte variables historiques
a més del propi territori, marcant quines zones sén les més adequades per
motius culturals i quines altres estan penalitzades. Aixi doncs, la nostra ruta
no nomeés tindria en compte els factors geografics, siné també altres variables
de diversa indole que nosaltres haurem determinat.

Les qiiestions que ens plantegem poden ser resoltes de maneres diferents,
segons si es tracta de dades discretes o continues. En el primer cas, s’establei-
xen xarxes, on els nodes estan connectats per diversos enllacos (arestes) que
marquen els diferents camins possibles. En el segon cas, on no tenim arestes
entres nodes, el desplacament es realitza de forma continua. Per tant, es pot
triar qualsevol opcid. Aquest darrer cas és el més efectiu quan es tracta de
modelitzar moviments no marcats per vies de comunicacié modernes (Ru-
bio Campillo, 2009; Herzog, 2013, 154).

Aixi doncs, podem dividir les teécniques i algoritmes d’optimitzacié en dos
grans grups, tenint en compte el problema que volem resoldre. El primer,
esta marcat per l'elecci6 d'una localitzaci6 d’'un punt optim donada una
casuistica concreta. Per exemple, aquest tipus d’analisi el fariem servir per
situar una antena on donés més cobertura o per plantejar-nos on situariem
una fortificacié en un territori, tenint en compte les distancies o els perills
als que s’hauria d’enfrontar.

El segon bloc és el que dona resposta a 1’eleccié de la ruta més optima.
Si disposem de dades discretes, podem modelitzar-ho com a problemes de
xarxes. Per exemple, solucionar quina és la millor ruta de transport (a peu,
public o privat) per anar des d'un punt a un desti determinat. En la nostra
vida quotidiana en trobem aquests models de manera habitual, per exemple,
en els GPS dels cotxes o en portals com Google Maps, que ens recomanen el
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millor cami. Uns dels casos més complexos per calcular sén les anomenades
rutes de minim cost?®*. En el mén de la intel-ligéncia militar han estat molt
explotades i també resulten molt 1tils per determinar tragats de linies d’alta
tensio, repartiments de recursos, etc.

Per calcular-ho, podem fer servir un sistema d’isocrones. A partir d'un
mapa raster amb els valors de friccié, definim un agent que es desplacara tot
intentant trobar el millor cami fins a un desti marcat. Un cop definits els
valors de friccié, hem de decidir com aquest agent es moura per les cel-les,
tenint en compte que cadascuna té 8 veins. Tenim diverses possibilitats per
a desplagar-nos per aquesta estructura geometrica, des del simple moviment
de la “torre” (ens podem moure cap a esquerra, dreta, dalt o baix) al de
la “dama” (és possible desplagar-nos també als veins diagonals) i al més
sofisticat del “cavall” (s’expandeixen les diagonals per evitar problemes de
distancies diferents). A priori, el darrer mode és més efectiu i precis, pero
tenir en compte que els moviments en diagonal son més llargs que no pas la
resta requerira un cost computacional forca més elevat, variable que s’ha de
tenir present en cas de models complexos.

Quant als valors de friccié, podem fer sevir nombroses dades diferents
al nostre abast, com l'elevacié, la gradient o la paleovegetacié (una zona de
bosc seria més costosa de travessar que no pas una de cultiu). Un cop donat
el valor de fricci6 de cada cel-la, a partir d’algoritmes podem computar la
ruta de minim cost, ja que es tracta d'un tipus de problema d’un grau de
complexitat elevada.

3.6.7 Contrastacié d’hipotesis

El que hem mostrat fins ara en aquest apartat son analisis que podem realit-
zar amb un GIS per generar noves informacions a partir de la mostra inicial.
Es a dir, es tracta d’un anlisi en gran part inferencial. Partint d’aquesta
premissa, podem treballar amb un GIS en la creacié i validacié d’hipotesi de
treballs (Rubio Campillo, 2009, 156).

Tot i aixo, i partint de que la nostra mostra sigui prou representativa®,
existeixen problemes greus en aquests tipus d’aproximacions a problemes ge-
ografics. En primer lloc, cap regié del mon es representativa d’una regié més
gran. Si triem les regions a priori per a que siguin una mostra representativa,
estem caient en 'apriorisme de triar les dades sense aleatorietat i per tant
obtindrem un resultat predictible. Aixi doncs, també hem de pensar que en

23Per una analisi actualitzada sobre 'is de les rutes de minim cost en arqueologia,
consultar Herzog (2014)

248j tractem temes d’arqueologia, hem ser prou conscients de que treballem amb dades
parcials.
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la superficie de la Terra no hi ha res semblant a la mitjana. En pocs casos un
estudi d'una regié concreta ens podra donar informaci6 sobre una altre molt
diferent, ja que els factors geografics estan tan relacionats, que sera dificil
decidir quins elements tenen en comu i quins no.

Alternatives i solucions als problemes plantejats sén 'estudi descriptiu
del territori relacionat amb la qiiestié a estudiar. En aquest cas podriem
emprar tota la potencia dels Sistemes d’Informacié Geografica, sense caure
en generalitzacions. Un altre aproximacié per aprofundir en el nostre estudi
és la detecci6 de patrons en una mateixa area. En aquest cas, aquests patrons
poden ser utils per a I’estudi d’altres zones i problemes relacionats amb temes
de rutes de minim cost, arees de captacié de recursos, visibilitats, distancies
amb cursos d’aigua, relacions entre assentaments, etc.



Chapter 4

The Spatiotemporal Model of
an 18th-Century City Siege

Aquest capitol és una transcripcio exacta dels continguts del segiient article
(la versi6 original es pot veure a 'apendix A):

Rubio-Campillo, X.; Hernandez Cardona, F.X.; Yubero-Gémez, M. (2014).
"The spatiotemporal model of an eighteenth century city siege", Social Sci-
ence Computer Review, 1-17, doi: 10.1177/0894439314558559.

Abstract The importance of terrain in warfare has often encouraged an in-
tense relation between military conflicts and the use of techniques designed to
understand space. This is especially relevant since the modern era, where the
engineers who built and assaulted city defenses recorded the events with di-
verse documentation, including reports, diagrams and maps. A large number
of these sources contain spatial and temporal information, but it is difficult to
integrate them into a common research framework due to its heterogeneity.

In this context, Geographical Information Science provides the necessary
tools to explore an interdisciplinary analysis of these military actions. This
paper proposes a new approach to the study of sieges using a spatiotemporal
formal model capable of integrating cartography, archaeological and textual
primary sources and terrain information. Its main aim is to show how con-
crete research questions and hypotheses can be explored using a formal model
of this type of historical events.

The methodology is applied to a particular case study: the French-
Spanish siege of Barcelona occurred in 1714. The protagonists faithfully
recorded the development of the action, providing essential information for
the model. Besides, different authors depicted the event as the paradigm
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of a city siege. For this reason the model is also used to explore why real
actions deviated from theoretical guidelines, clearly defined in different man-
uals. We use this scenario to explore two issues: a) why the attackers chose
to assault a particular city sector b) the factors that explain the casualties
of the besiegers. We conclude that we need methodological tools capable
of integrating heterogeneous information to improve the understanding of
siege warfare, that affected not only military conflict, but also the shape of
European urban landscapes.

Keywords Spatial analysis, War of the Spanish Sucession, Vauban, Geo-
graphical Information Science, military history.

4.1 Introduction

The introduction of Geographical Information Systems in Social Sciences
and Humanities has gradually increased during last decades, especially in
the fields with stronger spatial dependencies, like Archeology (Longley et al.,
2005; Conolly & Lake, 2006). Historical research has also been involved on
some of these advances in spatial technologies (Knowles, 2006; Knowles &
Hillier, 2008). However these formal models are still not as widely spread
as one could expect given the large amount of sources involving spatial in-
formation. In particular, it is surprising that the study of military conflicts,
the human activity that has generated the largest volume of maps and other
spatial information in the past, seldom uses this type of approach (Nolan,
2009).

The seventeenth and eighteenth centuries saw an exponential increase
in the documentation generated by military actions and, in particular, city
sieges. We claim that the integration of cartography and other sources into
a spatiotemporal formal model would increase the understanding of these
actions as well as the relation between cultural, geographical and historical
variables that could explain its impact on modern era societies.

In particular, the comparison between real actions and treatises provide
new insights into the reasons why a besieger deviated from theoretical guide-
lines. This is specially interesting with the homogenization of siege techniques
done by Sébastien Le Prestre, Marquis of Vauban (Barros et al., 2007). The
principles listed by Vauban were considered as the basis for besieging any
fortress, but as other authors have pointed out the commanders did not
always follow them (Ostwald, 2007).

The aim of this work is to present a formal model that captures the
spatial and temporal dimensions of data generated by an eighteenth century
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siege. We suggest that this quantitative approach could be able to answer
particular research questions and test hypotheses, moving from the classical
descriptive models of historical research to the exploration of formal models,
with all its added benefits (see Epstein 2008 for this discussion).

We show how the design of a formal model of the siege created with GIS
improves our understanding of the role of cities in modern era warfare. As
an example, we explore different hypotheses formulated for a particular case
study: the French-Spanish siege of Barcelona (1713-1714), epilogue of the
War of the Spanish Succession, one of the most important conflicts of the
century.

The next section explains the context and development of this siege, defin-
ing the working hypotheses and the spatiotemporal model developed to test
them. This is the starting point for the application of different analysis tech-
niques in the third section. To conclude, results are discussed, and put into
context of the wider goal: the development of formal models designed to
explore the history of warfare.

4.2 Modeling the siege of a city

A large percentage of European cities and fortresses were besieged during the
seventeenth and eighteenth centuries. This constant threat to vital strategic
locations forced the states to invest efforts not only on the defenses, but also
on the theoretical aspects that controlled this activity. Particularly impor-
tant was the creation of social structures capable of informing engineers on
the design and execution of siege plans. The theory built by these specialists
created a unified method to besiege any city of Europe for at least 200 years.
Despite the fact that the phases of a siege seemed extremely deterministic,
reality was certainly different. The very same engineers did not follow the
theoretical guidelines in the field, for complex and varied reasons related to
the geographical, cultural and temporal variables of the particular event.

The dynamics of these historical events make them a perfect target for
spatiotemporal analysis. First of all, there was a constant evolution of so-
lutions at different scales (from command and control to logistics and tech-
nology), so the comparative analysis of sieges from different decades could
be extremely interesting. Second, the documentation generated by a siege
of the eighteenth century can be used to create a geographical model, where
temporal variables can be also introduced (phases of the siege, daily casual-
ties, etc.). Finally, it is possible to create a formal model that can be used
to answer particular questions related to the adaptation of the theoretical
guidelines to a particular siege.
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The relation between geography, time and the decision-making process
of the engineers and commanders is too heterogeneous to be understood by
using just one type of primary source. A formal model combining spatial
and temporal variables is the best choice to integrate all available data into
a tool that can be used to explore these complex dynamics. We focus the
study on two research questions: a) why a particular zone of the wall was
chosen to initiate formal siege? And b) what is the relation between attacker
casualties and the phases of a siege?

In order to do that we will define a particular case study, one of the most
important (and best documented ) sieges of the period.

4.2.1 The historical event

The city of Barcelona, capital of Catalonia (North-Eastern Iberian Penin-
sula), played a major role during the War of the Spanish Succession. The con-
flict was initiated with the death without heirs of the Spanish king, Charles
II. The throne was given to Philip d’Anjou, nephew of Louis XIVth of France.
A Grand Alliance lead y England and Austria opposed the new king. In 1705,
the Catalans rebelled against Philip while supporting the allied pretender,
Charles of Hapsburg. Barcelona became the key of the allied power in Iberia,
suffering two sieges. In 1713 most contenders of the war signed the peace,
except for Austria and Spain. Charles (now emperor) was unable to support
the Catalans, and a French-Spanish army gradually conquered the rebel zone.
At the same time, the Catalan government created a new army from veteran
soldiers and based the defense on Barcelona (Hernandez & Riart, 2007).

The Bourbon army was unable to initiate a formal siege until the arrival
of major French reinforcements commanded by the duke of Berwick, on July
1714. The engineers, commanded by Dupuy-Vauban (nephew of the Marquis
of Vauban) and the chief-engineer of Spain, Prdéspero de Verboom, opened
the trench in the next days (Corbaldan, 1991). The 62-day siege finished in
11th September with a high cost for the besiegers (at least 8.000 casualties).

The fact that Philip considered the Catalans as rebels is decisive to un-
derstand the events. The usual ending of an eighteenth century siege was
a negotiated surrender once a bastion was conquered, except for rebel cities
that did not deserve mercy. The attackers and defenders knew that surren-
der was not an option, and for this reason Berwick not only had to conquer
a bastion, but assault the whole city two times (Castellvi, 1999; Amaulry,
1714).

The formal siege followed the theoretical guidelines proposed by Vauban:
three parallels, breaching fire combined with ricochet to destroy defenses, and
a general infantry assault. However some events forced a change to the plan
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attack. The first assault was a complete failure as attackers were repulsed
from the breaches A new tactic was then deployed, based on the systematic
destruction of the walls as a prelude to a massive assault. Mines did not play
a major role during the siege due to heavy rains, and Berwick was forced
to rely on artillery batteries. The final assault, executed in 11th September
1714, was so costly that Berwick had to accept the surrender of the rebel city
without sacking it (the standard punishment that Philip V applied against
rebel cities, executed at Lleida and Xativa).

The capture of Barcelona was extensively studied in different Bourbon
military treatises (Ossorio, 1730). Interestingly enough, today the final as-
sault on the city is considered the National Day in Catalonia. This fact shows
how a city siege can leave a deep imprint on both sides of the trench (Anguera,
2008; Bruguera, 1871; de la Llave y Garcia, 1903; Sanpere i Miquel, 1905).

4.2.2 The components of the model

The action can be used to explore the complexity of a Vaubanian siege.
Different documents, both from besiegers and besieged, form a coherent nar-
rative that is confirmed by archaeological evidence. We will not go into
detail because the different sources have already been analyzed in previous
works (Hernandez & Riart, 2007; Riart et al., 2010; Hernandez & Riart,
2014), and this research is based on their results. In any case, existing data
can be summarized as follows:

e Cartography - A number of archive maps were used for this task, from
Cartoteca de Institut Cartografic de Catalunya, Gallica Bibliotheque
Nationale de France and Catalogo Colectivo de la Red de Bibliotecas
de los Archivos Estatales. In particular:

— Different maps created before and after the siege, useful to recreate
city defenses.

— Maps of the siege drawn by Verboom and Dupuy-Vauban’s lieu-
tenant Lozieres d’Astier.

o Textual sources - Most descriptions can be found in Corbalan (1991);
additional texts on Gallica — Bibliotheque National de France, Bib-
lioteca Nacional de Espana and Arxiu Historic de la Ciutat de Barcelona:

— Three diaries of the besiegers, reporting casualties and works:
a) Journal du siége de Bargelone commandé par Monseigneur le
Maréchal duc de Berwick, généralissime de l’armée des Deux Couronnes
en 1714, b) Détail du siége de Barcelonne and c) Le Siége de
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Barcelone en 1714 raconté par un arlésien a un arlésien. The
first document provided the majority of information, including
the list of casualties and the daily works. The second was used to
compute the list of officers that were killed or wounded, while the
third account was used to confirm diverse data.

— Two descriptions of the city walls: a) Explication sur la forti-
fication de la ville de Barcelonne and b) (written by Verboom)
Memoria sobre el estado de las fortificaciones de Barcelona y su
descripcion detallada. These extremely detailed descriptions of
the defenses were used to build the model, including widths and
heights of every wall sector and bastions.

— The gazetteer regularly printed inside the city: Gazeta de Barcelona
— Diario del Sitio de Barcelona. This source is valuable to compare
the activities of the besiegers with the reaction of the defendants
of the city.

— A number of historical studies on the siege (Castellvi, 1999; Os-
sorio, 1730; Molas Ribalta, 2007)).

e Archaeological evidence — Different works have been published as tech-
nical reports by the Servei d’Arqueologia de Barcelona and the Servei
d’Arqueologia I Paleontologia de Catalunya:

— Excavation of a city portal in the zone of the siege (Gea Bullich,
2006).

— Ammunition (>100 projectiles) and impacts found in the excava-
tion of a XIXth century market (Mercat del Born).

— Archaeological excavation on a sector of the defensive perimeter
of the city (bastion, ditch and counterscarp in the current market
of Sant Antoni).

All these materials were used to generate the spatial model, divided in
two components: a) the city defensive perimeter and b) siege works. It is
important to note that the model is mainly focused on the besieger, as is
required for our research questions. The casualties of the besieged have been
excluded from the analysis because they are not relevant, and their actions
(like sorties and artillery fire) are already included (in terms of casualties and
defensive intensity, as we will see). Additionally they have been extensively
studied in other works (Hernandez & Riart, 2007; Riart et al., 2010).
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The city defensive perimeter Barcelona was surrounded in 1714 by a
medieval wall, that had been widened and improved with the addition of 10
bastions. The system was obsolete because the curtain was not protected
by any external earthworks. Nevertheless the average siege duration of the
city for the period is close to 60 days (the city was besieged four times in
less than 20 years: 1697, 1705, 1706 and 1714). Some documents discuss the
reasons for this length (a usual siege would last around a month), providing
different explanations:

e The presence of Montjuic, a fortress in a steep hill near the city ( 200
m. of elevation).

e The quality of the materials used to build the walls.

e The possibility to build new entrenchments behind the wall in case of
breach.

The georeferencing of the maps generated by different sieges (Figure 4.1
and the descriptions written in 1713 and 1715 were used to define the size
and shape of the defensive system (medieval wall, bastions, ditch and covered
way). The results can be seen in Figure 4.2.

Existing cartography from eighteenth and nineteenth century was also
used to modify the current Digital Elevation Model of the environment, ad-
justing the coastline to the one existing in 1714.

Siege works The documentation generated by the siege of 1714 was used
to define and georeference the different earthworks made by the besieging
army. A relational database was created from this data, including these
entities:

e Regiments — Units participating in the siege.
e Soldier Casualties — Daily report of soldiers killed /wounded.

e Officer Casualties — Daily report of officers killed/wounded, including
rank and regiment.

o Works - Spatial table defining the area where every earthwork took
place (the three parallels, attacking trenches, batteries, ...).

o Activities — Relation of earthworks and the temporal span of its con-
struction.

This database provides a summary of the action, summarized as follows:
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Figure 4.1: A sample of the maps used to georeference the city defenses: (a)
city map: “Le Plan de Barcelonne et de ses environs. Tres exactement Levés
sur les Lieuz en 1706”7, drawn by Nicolas de Fer and (b) “Plan des attaques
de Barcelonne en 17147, drawn by the second chief-engineer of the French
army, Lozieres d’Astier.

e 27 French regiments and 10 Spanish regiments actively participated in
siege works, for a total of 70 battalions.

e Around 8.000 soldiers, 400 officers and 17 engineers of the besieger
army were kKilled or wounded.

e The formal siege lasted 62 days (12th July to 11th September, 1714),
with an average rate of 135 casualties/day including two major assaults.

e The artillery train consisted of 70 siege guns and 20 mortars.

The temporal sequence of activities is defined in Table 4.1. The temporal
phases of the siege can be combined with the spatial dimension of the earth-
works. Figure 4.3 shows the location where the activities of the besieging
army took place.
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Figure 4.2: Defensive perimeter of Barcelona during the siege of 1713-1714,
based on the georeference of different maps and text descriptions. The south-
ern part is controlled by the fortress of Montjuich, built on top of a hill.

4.3 Analyzing the model

The research questions were explored designing three experiments. The first
one explored the vulnerability of the different sectors of the wall. The main
goal is to understand why the 1714 attack was developed in the Northern
zone of the city, an area that was never chosen in previous attempts. The
other two experiments are focused on the impact of two variables (distance
and type of work) in besieger’s daily casualties.

4.3.1 Defensive support

Modern-era fortresses were built to avoid blind spots, where attackers could
create and penetrate a wall breach avoiding the fire from the defenders. For
this reason the shape of the walls was designed looking for optimal support
between bastions and the curtain in any zone of the perimeter (Duffy, 2006).
Our hypothesis is that the besieging army chose the particular zone of the
attack based on the perception of weak support in the sector. The memories
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1 Opening of the trench (First Parallel)

Second Parallel

14 The great battery (>60 guns) located in the 2nd parallel
begins to breach the city walls

15 Third parallel

19 Capture of the covered way

26 A second battery (>20 guns) in the 3rd parallel begins
to fire at close range at the defenses

32 First general assault, focused on the bastions near the
largest breach

35 The assault is repulsed

36 A Semi-parallel is built along the Covered Way

37 New batteries are deployed; 2nd and 3rd parallels are

extended

46 The third set of batteries begins to fire to create new
breaches

62 Final assault to the city

Table 4.1: Siege phases. Each day is shown as an absolute date, starting with
12th July, 1714 (day 1) and ending the 62nd day (11th September, 1714).
The activities were usually performed from 19:00 to 05:00 of the next day.

of the besieging commander (the duke of Berwick) said that this is why
he chose to attack in this zone, but he did not specify the reasons for this
weakness, or why previous sieges decided to assault through other areas.
Certainly the ideas about what this weakness means varied over time, as can
be observed in theoretical treatises. For this reason different attacks to the
same city could choose different zones, depending on who and when besieged
the location. To test this hypothesis we created an experiment designed to
compute this support for any sector of the defensive perimeter:

1. The heights of the defensive works (walls, bastions, covered way) were
added the Digital Elevation Model. The ditch volume was deducted
from the outcome, thus creating an elevation map of defenses.

2. The perimeter of walls and bastions was divided in 50m sectors. A new
point vector map was created, containing the central location for each
sector.

3. The line of sight to each of these points was calculated at half the height
of the wall (around 6.5 meters). The elevation was chosen assuming
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Figure 4.3: Earthworks developed by the besiegers during the siege.

that a potential breach would have approximately this height (as the
top of the wall would collapse under artillery fire). This step provides,
for every sector of the wall, a map of the geographical spaces from
where a defender could fire at soldiers assaulting the breach.

4. Computation of the number of perimeter locations within line of sight
to each point, from for two different distances, based on experimental
studies (Allsop & Foard, 2007; Miller, 2010; Hughes, 1997):

e Effective artillery fire (300 m.)
o Effective musket fire (80 m.)

The execution of this algorithm for each sector of the defenses generated
an intensity value for the two different types of defending support.

4.3.2 Relation between casualties and distance to de-
fenses

The second aim of this paper is to understand the relation between the
phases of a siege and the casualties of the besiegers. The underlying idea is
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that a high rate of casualties could be responsible for the deviation observed
between theory and practice. In particular, the French-Spanish engineers
chose to extend the second and third parallels in the middle of the 1714 siege,
changing the entire shape of the siege works after the first failed assault. A
logical hypothesis is that the number of casualties is strongly related to the
distance between siege works and defenses. For this reason the following
experiment was run:

1. Extraction of the centroid of every siege work. The result is the central
location of the area where this activity took place.

2. Computation of the distance between every centroid and the covered
way. No work took place in the ditch except for assaults and mines,
that are not relevant for this study.

3. A Standard Query Language (SQL) query was executed to get the list
of works that were being built every day (Date & Darwen, 1997).

4. Finally, the average daily distance between the besieging works and the
covered way was calculated.

4.3.3 Relation between casualties and type of work

A second hypothesis is that casualties are related to the type of work soldiers
were executing. In order to explore it, the next algorithm computes the daily
average of casualties during the days that a work was undertaken:

1. Extraction of the list of days when a work was built, collected in the
database

2. An SQL query was executed to determine the list of casualties for each
day.

3. A daily casualty average was computed for every earthwork, combining
the information from the previous steps.

4.4 Results and discussion

Results generated by the three experiments served as a basis for re-interpreting
known information about the siege.
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4.4.1 Defensive structure of the city

Figures 4.4 and 4.5 depicts the intensity of defensive support from the first
experiment for (a) Artillery direct fire and (b) Musket fire.
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Figure 4.4: Defensive support between city defenses at artillery range (300
m.), in increasing intensity from white to darker grey.

The perimeter was split in four sectors in order to clarify results (see
Figure 4.6):

e Castle sector — The zone near the castle of Montjuich.

e Inland sector — The perimeter facing the mountains that surround the
city from the West.

e Coast Sector — Wall facing the sea.

e North Sector — This area comprises the walls and bastions facing the
North. This was the zone attacked in 1714.

It is worth noting that the city was besieged four times in a period of 20
years: two times from the Castle Sector (1705 and 1706), one time from the
Inland sector (1697) and one from the North sector (1714). It is interesting
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Figure 4.5: Defensive support between city defenses at musket range (80 m.),
in increasing intensity from white to darker grey.

to understand the reason of this diverse set of choices, as the French army
was the besieger in 3 of these 4 events.

At a first glance the study of artillery range shows that there are long
curtain sectors lacking strong support (see Figure 4.4). The Castle sector
seems the weakest zone, as only the areas near the bastions are well defended.
However, the attacker was forced to control the castle of Montjuic before
assaulting this curtain. This is the reason why the optimal fortification of
this side of the perimeter was not especially relevant, Montjuic being the
geographical key to a potential assault in this sector.

The Inland sector had 5 bastions, being the best protected area in terms
of defensive support. On the other hand, the terrain in the Coast sector
assured that no attacker could dig trenches or deploy batteries, as the sandy
soil would easily flood. As a result, both areas were difficult to attack due to
the terrain and defenses. Finally, the North sector was also well protected,
even though it was the zone that the French-Spanish engineers decided to
attack in 1714.

The second analysis shows that musket support is also weak in the entire
perimeter (Figure 4.5). The comparison of the two results shows that the
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Figure 4.6: Defense perimeter split in 4 sectors. This classification is based
on the descriptions of city walls written during sieges undertaken before 1714.

most relevant divergences between artillery and musket support are observed
in the North sector. The left and central bastions were able to protect the
curtain at artillery range, but soldiers equipped with muskets could not fire
over attackers in this zone. This issue is related to the obsolescence of the
city defenses, that where built during mid seventeenth century. During these
years guns seemed the best option to reject the attackers; in contrast, by
the end of this century engineers became aware of the extreme importance
of musket fire when defending batteries were destroyed by the besiegers.
Experience and technical advances forced a shift on the cultural paradigm
used by engineers to choose weak defensive spots. For this reason eighteenth
century guidelines suggested that the distance between bastions should not
be larger than 80 meters (Duffy, 1998), while the bastions of the North sector
were almost 150 meters apart.

The fact that the siege of July, 1714 was the first attempt to attack
Barcelona from this sector is interesting, as previous sieges developed in
Castle and Inland sectors. The experiment provides new insights into the
decision of the engineers; the new plan attack was the consequence of the
evolution in attack systems, which left old defenses like the ones in Barcelona



102 CHAPTER 4. SPATIOTEMPORAL MODEL OF A CITY SIEGE

obsolete. As a result, a zone that was well protected for the military culture
of 1700s was seen as vulnerable for 1714 engineers, even though no substantial
changes were made nor in the attack techniques neither in the city defenses.

4.4.2 The origin of besieger’s casualties

Figures 4.7, 4.8 and 4.9 shows the relation between daily casualties, siege
phases and the distance from attacking activities to defenses. The infor-
mation resulting from these three analysis allows for an integrated study of
spatiotemporal variables.

The first figure depicts the evolution of the siege, showing how the aver-
age working distance to covered way (Y axis) decrease over time (X axis).
The second figure links the casualties to the different phases of the siege. In
both figures the X axis displays the temporal development of the siege from
day 1(opening of the trench) to day 49, where earthworks were finished and
preparations for the final assault began. The final assault has been deliber-
ately left out of the graphics, as the high number of casualties would distort
the entire shape, and we are interested on the siege works developed before
this attack. Finally the third figure combines this information, relating the
casualties (Y axis) to the average distance to defenses (X axis).

The interpretation of this information allows to define four different tem-
poral phases:

1. Creation of the three parallels, when casualties gradually increased.

2. The capture of the covered way did not generate high casualties, even
though it was considered as the most dangerous action of any siege (Chan-
dler, 1990) The reason is that the defenders abandoned the covered way
because it was in very bad shape since the beginning of the siege.

3. The failed assault of 13th-15th August had a high toll for the attacking
forces, concentrating most of the casualties before the final attack.

4. The attackers extended the area of siege works after the failure. The
idea was to widen the attack front through the creation of additional
breaches. In this way the besieger army could be able to use its numeric
superiority assaulting different zones at the same time. This phase was
not particularly dangerous because works developed far from the walls.

The third diagram displays an almost lineal relation between distance
and casualties from 80 to 500 meters. This limit is extremely interesting, as
it is precisely the interval where attackers are only exposed to artillery fire.
In contrast, the introduction of effective musket range increase casualties at
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Figure 4.7: Evolution of distance to the covered way. X axis defines the
temporal scale of the action, marking the beginning of the activity for the
different siege works.

an exponential rate. It is also the distance where artillery gunners switched
from solid ball ammunition to cannister fire, but the attacker would have
destroyed any defending gun in the zone by the time they could fire this type
of ammunition; this was the goal of the artillery battery placed in the 2nd
parallel.

The only exception to this exponential increase is the distance where
the third parallel was built (70-80 meters). This work would have provided
additional protection, so it would seem that distance was not the only sig-
nificant variable that can explain casualties: can the type of earth work also
be important? Figure 4.10 provides additional information:

e The digging of the three parallels and zig-zag attack trenches were not
phases especially dangerous for the besieging army:.

e The deployment of artillery batteries had a high cost in human lives.
This is especially true in the case of the batteries deployed along the
third Parallel, that were inside musket range.
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Figure 4.8: Evolution of daily casualties. X axis defines the temporal scale
of the action, marking the beginning of the activity for the different siege
works.

e The semi-parallel along the covered way was a dangerous area due to
its closeness to the defenses.

e The rate of casualties during the construction of the communication
trenches between the 2nd and 3rd parallels were extremely high.

It is surprising that the digging of attack trenches was not particularly
dangerous. The reason is related to the small number of troops that were
exposed to enemy fire. The works were done at night, and just a handful
of soldiers were opening the zig-zag trench. Existing data cannot provide
the number of soldiers involved in each activity (only the casualties), so
unfortunately we cannot know the percentage of working soldiers that were
killed or wounded. On the other hand, the parallels were built by a large
number of soldiers during a single night, being perfected in forthcoming days,
thus avoiding a high level of exposure.

The deployment of artillery batteries generated lots of casualties. This
can have different reasons. First of all, the soldiers building the batteries were
not inside the parallels, and could be the target of enfiladed fire from bastions.
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Figure 4.9: Relation between daily casualties and average distance to de-
fenses.

Second, it is probable that the defenders concentrated the fire against the
guns, as they were the only weapon capable of creating the breach: without
effective artillery batteries the siege was doomed, so a significant defense
effort had to be put into their destruction. This idea is reinforced by the
deep impression that defending mortar fire focused on these batteries as
reflected in the besieger’s memory.

Finally, the latest result is counterintuitive: why communication trenches,
built after the digging of the 3rd parallel, were dangerous? The most logical
interpretation of these results is related to the geographical location of both
works. They were located at the flanks of the entire attacking system, and
for this reason the two bastions in the sector that were not being attacked
could deploy an intense enfiladed fire against them. This provides new in-
sights into the decision of the engineers to extend the trenches after the first
failed assault (13/14th August). The new works tried to disable one of these
bastions. It removed the threat, as the new flank ended near the coastline.

Moreover the width of the trenches had to be large (15-20 meters), in
order to allow the advance of the huge cannons and the animals pulling
them. This width could have allowed for effective mortar fire, as shells could
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Figure 4.10: Average casualty rate for each type of siege work. The dark tone
shows the average casualties for every siege work, from white (less risky) to
black (most dangerous areas)

explode inside the trench and wound several soldiers at once. Finally, a large
number of soldiers would have concentrated in these zones for the assaults, so
intense defending fire could have been executed against this mass of attackers.

The integration of the different analysis portrays a complex scenario,
where casualties are not just related to the distance to the enemy. The ad-
vantage of this quantitative analysis is that we can compare the importance
of this variable to other factors, like the type of earth works undertaken by
attackers. To test it a lineal regression model was explored using ANOVA
(variance analysis). Results showed how a combination of both factors (dis-
tance and type of work) provides a better fit to casualties than any of them
by themselves. Nevertheless, distance is by far the most significant variable
to understand the development of the siege (and, as a consequence, of the
attacker’s decisions).

This interpretation provides a better understanding about which zones
and phases were dangerous for attackers in any siege. At the same time, its
discussion suggest different reasons about the divergences between theoretical
guidelines, attack plans and modifications undertaken during the execution
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of the works. In this sense, the results are somewhat surprising, as the works
with higher rate of casualties are not the ones near the covered way, but all
the tasks that were developed to support the siege.

4.5 Concluding remarks

This work shows how formal modeling integrating geoscience techniques im-
proves our understanding of historical conflicts. The computational model
created during this research combines spatial, temporal and historical factors
to explore hypotheses related to the theory and practice of military activities.
This is especially true during modern era, when accurate cartography began
to play a crucial role in the battlefield. The integration of different data into
a spatiotemporal model helps to explain why sieges deviated from theoretical
guidelines. The design was constantly modified to face new issues. In partic-
ular, the failed assault in mid-August forced the duke of Berwick to rethink
the plan. The engineers widened the parallels and deployed new batteries,
often at a high human cost. The set of decisions that the besiegers took is
an illustrative example of the adaptive process that armies of any era need
to follow in order to defeat their enemies. In particular, innovation was as
important as knowledge of standard practices, and the balance between both
concepts was decisive for Berwick’s victory.

Patterns like the ones explored, involving spatial relations, types of works,
daily events and descriptions are difficult to detect due to the number of si-
multaneous events happening in any military action. The methodology pre-
sented in this paper is a proposal on the way formal models can help the
historian on exploring these events. The use of these models, explicit by def-
inition (Epstein, 2008) force the researcher to define concrete research ques-
tions and hypotheses, and assess their plausibility using quantitative analysis
(in this case involving spatiotemporal dimensions). It is the application of
this methodology to particular case studies (as the one portrayed here) which
can suggest interesting links between all the parameters that were explicitly
defined during the modeling step. Finally, some of these patterns are diffi-
cult to observe without this spatiotemporal framework; these are obviously
the most interesting results from the analysis, as they not only affect the
interpretation of a particular event but also the general understanding of
historical conflict.
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Chapter 5

Mapping changes in late
prehistoric landscapes: A case
study in the Northeastern
Iberian Peninsula

Aquest capitol és una transcripcio exacta dels continguts del segiient article
(la versi6 original es pot veure a 'apendix A):

Yubero-Gomez, M.; Rubio-Campillo, X.; Lopez-Cachero, F.J.; Esteve-
Gracia, X. (2015). "Mapping changes in late prehistoric landscapes: A case
study in the Northeastern Iberian Peninsula", Journal of Anthropological Ar-
chaeology, 40, 123-134, doi:10.1016/j.jaa.2015.07.002

Abstract The temporal span of the Late Bronze Age and the Early Iron
Age (1300-550) saw the emergence of intense interconnectivity in the Mediter-
ranean sea. The development of colonial trade dramatically increased cul-
tural exchange along its coasts as can be observed in archaeological evidence.
These large scale processes had an impact at all scales and territories close
to the main trade routes. However, the process was extremely diverse in its
forms.

This work presents a case study focused on two adjacent areas in the
coast of the NE Iberian Peninsula. Spatial analysis has been carried out
to explore the trajectories of settlement location dynamics during the whole
period. Basic geographic variables, mobility and distance to trade routes
have been explored to identify key differences over periods and areas. Results
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indicate that the factors guiding settlements location varied between the two
zones. Moreover, one of the areas was radically influenced by trade routes
in the Early Iron Age while the other did not seem to be affected by this
external factor. The interpretation of these analyses suggests that the rise
in connectivity was not homogeneous over the Western Mediterranean, but
in the regions where it took place this factor was decisive to explain their
historical trajectories.

Keywords Northeastern Iberian Peninsula, Late Bronze Age, Early Iron
Age, Geographic Information Systems (GIS), Natural corridors, Spatial anal-
ysis, Statistical significance testing, Settlement patterns, Mobility models

5.1 Introduction

From 1200 to 600 BC, the Mediterranean world saw a period of change, which
resulted in the breakdown of Bronze Age civilizations, and the rise of Iron Age
cultures in many locations. Despite the complexity of the process, the study
of this crucial period covering the Late Bronze Age (LBA) and the Early
Iron Age (EIA) has been traditionally focused on the Eastern Mediterranean
and its grand civilizations.

The western zone did not see the emergence of cultures such as the Minoan
and the Greco-Roman societies, which dominated the work of archaeologists
for a long time due to its abundant material culture. However, fieldwork
carried out in the last decades has extended our knowledge to include other
islands and coastal areas of the Mediterranean Sea, thus balancing this view.
The diversity of these studies has increased our knowledge of processes such
as the ones that created the Maltese temples, nuraghi, taulas and talay-
ots (Knapp & Blake, 2005; Lake & Ortega, 2013; Berrocal et al., 2013; Babbi
et al., 2015)).

This wider perspective on the LBA-EIA Mediterranean is dominated by
the concepts of mobility and connectivity. These linked processes of change
were promoted by the intensive cultural and commercial interaction rising
between the peoples all over the Mediterranean, from the Levant in the East,
to the North African and the Iberian coasts in the West (Babbi et al., 2015,

p.6).
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5.1.1 Late Bronze Age and Early Iron Age in the NE
Iberian coast

This is the research context of the present work. The aim of this paper is to
explore and compare under to what extent variables connected to mobility
and connectivity influenced settlement locations over the period LBA-EIA.
To explore this question we have chosen to focus at a local scale in the
North-Eastern coast of the Iberian Peninsula. Our case study includes two
neighbouring areas divided by a river (Llobregat): Valles, located at left
bank, and Penedes, located at the right bank (see Figure 5.1).
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Figure 5.1: Current geographical map and features of the case study: the
current Catalan coast.

The election of this area has been based on the continued and intense
occupation of the territory that the archaeological evidence suggests. In
addition, the archaeological record we are dealing with shows a great vari-
ety that allows us to link these settlements dynamics to the Mediterranean
processes along this period.

During the Late Bronze Age (1300-750/700 BC), the material basis of
these societies underwent a profound renewal. New metal typologies ap-



112 CHAPTER 5. MAPPING CHANGES IN LATE PREHISTORY

peared during LBA showing an increase of interregional connectivity and
trade products, as certain kind of metallic items or pottery decoration (Lopez Cachero
& Rovira, 2012). The record also shows channeled pottery, which we find
widely represented across the entire Northeastern Iberian Peninsula. Sev-
eral new influences can be found on associated material culture, such as the
first cremation necropolises by first millennium BC and the appearance of
imported pottery in the Early Iron Age (750/700-550 BC). This pattern is
strongly linked to the eruption of Phoenician trade near the Ebro River and
the colony founded by the Phocaeans that would be known as Emporion (580
BC) (Aquilué et al., 2000; Santos Retolaza, 2003). These settlements are lo-
cated south (Phoenicians) and north (Greeks) of the studied area (for a gen-
eral overview see Lopez Cachero, 2007; Lopez-Cachero, 2011; Lépez Cachero
& Pons Brun, 2007; Sanmarti Grego et al., 2009; Asensio i Vilard, 2005;
Garcia i Rubert & Gracia Alonso, 2011; Pons Brun, 2014).

For a long period of time, the weight of historical and cultural tradition
put the focus of debate on the arrival of new human groups traditionally
known as Urnfields culture and on the colonial factor as the key agents be-
hind the changes taking place. Today, however, these stances have become
much more moderate. The accent is now on local dynamics and special
regional features as the differentiating facts of the territory. Further theoret-
ical insights connected to local scale societies and postcolonial archeologies
have also been presented in recent works for this context (Garcia i Rubert &
Gracia Alonso, 2011; Lépez Cachero, 2007; Fatas Ferndndez et al., 2012).

Previous works on the examined areas identified a general path of cultural
continuity. This is particularly evident for the period between approximately
1800 BCE and the end of the LBA in the two largest excavated sites in these
areas: Mas d’en Boixos located in the right bank and Can Roqueta located in
the left bank (Bouso Garcia et al., 2004). The only exception is the Penedes
(right bank area) precoastal lowlands, where there are only a few documented
sites from the Late Bronze Age onwards. This scarcity has been analyzed
before, and other authors have noted that it cannot be attributed to a lack
of research in the area (Mestres, 2008). The alternate hypothesis is that oc-
cupation of certain caves and the use of high-elevation pastures provided an
alternative to the low-level agricultural exploitation of the most fertile plains
which did not developed here except for some coastal regions. The EIA would
present a shift between these subsistence strategies, as can be seen from the
evidence of numerous storage pits documented from that time. Evidences
suggest a complementary exploitation model that took extensive advantage
of lands more favorable for agriculture, with the possible rapid planting of
grapevines (Lépez, 2004). These activities would be complemented by herd-
ing, as shown by the appearance of walled enclosures (pens) at higher alti-
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tudes of the landscape such as Serra de la Font del Cuscé (Cebria i Escuer
et al., 2003) or Sant Miquel d’Olerdola (Mestres et al., 2009). Coincidentally
some of these sites such as Turé Font de la Canya (Asensio i Vilaré et al.,
2005), Font del Cusco (Cebria i Escuer et al., 2003) and Olerdola (Mestres
et al., 2009) among others, have yielded evidence for intensive trade in the
form of Phoenician amphorae and other containers. “Phoenician” pottery
imitations, metal items such as sympula and iron spits also link this shift to
Mediterranean influences (Asensio i Vilaré et al., 2005).

From the beginning of the sixth century BC evidence suggests a new major
shift in the right bank area. We find the pens disappearing and new coastal
enclaves being established, such as the citadel at Alorda Park. However,
this transition to the Iberian world has not yet been fully and satisfactorily
explained (Asensio et al., 2006).

The scenario described above contrasts with the dynamic described for
the Valles located in the left bank area. Thanks to data from sites such
as Can Roqueta (Carlis i Martin, Lépez Cachero, Terrats Jiménez, et al.,
2007), we know that LBA settlements were mainly located on the plain or
on the rolling hills near the floodplains of the Besos river. They followed
a pattern of small semi-excavated farmhouses or huts built from wood and
mud and scattered among the fields of crops. These farms were located very
close to storage pits and at a certain distance from the cremation necropolises
that functioned as the true centers around the landscape seems to have been
organized (Carlis i Martin, Lépez Cachero, Terrats Jiménez, et al., 2007).
The special features of this archaeological context, which is characterized
by negative structures and often affected by strong erosive processes as a
consequence of agricultural work over the centuries (Terrats Jiménez, 2010,
141-155), make it very difficult to determine the existence of denser clusters
of huts in the form of small villages. Regarding the EIA sites in the area,
some Phoenician items such as amphorae, vessels and hand made pottery
“imitating” Phoenician shapes and askos has been found in the necropolis
as well as in some of the “houses” (Carlus i Martin, Lépez Cachero, Ter-
rats Jiménez, et al., 2007). However, the number of sites with this type of
materials is lower that in the Penedés region (Yubero Gémez et al., 2014).

This model remained constant in the left bank area until the end of the
sixth century BC, when widespread settlements in elevation using stone ap-
peared across the coastal and precoastal mountain ranges. At the same
time, abandonment of cremation necropolises suggests a profound restruc-
turing of settlement that should be linked to the formation of the Iberian
world (Lépez Cachero & Rovira, 2012).
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5.1.2 Mesoscalar analysis of settlement location

It is clear that these dynamics conform a complex and heterogeneous situ-
ation with several research challenges. This work focuses on understanding
change in settlement patterns during the transition from the LBA to the EIA
based on two main questions:

1. Do site location preferences depend on the chronology? Our hypothesis
is that the relevance of different geographical factors was not constant
over time. If there were differences in the patterns of each period we
should detect them by means of spatial analysis.

2. Were communication networks affected by external influences? The
theoretical rise in exogenous contacts from the LBA to the EIA should
be reflected in the site distribution over communication networks.

The area of study has been extensively excavated during the last quarter
of the XXth century due to urban development (Petit i Mendizabal, 1986;
Bouso Garcia et al., 2004; Carlas i Martin, Lépez Cachero, Oliva, et al., 2007;
Yubero Gémez & Rubio Campillo, 2010; Yubero Gémez et al., 2014; Yubero-
Gomez, Rubio-Campillo, & Lopez-Cachero, 2015; Mestres & Esteve Gracia,
2015). This situation has generated a large body of data which need to be
integrated before any analysis can be undertaken. This is the reason why we
have chosen a Geographic Information System (GIS) as a working framework.
In addition to showing geographical information, GIS is also a highly flexible
tool for integrating data from different sources and in different formats. This
greatly facilitates the task of comparing and analyzing heterogeneous data
and extracting knowledge from them. In addition, GIS can be used for more
than a descriptive definition of the case study.

This paper presents a mesoscalar study of the Catalan central coast to
explore changes in settlement location patterns during the period LBA-EIA.
Next section describes the data used to build a geographical model of the
area. The third section defines the various methods of spatial and statis-
tical analysis applied to the dataset. Next, we discuss results comparing
the patterns generated by the LBA and the EIA communities and assess-
ing the impact of Phoenician colonizing agents. We conclude discussing the
implications of our results in the general context of this transition.

5.2 The case study

The dataset of the analysis has been created from two components: a) ge-
ographical features relevant to settlement dynamics and b) archaeological
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information.

First, the study area presents several biogeographical units with their
own characteristics. From the coast inland, we find coastal plains (currently
massively modified by substantial urban development), the coastal mountain
range (parallel to the coast, highly compartmentalized by riversand a small
number of peaks at 500-700 m.) the precoastal depression (a natural open
route that runs approximately 200 km from northeast to southwest), and
lastly, the precoastal mountain range (where the headwaters of the main
rivers emerge from peaks exceeding 1700 m above sea level).

We used a 15m. x 15m. Digital Elevation Model of the area where some
features were corrected. In particular, the current coastline is significantly
different from the one present during the chronologies under study. Broadly
speaking, the coastal plain appears to have smaller than the present area, and
it contained areas of marshland, particularly in the plains of the Llobregat
river. Previous works in the Llobregat delta (Gamez Torrent, 2007) have
been used to recreate the coastline.

Second, the archaeological interventions carried out in the past decades
have been used to create a spatial database which can be seen in Figure 5.2.

The dataset has one challenge that needs to be considered; the archae-
ological context documented is negative in the vast majority of cases. The
lack of positive structures inhibits the formation of a stratigraphy that would
certainly be helpful in capturing the dynamics of construction, use and aban-
donment of the documented structures, as well as their diachronic or syn-
chronic interrelationship in the space. It is not possible to go beyond the
establishment of approximate chronologies, as we are unable to determine
whether all of the structures belonging to a period are the result of a narrow
temporal span or, conversely, the result of continuous settlement of a single
space over two, three, four or more centuries. As a consequence, we need to
treat all the sites of one period as part of the same group, while keeping in
mind this aggregation in the interpretation; it is not the same to consider
200 storage pits belonging to the same moment as 200 storage pits over the
course of 300 years.

The created spatial database integrates information from the set of settle-
ments, combining geographical features with additional data such as chronolo-
gies, the typologies of structures and the current state of the site. As for the
dataset studied, the working sample contains 87 sites for the LBA and 67
for the EIA. The sites include dwellings, storage structures, necropolises and
occupied caves. From a spatial perspective, we have divided each chronol-
ogy into two sub-datasets according to whether the sites are located on the
right or left bank of the Llobregat (see Figure 5.3). Traditionally, this di-
vision has been used by most authors when dealing with the archaeological
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Figure 5.2: Distribution of sites by period: top) LBA and down) EIA.

data (Esteve, 2006; Asensio et al., 2006; Lopez Cachero, 2007, 2012) because
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the archaeological record on both banks seem to show significant differences
as we mentioned in section 5.1.
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Figure 5.3: The Besos river has been traditionally identified as a boundary
between areas with different dynamics. We have chosen these areas (left and
right bank) as our spatial units of analysis.

5.3 Methodology

We have designed a set of spatial analyses to answer our two research ques-
tions with this dataset, including a) basic spatial variables (height, slope
and aspect), b) visibility and accessibility and c) distance to natural cor-
ridors. Exploratory Data Analysis has been performed for each of the six
variables in the form of empirical density estimates for the two periods (the
LBA and the EIA) and both areas (left and right bank). These density
functions measure the probability of finding a site for a given value of the
analyzed parameter. This approach is useful to perform cross-comparison
analysis of different datasets. To achieve this second step, we have per-
formed Kolmogorov-Smirnov tests (KS tests) between the four datasets (the
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LBA left bank, the LBA right bank, the EIA left bank and the EIA right
bank). This non-parametric test evaluates the probability that two given
empirical distributions were generated by the same process. If the computed
p-value is smaller than a threshold level (in our case p<0.05) the samples were
generated from different distributions, thus identifying significant differences
between the compared datasets with a confidence interval of 95%.

First, we characterized the first-order spatial variation to identify di-
achronic and synchronic changes over the two periods. We studied the loca-
tion of the sites within their surroundings, while calculating their geograph-
ical attributes, taking account of their altitude (in metres) and their aspect
and slope (both in degrees).

Second, visibility (Llobera et al., 2011; Gillings & Wheatley, 2001; Lake
& Ortega, 2013; Eve & Crema, 2014) and accessibility (Llobera et al., 2011;
Llobera, 2000, 2001; De Reu et al., 2011) provided new information on
the changes in settlement patterns and their relationships (corresponding
to second-order spatial variations). For each site, the observed area has been
calculated within a radius of 10 km (see Figure 5.4).

Third, accessibility enables us to quantify the favourable potential of a
specific point in relation to the surrounding landscape. This concept can be
modelled in several ways, with accessibility analysed as a function of distance,
territorial compactness, energy consumption or time ( Conolly & Lake 2006,
234; Llobera et al. 2011). We have used the method applied in archaeology by
Marcos Llobera (2000; 2011), see Figure 5.5. The accessibility value for the
sites has been calculated based on the topographical cost of gaining access to
each site from its surrounding area. The procedure involved the generation of
a regular 25-point grid to cover the area surrounding each site to a radius of
1000 m. After this operation, the least-cost path was traced from each point
of the grid to each of the sites. Then, we calculated the average accumulated
cost of all the paths to each site, finally inverting the value to have large
values for high accessibility.

To identify natural corridors related to human mobilitty and trade rutes (Be-
van & Wilson, 2013; Murrieta-Flores, 2012) we defined a perimeter of points
distributed every 10 km. They were located at 25 km from the study area to
avoid any border effect. Then, we calculated the least-cost paths from each
point on the perimeter to all the other points while quantifying how many
of the routes passed through each cell of the original raster map. The most
dense areas (i.e. first quantile) define the natural corridors, according to the
geography of the area. By computing the distance from each site to these
natural corridors we can get a summary statistic of the relevance of strategic
route networks as a factor to explain site location (see an example of this
analysis in Figure 5.6).
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A follow-up question to the results is to examine what properties dif-
ferentiate the sites of both banks for a given period. Understanding these
differences would allow us to better identify what type of settlement prop-
erties characterize each area under study. This final topic was examined
with a multivariate analysis of the factors defining the sites of each temporal
span. It was independently applied to the sites of the LBA and the EIA. For
each period we performed an analysis of variance (ANOVA) using a logistic
multivariate regression model. The dependent variable was defined as the
bank of the river (right or bank), while the independent variables were the
6 factors collected for each site (height, slope, aspect, visibility, accessibility
and distance to natural routes) .

\

/ |
7§

Figure 5.4: Example of the visibility algorithm. For each site the total
amount of visible area (green color-coded) up to 10 km. is quantified.
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Figure 5.5: Example of the accessibility analysis. The least-cost path of each
cell within a 1km radius to the site is computed. It is based on the slope
cost of the cells (red to green gradient). A final value for site is quantified
averaging the cost in accumulated degrees of slope.

5.4 Results

5.4.1 Geographical variables

First, our study of the basic geographical variables (altitude, aspect and
slope) clearly indicate differentiated settlement dynamics within LBA. In
this respect, Figure 5.7 shows the density estimates of altitude based on the
settlements of the different periods and territories.

At first glance, we can see how the distribution on the left bank of the
Llobregat is quite continuous except for the creation of some highly elevated
sites during the EIA. By contrast, the typology of settlements on the right
bank changes radically, shifting from elevated settlements to a distribution
that is similar to the distribution observed on the left bank in the EIA.

This tendency is confirmed if we examine the slope values (see Figure 5.8),
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Figure 5.6: Definition of natural corridors. A perimeter of points is defined
outside our studied region at regular intervals. The least-cost path is calcu-
lated between each pair of points, and the number of paths passing through
each cell is computed. In this example the paths for 3 points (A, B and C)
is shown.

because the probability of finding sites in low-slope areas on the right bank
of the Llobregat in the LBA is quite low. In any event, it suggests a ten-
dency similar to the evaluation of altitudes: while the LBA sees very high
values (related to the situation of the caves), in the EIA the values level out
because of the creation of settlements in low-lying areas. On the left bank,
by contrast, the distribution of probabilities is quite homogeneous in both
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Figure 5.7: Density estimates of settlement altitude for the various combina-
tions of areas and chronologies.

periods even if the presence of sites in low slope slightly increases over time.

Tables 5.1 and 5.2 shows the significance levels of the pairwise KS tests.
They confirm the previous results, as in both factors the right bank sees a

higher level of change while the EIA periods are more homogeneous than the
LBA.

Our examination of aspect (Figure 5.9) provides no additional information
as the distribution is almost homogeneous over the 4 datasets. The only
relevant pattern is the situation of the settlements on the left bank toward
the south-southwest (200-270 degrees). This tendency is intriguing, as it
may be related to solar exposure ( Lapen & Martz 1993; Church et al. 2000,
153; Esteve Gracia 2004, 10) or the direction of river courses. However,
Table 5.3 shows that the difference is not significant.
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Figure 5.8: Density estimates of settlement slope (measured in degrees).

5.4.2 Visibility analysis and accessibility

Accessibility and visibility indices helps us to assess other differences among
the studied territories. First, visibility does not seem specially relevant for
the LBA sites (see Figure 5.10) while it gains importance in the EIA. There
are some exceptions, notably Olerdola, a site located in a strategic enclave
with visual control over the surrounding territory. The patterns is quite
similar across both banks, with an increase in visibility from the LBA to
the EIA. Table 5.4 confirms that there is a major shift ni the relevance of
visibility for site location during the change from the LBA to the EIA.

Second, it can be observed that accessibility is similarly shaped for the
four datasets, even if the right bank sees a higher peak around the value of
170 (see Figure 5.11). However, the KS tests (see Table 5.5) suggest that the
distributions are almost identical for each bank over the two periods, thus
portraying non significant changes from the LBA to the EIA.
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LBA-left | LBA-right | EIA-left | EIA-right
LBA-left 1.000
LBA-right | <0.001 1.000
ETA-left <0.001 1.000
EIA-right <0.001 0.024 1.000

Table 5.1: Pairwise KS tests for height. Blue values are significant with p-
value<0.05 implying that the compared distributions were not generated by
the same process

LBA-left | LBA-right | EIA-left | EIA-right
LBA-left 1.000
LBA-right 0.026 1.000
ETA-left 0.003 1.000
EIA-right <0.001 1.000

Table 5.2: Pairwise KS tests for slope. Blue values are significant with p-
value<0.05 implying that the compared distributions were not generated by
the same process.

5.4.3 Natural corridors

Figure 5.12 portrays the computed network of natural corridors. The density
estimates (Figure 5.13) suggest that a close distance to these strategic routes
was not a significant factor in settlement dynamics in the Llobregat left bank
for both chronologies. This is an interesting result, specially compared to the
basic geographic factors (i.e. altitude and slope). As a consequence, local
features seem much more important than geographically broader contexts.
In fact, the supposedly relevant impact of the Phoenician arrival during the
EIA is not confirmed by these results. Otherwise, we would see a rise in
the number of settlements located on the natural corridors over which trade
unfolded.

Studying this relationship by chronology and area enables us to see the
extent to which this variable is similar for the archaeological contexts of the
LBA and the EIA (see Table 5.6).

The KS test shows how the left bank of the Llobregat did not see a clear
pattern of change. The only exception is a number of sites at very large
distances during the LBA, which stems from the limited percentage of land
with these characteristics. In the right sector, by contrast, a substantial
change can be perceived between the two chronological periods, with the
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Figure 5.9: Density estimates of settlement aspect (measured in degrees).

largest probability of finding a site at 7000-8000 m of a corridor diminishing
to 1000-2000 m during the EIA. Therefore, we can say that the distance from
a natural corridor is highly important in the right sector of the Llobregat,
but that it is not an essential factor in the left sector. In the latter case,
the occupations continuing from the LBA to the EIA that are documented
in quite a few of the sites may have had a decisive impact on this factor.

5.4.4 Multivariate analysis

Results of the ANOVA analysis show that accessibility and height are the
most important parameters that distinguish the properties of sites on the
right and left bank during the LBA (c.f. Table 5.7).

These results suggest that settlements at the right bank of the river were
preoccupied by the defensive value of the region where they were located.
This would explain why elevated, difficult to reach zones were predominant
here in contrast with the left bank. The same method was applied to the
EIA sites, with significant different results (see Table 5.8).
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LBA-left | LBA-right | EIA-left | EIA-right
LBA-left 1.000

LBA-right 0.079 1.000
EIA-left 0.331 0.009 1.000
EIA-right 0.497 0.105 0.621 1.000

Table 5.3: Pairwise KS tests for aspect. Blue values are significant with p-

value<0.05 implying that the compared distributions were not generated by
the same process.
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Figure 5.10: Density estimates of settlement visibility.

Distance to natural routes is by far the most important factor that differ-
ence both banks, followed by slope and accessibility. This result confirms the
trend that was already seen in previous figures, as the relevance of natural
corridors is much more relevant in the right than in the left bank.
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Figure 5.11: Density estimates of settlement accessibility.

5.5 Discussion

The aggregation of these results depicts a radical shift of dynamics over the
LBA to the EIA in the right bank, while the left bank portrays less evidence
of change. Distance to natural corridors is the determinant factor to explain
these dynamics: during the LBA the sites were located at large distances from
travel routes. The situation changed in the EIA: a majority of settlements
were located on a natural corridor in the right back area. This enables us
to confirm the shift in the tendency that occurred in this territory and may
indicate a settlement model closely bound up with commercial exchanges
during the EIA. However, we continue to find a portion of the population that
appears to have avoided these routes, remaining instead in easily defensible,
but isolated locations.

Other authors have also documented a search for soil with greater agri-
cultural potential during the ETIA (Asensio i Vilaré et al., 2005) in the right
bank area. This tendency is confirmed by the appearance of arrays of stor-
age pits with occasional associated huts (e.g., Mas d’en Boixos (Bouso et
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LBA-left | LBA-right | EIA-left | EIA-right
LBA-left 1.000
LBA-right 1.000
ETA-left 0.026 0.023 1.000
EIA-right 0.024 1.000

Table 5.4: Pairwise KS tests for visibility. Blue values are significant with
p-value<0.05 implying that the compared distributions were not generated
by the same process.

LBA-left | LBA-right | EIA-left | EIA-right
LBA-left 1.000
LBA-right | <0.001 1.000
ETA-left <0.001 1.000
ETA-right <0.001 <0.001 1.000

Table 5.5: Pairwise KS tests for accessibility. Blue values are significant with
p-value<0.05 implying that the compared distributions were not generated
by the same process.

alii, L’Hort d’en Grimau (Esteve Gracia, 2004) and el Turé de la Font de
la Canya (Lépez, 2004). These sites have been interpreted as surplus accu-
mulation centers (Asensio i Vilar6 et al., 2005) which would present a new
scenario of genuine agricultural colonization. The number of storage pits
and their enormous capacities suggest a significant change in the economic
dynamics of resource exploitation in the area, which would from this point
onward promote surplus grain production intended for trade.

This change, however, did not involve the abandonment of the higher-
elevation, high-slope settlements. In this respect, what is detected is the
occupation of various strategic points in the landscape, which have a high
degree of visibility in relation to the surrounding landscape. Good examples
are provided by the sites of Olerdola and la Font del Cusco, which feature the
main element of a pen or wall built of stone enclosing a sizable area (Cebria i
Escuer et al., 2003; Mestres et al., 2009). Few dwellings associated with these
pens have been discovered, but everything seems to indicate that there were
no more than a few slightly built huts, a fact that stands in stark contrast to
the significant size of the occupied areas and the magnitude of the encircling
walls. This has led some authors (Cebria i Escuer et al., 2003; Asensio
et al., 2006) to maintain that the final function of these settlements may
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LBA-left | LBA-right | EIA-left | EIA-right
LBA-left 1.000

LBA-right 1.000
EIA-left 1.000
EIA-right 0.008 0.004 <0.001 1.000

Table 5.6: Pairwise KS tests for distance to natural corridors. Blue values
are significant with p-value<0.05 implying that the compared distributions
were not generated by the same process.

Variable Pr
Height 0.011

Slope

Aspect
Visibility
Accessibility | 0.013
Distance

Table 5.7: ANOVA test for a logistic multivariate regression model for bank
location of the LBA sites. Height and accessibility are the most important
factors to explain the differences between the river bank where sites are
located

have been linked to a communal use of the space, more specifically to the
amassing and management of livestock, and to signal wealth. Paradoxically,
the occupation of caves, which was so common in the prior period, now ceases
to be important after this shift. This site specialization is also confirmed by
the diversity of visibility indices during the EIA.

On the left bank of the Llobregat we do not observe this shift. Particu-
larly interesting is the lack of relevance of the distance to natural corridors,
considering the presence of Phoenician materials and metallic objects. De-
spite this moderate evidence, objects are similar to materials found in close
zones where trade was much more intense (e.g. the Emporda and south-
eastern France, Lopez Cachero & Rovira 2012). Nonetheless, the situation
is not static as there are some changes in the settlement location dynamics.
There seems to be a higher interest on plains which could be related to more
intensive agricultural practices (confirmed by a greater number of excavated
storage pits).

The aggregation of these results suggest that there were relevant differ-
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Variable Pr
Height 0.008
Slope
Aspect
Visibility
Accessibility | 0.006
Distance <0.001

Table 5.8: ANOVA test for a logistic multivariate regression model for bank
location of the EIA sites. Distance, accessibility and height are the significant
variables that explain the differences between the river bank where sites are
located.

ences between the studied areas and periods. Of particular interest is the
sharp distinction between the territories regarding the LBA, which we have
been able to interpret correctly in relation to the materials and types of
structures documented in the excavations.

To conclude, the interpretation of these results suggest that natural cor-
ridors play a key role to better understand settlement dynamics during the
LBA and the EIA. However, both areas present a different evolution. While
left bank sites seem to follow a similar dynamic during the LBA and the
ETA, dynamics in the opposite bank present a very different panorama. The
right bank of the river saw during the EIA a transformation of the landscape
that could be related to a more strategic view of the territory. The shift
that we can observe in the location of sites during the EIA was intended to
establish the sites close to natural travel routes and to achieve better control
over the territory. This changed coincided with an increase in commercial
activity as a result of the integration of the Northeastern Iberian Peninsula
in Mediterranean-wide trading networks.

Even at this local scale spatial analysis was able to identify sensible differ-
ences between neighboring territories. This diversity of dynamics perfectly
illustrates the complexity of processes that affected the Mediterranean Sea
over these two periods.
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Figure 5.12: Natural corridors in relation to the sites for a) the LBA and
b) the EIA. The analysis makes use of all least-cost routes from each point

on the perimeter to all other points, with the colour of each segment of the
network identifying the number of routes that pass through it.
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Chapter 6

The study of spatiotemporal
patterns integrating temporal
uncertainty in late prehistoric
settlements in northeastern
Spain

Aquest capitol és una transcripcio exacta dels continguts del segilient article
(la versi6 original es pot veure a 'apendix A):

Yubero-Gémez, M.; Rubio-Campillo, X.; Lépez-Cachero, F.J. (2015).
"The study of spatiotemporal patterns integrating temporal uncertainty in
late prehistoric settlements in northeastern Spain', Archaeological and An-
thropological Sciences, 1-14, doi:10.1007 /s12520-015-0231-x

Abstract This paper explores the integration of two variables that are
typically difficult to use in spatial analysis: time and uncertainty. A frame-
work is constructed to analyse mid- and long-term variation in settlement
dynamics during late prehistory in northeastern Spain.

Following previous proposals, an aoristic model is built with ceramic dat-
ing to feed a Monte Carlo simulation that explores the case study using a
discrete time-step approach. At the same time, available radiometric dating
is used to validate the accuracy of the simulation results. Departing from
the static analysis of spatial variables, the model proposes a new approach
by which researchers can address temporal uncertainty.
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The results show that patterns detected by classical spatial analysis can
be produced by artefacts derived from the division of time in chronological
units instead of discrete time periods. The model is also used to compare
a priori identical variations whose rate of change, when analysed with this
approach, is revealed to be completely different.

Keywords Spatial temporal analysis, Geographical information systems,
Late prehistory in NE Iberian Peninsula

6.1 Introduction

In archaeological research, medium- to large-scale spatiotemporal data are
most typically represented by geographical models using spatial databases (see
Fairén-Jiménez, 2004; Pinhasi et al., 2005; Ruestes, 2008; Garcia-Sanjtan et
al., 2009; Garcia, 2013), but while these models have been effective in an-
swering various research questions, they encounter two important obstacles
with regard to the concepts of time and uncertainty.

6.1.1 The study of temporally explicit patterns

Geographical information systems are not designed for working with scenar-
ios depicting temporal and spatial variability. Even though the issue has
been previously discussed (Mlekuz, 2010; Bailey, 2007; Curry, 1998), GIS-
based tools remain an inadequate means of integrating temporal coordinates
in spatial models. They cannot provide a common framework for detect-
ing spatiotemporal patterns, despite the importance of these dynamics in
archaeological research. Amongst the approaches explored to remedy this,
the most common solution is to apply spatial analysis to different datasets
corresponding to the chronologies and to compare their results at the end of
the study. This can be combined with an alternative approach that collapses
the spatial variable and analyses the different periods statistically to identify
temporal patterns.

Both approaches are useful, especially when the study combines their
results in one interpretation, but they do not solve the problem entirely.

Take two imaginary chronological units of an uneven time span (Ca =
1000 years and Cb = 100 years) as depicted in Fig. 6.1 and analyse geograph-
ical patterns of site settlements. During C'a, human populations gradually
move from a mountain to an adjacent plain (fieldwork has located a total of
10 locations that can be analysed).
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During the second phase (dataset of four sites), the population moves
back to the mountains. A spatial analysis (Fig. 6.2 does not show the pattern
(the movement from mountain to plain in C'a and from plain to mountain
in Cb) because it is impossible to split chronologies in smaller parts. Time
series visualization (Fig. 6.3) is also inadequate because it makes no provision
for the site distribution. Although certain hypotheses can be tested using
additional techniques (e.g. boxplots, variance in slope), it is impossible to
link the statistical approach with additional explicit spatial data (distance
between sites, level of clustering); therefore, it is impossible to detect complex
spatial patterns that change over time because spatial and temporal changes
are not analysed by the same tool.

Another problem is the difference in time spans. The decrease in height
values during C'a could be produced over a time span of 1000 years, 10 times
more slowly than in Cb. The identification of different rates of change deter-
mines how clearly we can distinguish between gradual and sudden settlement
dynamic variation, but cannot be detected with standard GIS-based tools.
Archaeological research is therefore unable to apply the entire potential of
spatial analysis and geostatistics to its data, because the analysis is typically
conducted using separate models of spatial and temporal variability. And
the time spans are homogenized.

6.1.2 Uncertainty

The second issue raised in this paper is a long-standing question in archaeo-
logical research: how reliable is the data we work with?

First, that data has often been generated by different researchers using
varying datasets and degrees of quality. This is particularly true of medium-
scale studies, which use reports on sites that have been excavated over time
periods of as long as 30 or 40 years and by teams supported by differing
budgets. This can even have direct repercussions on the temporal coordinates
of sites, specially when and where the quantity and quality of radiometric
analysis is concentrated in a small number of sites.

Furthermore, uncertainty remains present in every type of data; however,
thoroughly, a site has been researched. Even radiocarbon dates contain un-
certainty and for this reason the real chronology of a site is expressed by
a probabilistic model that is usually simplified or even discarded as data
is progressively integrated from different sites. This has traditionally been
applied when researchers work only with the average value, or with the av-
erage value plus the standard deviation. Finally, it is also common practice
for researchers to discard radiometric datings with large error margins even
though they are eliminating data that would be useful if this uncertainty was
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Figure 6.1: Spatial analysis of an archaeological dataset comprising two imag-
inary chronological units: number of sites

integrated in the model.

Three major consequences can be expected from this: first, imprecision
and uncertainty in the measurements will be inherited in the model, even if
they are not made explicit; second, the model will thus be imperfect; and
third it will require revisions, which will alter our degree of understanding
and our conclusions. These factors will inevitably lead to uncertainties in our
evaluation of temporal data, but whether the magnitude of this uncertainty

is acceptable will depend on our primary research questions (Crema et al.,
2010).
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Figure 6.2: Spatial analysis of an archaeological dataset comprising two imag-
inary chronological units: spatial distribution

In recent years, there has been some interest in addressing these issues,
which are clearly linked because any formal geographical model that success-
fully deals with them will need to correctly model both time and uncertainty.
This paper uses a spatiotemporal model integrating uncertainty to answer
various questions about the uses of classical spatial analysis, and the remain-
der of the paper is organized as follows: section 6.2 section describes the case
study and reviews the research questions raised by previous spatial analysis.
Section 6.3 section specifies the concepts that need to be integrated into the
model; section 6.4 section describes the procedures used to build the model;
and section 6.5 interprets the results and evaluates the model’s effectiveness
in analysing spatiotemporal patterns.

6.2 The case study: the late prehistoric set-
tlements of the Besos river valley

Our study area was located in the Besos river valley, in the northeast of the
Iberian Peninsula (see Fig. 6.4). During recent prehistory, the geographical,
physical and environmental characteristics of this river valley made it an
ideal territory for the survival of human groups and its archaeological sites
show chronologies from the Palaeolithic period to the present day (Carlis i
Martin & Terrats Jiménez, 2003).

Located in the Catalan pre-coastal depression, the study area is a natural
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Figure 6.3: Spatial analysis of an archaeological dataset comprising two imag-
inary chronological units: time series

corridor approximately 200-km long and bears numerous traces of human oc-
cupation including evidence of houses, mills, canals, orchards, water wells, ice
wells, roads, industries in nineteenth- and twentieth-century buildings, water
supplies and archaeological and paleontological features (Carlis i Martin &
Terrats Jiménez, 2003; Lopez Cachero, 2005, 2007).

The area’s highly varied geography comprises a number of hills and moun-
tains, a river basin and plain territories. On the one hand, this variety be-
comes valuable to researchers because they can study the human uses of each
type of geography during different chronological units, from the Neolithic
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Figure 6.4: Late prehistoric archaeological sites located in the study area,
depicted over a Digital Elevation Model raster map

period to the Early Iron Age, and because a large number of sites straddle
ancient prehistory and the modern age; on the other hand, the fact that their
particular location has attracted successive periods of human occupation in
different eras (Coll et al., 1993) has also made it more difficult to efficiently
detect and analyse settlement patterns or to detect real occupation phases
of sites.

Extensive research has been conducted on late prehistoric settlements (Bouso Gar-
cia et al., 2004; Francés Farre, 2005; Martin Célliga, 2009; Yubero Gémez &
Rubio Campillo, 2010; Lépez Cachero, 2012), but these studies have focused
on specific periods or sites (Can Roqueta, Pla de la Bruguera, Cami de Can
Grau) and have addressed questions at a local rather than global scale. For
this reason, it is still difficult for us to compare and understand the spa-
tiotemporal dynamics of the zone during the entire period of late prehistory.
Moreover, in recent decades, the area has undergone large-scale urban devel-
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opment and most sites have been excavated, documented and subsequently
destroyed. Researchers therefore have plenty of material evidence at their
disposal, but the unequal nature of the fieldwork completed to date has cre-
ated a high degree of uncertainty. The result, then, is that the set of late
prehistoric sites that define the area constitutes an extremely fragmented
aggregate, and the area as a whole has not been thoroughly studied.

Despite such issues, the area does offer a valuable starting point for explor-
ing scenarios where formal spatiotemporal models integrating uncertainty are
needed. First of all, recent years have seen the development of a new research
project on landscape reconstruction and spatial analysis (Yubero Gémez &
Rubio Campillo, 2010; Lépez Cachero, 2012) and the creation of a geograph-
ical model to be used as the basic framework for exploring this kind of ar-
chaeological record from a mesoscale late prehistoric perspective.

In this context, although geographical information systems have been
powerful enough to organize and analyse all these data and although their
capabilities have been used in previous studies, we must now acknowledge
their inadequacy for integrating time in our analyses and consider that addi-
tional research techniques will be required if we wish to extend our studies to
understand changing spatial patterns over time. Basically, our model needs
to address the concept of data uncertainty. Previous works such as Crema
et al. (2010), Bevan & Wilson (2013) and Bevan et al. (2012) integrating
archaeological spatial and temporal date have been reference works in this
field. Table 6.1 describes the time span we are dealing with. The relative and
radiometric datings have provided an interesting but challenging scenario for
various papers (Barceld, 2007a; Barcel6 et al., 2013).

Chronological unit Absolute dates (approx.)
Early Neolithic cardial 5500-5000 BCE
Early Neolithic epicardial ~ 5000-4400 BCE
Early Neolithic postcardial — 4400-4000 BCE
Middle Neolithic 4000-3300 BCE
Late Neolithic/Chalcolithic 3300-2300 BCE
Chalcolithic Bell Beaker 2800-2200 BCE

Early Bronze Age 2300-1300 BCE
Late Bronze Age 1300-750 BCE
Early Iron Age 750-550 BCE

Table 6.1: Chronological span for each chronological unit of late prehistory
in the northeastern Iberian Peninsula, after Barcel6 (2007b)

As explained above, our case study analysed not only short-term settle-
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ment dynamics but also mid- and long-term issues. In particular, we consid-
ered the validity of three patterns proposed by previous studies (Yubero Gomez
& Rubio Campillo, 2010; Yubero-Goémez, Rubio-Campillo, Lépez-Cachero, &
Esteve-Gracia, 2015) but inadequately served by standard GIS-based models.

e Pattern 1: the number of sites decreases from the Late Bronze Age to
the Early Iron Age - This pattern required further examination before
it could be properly validated or identified as an artefact deriving from
the comparison of different time spans.

e Pattern 2: Muiddle Neolithic sites depict different geographical traits
to Farly and Late Neolithic sites - The substantial variation in the
variable slope suggests that during 4000-3300 BCE, the population
was concentrated on the plains.

o Pattern 3: In all the periods of late prehistory except the Chalcolithic
period and the Farly Iron Age, the distance from sites to natural routes
slowly decreased - If this pattern was validated, it would confirm that
human populations constantly moved to strategic locations, but that
there was a noteworthy variation on this trend in the case of the two pe-
riods described. Classical hypotheses propose that Chalcolithic popula-
tions are defined by small sites far away from the plains, and this is val-
idated by spatial analysis (Yubero Gémez & Rubio Campillo, 2010); on
the other hand, the same study contradicts the long-standing hypoth-
esis that the emergence of trade during the First Iron Age prompted
populations to seek strategically located settlements, arguing that only
a small number of sites offer the geographical data to corroborate this.

It was clear that an exclusively geographical approach would be an inad-
equate means of testing the validity of these three patterns, and that new
paradigms were needed to create a spatiotemporal model that could integrate
explicit uncertainty variables (Bevan & Wilson, 2013; Bevan et al., 2012).

Finally, a further reason for adopting a spatiotemporal framework was
that this could help us detect whether differences in the rate of change were
more or less sudden or gradual. The three variables (number of archaeological
sites, slope, distance from natural corridors) were thus analysed within a
long-term perspective.

6.3 Model concepts

This section examines the concepts that played an important role in our
model: settlement location and chronologies, and geographical and temporal
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data.

6.3.1 Spatial site database

In previous research, our spatial database was specifically designed for the
needs of the case study and was based on an entity-relation model that could
integrate existing data from different sources and be extended for further test-
ing of the validity of the three patterns described above in section 6.2. The
design allowed us to store, search and execute queries as needed. Moreover,
it was flexible enough to accept changes without our having to modify the en-
tire design and structure of the database (Yubero Gémez & Rubio Campillo,
2010).

The database had 237 entries and contained all the relevant information
about the sites in the study area, including a georeferenced location, a list
of chronological units of use and radiometric datings.

6.3.2 Geographical variables

A geographical model of the study area was needed to test the validity of the
three patterns. The basic information is collected in previous or forthcom-
ing papers, especially in (Yubero-Gémez, Rubio-Campillo, Lépez-Cachero, &
Esteve-Gracia, 2015; Yubero Gémez & Rubio Campillo, 2010; Yubero Gémez
et al., 2014), where changes in Late Bronze-Early Iron Age mobility patterns
are analysed. The third study defines two variables used again in the new
spatiotemporal model: slope and distance to natural corridors.

Slope is the degree of inclination of a given location in relation to its
neighbouring space (defined using Moore neighbourhood). The study of this
variable helps to detect changes in settlement locations, from mountains to
plains, and was particularly useful in the case of our study area, where there
appears to be a direct link between the pattern of sites with high slope
values and periods of high conflictivity. In these cases, steep slopes usually
define locations with high control of the surrounding area combined with low
accessibility.

On the other hand, the variable distance from archaeological sites to nat-
ural corridors is a powerful marker of the importance of good communication
at mesoscale levels (Murrieta-Flores, 2012). In order to calculate this, we de-
fined a perimeter of points at a distance of 25 km from the study area at
a resolution of 10 km. Then, we calculated the least-cost routes from each
point on the perimeter to all the other points, while quantifying how many
of the routes pass through each cell of the original raster map. The routes
with the highest value (for example, taking the quartile with the highest
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number of routes) define the natural corridors according to the geography of
the area. Studying this relationship by chronology and area enables us to
see the extent to which this variable is significant and place it in relation to
the archaeological contexts. Sites closer to the natural corridors of an area
offer clear advantages for external trading and control of the territory, while
settlements located further away from these routes are easier to defend in
times of conflict because of their remote and inaccessible position.

6.3.3 Temporal uncertainty

Different approaches have been used to integrate the role of temporal uncer-
tainty in archaeology (Lock & Harris, 1997; Lock & Molyneaux, 2006). In
our case study, we applied the framework proposed by Crema et al.( 2010;
2012), which uses a probabilistic model to quantify time when high levels
of uncertainty hinder spatiotemporal analysis: the aoristic model (Ratcliffe,
2000; Johnson, 2003). This framework provides the researcher with a proba-
bilistic model that can be combined with a Monte Carlo approach to explore
potential spatial trajectories over time. Moreover, different techniques can
be applied to the dataset generated by the simulations, testing a pattern
or hypothesis against each run or performing risk analysis techniques in re-
sults (Bevan et al., 2012).

6.4 Methodology

We applied the described spatiotemporal framework to our data. Our inten-
tions were to solve the problems in our geographical model and, as explained
above, to quantify uncertainty in order to improve our understanding of mid-
term settlement dynamics like those detected in the three patterns described
above.

In order to explore the validity of the patterns described above in sec-
tion 6.2, the following steps were applied to the data of our case study.

6.4.1 Aoristic model

An aoristic model defines for each event a probability distribution of absence
over discrete time steps. This probability is 0 outside the span comprised
between by the absolute beginning (terminus post quem) and absolute ending
(terminus ante quem) of the event, and equal probability of presence for all
the time steps between these dates (this value is defined as aoristic weight).
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Each event of our case study is the creation or reoccupation of a settle-
ment through a chronological unit, and ¢.p.q. and t.a.q. are defined as the
chronological units proposed in Table 6.1. The sum of the aoristic weights
for a site in a given chronological unit is always 1, but there is no consensus
about duration and number of occupations of each site within a given chrono-
logical unit. For this reason, the time step of the aoristic model has been
defined at 50 years, as resolution adjusts to the quality of the information
we have in this case study and the spans of the temporal units. Finally, each
settlement can exist multiple time steps during each chronological unit.

The aoristic weight W of a settlement S for a given time step T is defined
as:

AT
Bs — as

being AT the duration of a time step, Sg the terminus post quem of the
chronological unit, and «ag its terminus ante quem.

Figure 6.5 shows the sum of aoristic weights for the case study. If we
compare the global trends of the figure with the sum of sites per pottery
phase (defined in Fig. 6.6), the value of the aoristic model becomes clear in
that it allows us to question pattern 1 and to identify the supposed decrease
in the number of sites during the transition from Late Bronze Age to Early
Iron Age as an artefact produced by the differences in time span between
the two periods (550 to 200 years). The simple move from a model based on
pottery to an aoristic model shows how the number of sites actually increased.

Wsry =

sum of aoristic weights
I

Middle

Early Neolithic
g Neolithic

Late Neolithic Early Bronze Age

aggregated aoristic weight

year (BC)

Figure 6.5: The sum of aoristic weights for the archaeological sites of the
Besos valley in relation to time steps.
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Figure 6.6: Number of sites per time step based on relative dating of pottery
phases

Although this comparison is valuable, the aoristic model alone cannot be
used to test hypotheses on the subject of spatiotemporal patterns because the
model’s probabilistic basis is difficult to translate to spatial coordinates, even
though certain proposals have been made (Crema, 2011). For this reason,
to gather information related to spatial change over time, we designed an
experiment based on Monte Carlo simulations.

6.4.2 Monte Carlo simulations

The approach we used is proposed by Crema et al.( 2010; 2012). The idea
was to use the probabilities of site existence defined in the aoristic model
as an input for a Monte Carlo simulation. This technique is suited for ex-
ploring stochastic models where the number of probabilistic combinations is
too high to be explored in the standard manner (by studying all the possi-
ble combinations of settlement occupation/abandonment for each time step).
We simulated different historical trajectories using the aoristic weight of a
site for a given time step as the probability of existence of a Bernoulli dis-
tribution. Each run computes, for each site and time step, absence/presence
based on the aoristic weights for each chronological unit. Considering the
high level of reoccupations, presence of a site during time step is indepen-
dent, and each site can be abandoned and reoccupied several times during
one chronological unit.

This created different trajectories for each run where we can identify
settlement patterns. As an example, Table 6.2 describes the result for one of
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these runs.

The number of executions performed during the simulation was large be-
cause the uneven quality of the dataset generated a high level of variation.
To use an appropriate (and at the same time minimum) number of runs a
convergence test was designed. Figure 6.7 shows the density plots of stan-
dard deviations during time step for different number of runs (100, 1000 and
10,000). A Kolmogorov-Smirnov test was performed, considering that the
density plot showed nonparametric shapes for the different sample sizes (re-
sults: (a) KS test between 100 and 1 k produced a p-value of 0.36 and (b)
the test between 1 and 10 k produced a p-value of 0.96). Considering that
the 1 and 10 k distributions were indistinguishable, we therefore chose 1 k
as the sample size of the different analysis.

Simulation Time step of 50 years

Archaeological Site ... | 1050 | 1000 | 950 | 900 | 850 | 800 | 750 | 700 | 650 | 600
Can Piteu-Can Roqueta | ... 0 1 0 0 0 0 0 0 1 0
Can Gambris-1 .| 0 0 0 0 0 0 0 0 0 1
Pla de la Bruguera 0 0 0 0 0 0 1 0 0 0

Table 6.2: A single Monte Carlo execution of our case study recording the
existence (1) or nonexistence (0) of different sites for the period 1050-600
BCE

The spatiotemporal model could thus be studied through the testing of
hypotheses (examining the validity of patterns) in each of these 1000 tra-
jectories, which provides the researcher with a global approach to the data
where temporal uncertainty has already been taken into account. Results for
each variable are shown in Fig. 6.8 (number of sites), 6.9 (slope) and 6.10
(distance from natural routes).

6.4.3 Cross-validation of the aoristic model with ra-
diocarbon dates

The framework combines the aoristic approach to temporal uncertainty with
Monte Carlo simulations for integrating archaeological and spatial data. Un-
fortunately, it is difficult to use multiple data sources without breaking the
coherence of the probabilistic model.

This is extremely important where radiometric datings are available for
some of the sites. This data should be combined with the general tempo-
ral information provided by pottery dating but the aoristic model cannot
integrate different time spans for the same event. Lock and Harris suggest
an alternative approach in which each dating technique has an associated
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Figure 6.7: Density plots for standard deviations of 100, 1 and 10 k sample
sizes of the Monte Carlo distributions

weight and the final value of each site is computed as the sum of the different
values for each time step and site (Lock & Harris, 1997). This approach is
incompatible with Monte Carlo simulations because weights are chosen by
the researcher and the final value cannot be used as a probability between 0
and 1.

In addition, in our case study, radiocarbon dates were concentrated in a
small number of sites (e.g, Bobila Madurell, Cova del Frare and Can Roqueta)
and were either scarce or nonexistent in the majority. For this reason, any
integration of radiocarbon datings into the aoristic model would distort the
results and introduce a clear bias towards the most documented sites.
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Figure 6.8: Number of sites generated by Monte Carlo simulations. Each
grey line shows the results for a different run, and the white shape is the
average trajectory.
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Figure 6.9: Slope of existing sites, generated by Monte Carlo simulations.
Each grey line shows the results for a different run, and the white shape is
the average trajectory.

We propose an alternative method for radiometric dating in spatiotem-
poral models which we believe can be useful when researchers have a low
number of datings, as we did in this case study. The method consists in
validating the model for the most well-represented time steps instead of inte-
grating radiocarbon datings into the model. The comparison of the average
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Figure 6.10: Distance of existing sites from natural routes, generated by
Monte Carlo simulations. Each grey line shows the results for a different
run, and the white shape is the average trajectory

geographical values should provide insight about the degree of correctness of
our aoristic model built from pottery datings.

This cross-validation is shown for slope and for distance from natural
routes in Fig. 6.8, 6.9 over three different time steps: 4250, 1900 and 650
BCE.

In our case study, these were the sites that offered the highest number
of radiocarbon dates, so the information provided by this average was the
most reliable information we could retrieve from the data available. Addi-
tional research and analysis could improve the picture, but even with such
scarce data, we could confirm that the patterns detected using the aoristic
model were reproduced using just the sites dated during these time steps
with radiometry.

Given the sample of sites with radiocarbon dates (5-10), validation re-
mained difficult. However, the comparison of tendencies could still provide
us with information about the spatiotemporal patterns: in all cases, we ob-
served a constant decrease of the mean value for slope (Fig. 6.11), while in
the case of the variable distance from natural sites, the values decreased from
4250 to 1900 BCE and increased slightly from 1900 to 650 BCE (Fig. 6.12).

To sum up, in the cases where radiometric datings are available in small
numbers, we suggest using these datings to cross-validate the model. The
comparison of the spatial trends detected in the Monte Carlo simulations
against the sites with radiometric datings for a particular time step can
be used to test whether detected patterns are consistent. Naturally, the
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Figure 6.11: The average for the variable slope described for the different
models at time steps 4250, 1900 and 650 BCE. The value was computed
from the collection of sites existing in these time steps. C14 values are taken
from the mean value of the probabilistic distribution.
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Figure 6.12: The average for the variable distance from natural routes de-
scribed for the different models at time steps 4250, 1900 and 650 BCE. The
value was computed from the collection of sites existing in these time steps.
C14 values are taken from the mean value of the probabilistic distribution.

only drawback is that this technique cannot be used to examine the variable
number of sites.
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6.4.4 Calculation of spatial values

The next step was a computation of the variables needed to test the validity
of the three patterns described above in section 6.2. In our case study, we
wanted to understand the temporal differences in the changes in settlement
dynamics detected with classical spatial analysis.

In order to do this the pace of change must be calculated for every time
step as follows.

1. For each settlement, extract the value of the variables (in our case,
slope and distance from natural routes).

2. For each time step and simulated trajectory, calculate the average value
of (a) above (i.e. compute the average for the set of sites that exist
during each time step).

3. Apply a temporal kernel of 150 years (3 time steps) to result above,
under the following formula:

_ En—i—l ijl

i=n—1
WT, 3
, being WT,, the value of the time step 7T,, at a given trajectory. The
temporal kernel algorithm is applied to avoid distortions provoked by
outliers at particular time steps. The technique smooths the varia-
tion, while the relatively narrow width of the kernel prevents it from
removing the underlying pattern.

6.4.5 Detection of variation

The rate of variation is also a relevant variable while analysing settlement
dynamics. In order to explore this concept, relative variation was computed
from absolute values provided by Monte Carlo simulation. For each time
step, the rate of variation was computed as an angle, using the Pythagorean
theorem.

The sign of the variation shows whether the change is an increase or a
decrease, while its value provides the rate of change (0 being the value when
consecutive time steps have identical absolute values). The results can be
seen in Figs. 6.13, 6.14 and 6.15.
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Figure 6.13: Variation in number of sites for the chronological model
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Figure 6.14: Variation in slope for the chronological model.

6.5 Discussion

The results generated by this model were used to test the validity of the
three patterns described above in section 6.2. In particular, our intention
was to examine whether a pattern that had been observed by classical spatial
analysis could still be detected when the temporal variable was incorporated.
Our results were as follows:

e Pattern 1 (the number of sites decreases from the Late Bronze Age to
the Early Iron Age) - Figure 6.6 shows that the absolute number of



6.5. DISCUSSION 155

simulated sites

Late Bronze
Age

Middle

. Late Neolithic
Neolithic

Early Neolithic

variation of distance

year (BC)

Figure 6.15: Variation in distance from natural routes for the chronological
model

sites decreases in this transition. In contrast, the aoristic model shown
in Fig. 6.5 proves that the probability of a new site actually increases.
For this reason, this pattern can be discarded as an artefact derived
from comparing chronological units with different time spans.

e Pattern 2 (Middle Neolithic sites depict different geographical traits
to Early and Late Neolithic sites) - Figures 6.8 and 6.10 suggest that
the geographical traits of Middle Neolithic settlement dynamics are no
different to those of other Neolithic chronological units. In the evolution
of both variables (number of sites and distance from natural routes),
the Middle Neolithic continues the trend of Early Neolithic and Late
Neolithic: an increase in the number of sites, and a decrease in the
distance from natural routes.

On the other hand, a different pattern was notable for the variable
slope. In the aoristic model (Fig. 6.9), this trend is confirmed and
Middle Neolithic behaviour appears closer to later periods such as the
Bronze Age or First Iron Age than it is to the Neolithic. The expla-
nation may be that during the Middle Neolithic human populations
emigrated from other areas to the area of our study. The settlers’ pri-
orities would have differed to the priorities of previous occupants of
the area, so that the niche they occupied (plains without great strate-
gic value) was not previously used. This possibility is supported by
the rate of variation (Fig. 6.14), where the decrease in slope is sudden
and is only detected at the beginning of the chronological unit (in con-
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trast to variations like the increase produced at the end of the Middle
Neolithic).

e Pattern 3 (in all the periods of late prehistory except the Chalcolithic
period and the Early Iron Age, the distance from sites to natural routes
slowly decreased). This pattern is validated in most of the chronological
units studied, with two important exceptions.

The first exception is that Early Neolithic epicardial sites do not follow
the pattern, as Fig. 6.10 clearly shows (the pattern of previous and
subsequent chronological units is completely different). This difference
(almost half the distance from natural routes than in the other periods)
can be understood as an artefact generated by a low sample. In fact,
this is the period with a lowest number of sites, so the results will have
to be considered inconclusive until new data can validate this pattern.

The second exception is the Chalcolithic and Early Iron Age. These
chronological units show a slight increase in the distance of sites from
natural routes, as observed above. Nevertheless, closer inspection of the
rate of variation (Fig. 6.15) reveals that this perspective is distorted:
in both cases, the trend is not a sudden change but a gradual increase
that was already present during previous chronological units. We can
therefore conclude that the supposed pattern of gradual movement from
heights towards natural routes is not real, and that during long periods
of time, there was movement in the opposite direction.

To summarize, first of all, this paper has described how a probabilistic
spatiotemporal model can validate the existence of changes in settlement
dynamics observed with classical spatial analysis. In particular, the trends
are verified when periods have similar time spans and highly unlikely when
this is not the case (as repeatedly shown with Late Bronze Age and Early
Iron Age data).

Second, our study has integrated radiometric dating to the point where
it can be useful but does not create a strong bias of the results towards the
most well-known sites. In other words, our work suggests that the synchronic
comparison of variables can validate the diachronic approach of the aoristic
model whenever this is allowed by the number of radiometric datings for a
particular time. This is useful when the dataset is uneven (as in our study).
However, in case studies where a large amount of available radiometric dat-
ings, it would be desirable to create the aoristic model exclusively based on
this highquality datasets.

Third, we have proposed that the study of the rate of variation is ex-
tremely useful for exploring long-term settlement dynamics. Once we move
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from a comparison between chronologies and a more continuous study, tem-
poral differences between changes must be studied, and this paper has offered
a simple algorithm capable of dealing with this variable on top of the aoristic
model.

Finally, we propose that any comparison of geographical variables for
different chronologies should address temporal uncertainty. Temporal uncer-
tainty plays a crucial role in our understanding of the relationship between
archaeological sites and their environment, and if we are to fully understand
spatiotemporal change, then archaeological research must begin to consider
this issue.
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Discussio

Un cop presentats els treballs, a continuacié realitzem una discussié en el
context dels objectius del nostre projecte de tesi doctoral. Per portar-ho a
terme, hem dividit la discussié en dues parts: per una banda, presentem
una discussio per cada cas d’estudi, per 'altra banda, una discussi6é general
dels resultats. La discussié relativa als casos d’estudi I’hem classificat segons
I’escala temporal dels esdeveniments: Esdeveniment de curta durada, durada
mitjana i de llarga trajectoria.

7.1 Esdeveniment de curta durada

En comparacié amb els dos casos d’estudis posteriors, 1'estudi d’una accid
militar com aquest setge ens proporciona una excel-lent mostra de que pot
aconseguir I’analisi espacial en el context d'un periode limitat de temps (en
aquest cas una seixantena de dies). Com hem pogut estudiar, les dinamiques
d’aquests tipus de fenomens historics fan que siguin objectius perfectes per
integrar en el mateix analisi variables temporals i espacials.

El treball presentat mostra com els models formals poden integrar tecni-
ques com l'analisi espacial, i juntament amb les fonts historiques i arqueolo-
giques ens poden ajudar a comprendre molt millor els conflictes historics. El
model computacional creat durant la nostra recerca combina dades arqueolo-
giques, historiques i espacials amb la intencié d’avaluar hipotesis relacionades
amb la teoria i practiques militars. Aquest fet és especialment rellevant en
la epoca moderna, ja que en aquest moment la cartografia extremadament
detallada juga un paper molt important en els combats i en els camps de
batalla. Per aquest motiu, la nostra recerca, tot i que només analitza un cas
d’estudi, permet contrastar el que deia la teoria (a través de manuals i obres
d’instruccié diverses) en contraposicié amb el que succeia al camp de batalla.

159
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Hem pogut determinar que la planificacié d’aquest setge era constantment
modificada per ajustar-se a noves dificultats. Un exemple clar és ’assalt fallit
a Barcelona a mitjans d’agost de 1714 porta al duc de Berwick a redissenyar
la seva estrategia. Els enginyers van ampliar les paral-leles i van desplegar
noves bateries. Aquesta decisi6 va anar acompanyada d'un alt cost huma,
cosa que també s’evidencia en I'analisi efectuat.

El conjunt de decisions que els assetjats van prendre és un bon exemple
del procés adaptatiu que feien tots els exercits per poder vencer els seus
enemics. En particular, la innovacié era tant important com el coneixement
de les practiques establertes. Basicament, va ser el balang entre aquests dos
conceptes que va ser decisiu per la victoria del duc de Berwick.

Els patrons generats per un esdeveniment de curta durada com els que
hem explorat en el treball presentat generen evideéncies a diversos graus i
escales, incloent relacions espacials, dades arqueologiques, diferents tipus de
textos, diaris i descripcions. Per aquest motiu son dificils de detectar degut
al nombre d’esdeveniments successius que ocorren en qualsevol accié militar.
La metodologia presentada en aquest article és una proposta de com els mo-
dels formals poden ajudar a arqueolegs i historiadors a explorar i analitzar
aquest tipus d’esdeveniments. La utilitzaci6 de models, que sén explicits
per definici6 (Epstein, 2008), obliga als investigadors a definir preguntes de
recerca i hipotesis concretes, i a testejar-les amb metodes quantitatius i d’a-
nalisi espacial. Aquestes metodologies poden comprovar la plausibilitat de
les hipotesis d'una manera mesurable.

L’aplicaci6é de la metodologia desenvolupada a casos d’estudi particulars
pots suggerir interessants enllacos entre tots els parametres definits en aquest
model.

Per dltim i tal com hem remarcat al text, alguns dels patrons treballats
sén dificils d’observar sense un marc d’estudi espaciotemporal. Obviament,
son els resultats més interessants a explorar de totes les analisis realitzades,
ja que no només afecten a la interpretacié d’un cas d’estudi particular, sin6
també al coneixement general d’un conflicte historic. En aquest cas es trenca
radicalment la visio classica segons la qual els exercits d’época moderna eren
rigids i seguien al peu de la lletra els manuals, doncs es veu clarament com els
enginyers borbonics van improvisar constantment tot responent a les diverses
casuistiques de cada moment. Aixi, les interpretacions historiques classiques
dels diversos setges succeits que no tinguin en compte tota ’evidencia (inclo-
ent ’arqueologica) i la integrin en una veritable visié espaciotemporal corren
el risc de donar massa rellevancia als manuals teorics, assumint que eren una
narracio exacte de I’accié militar.
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7.2 Esdeveniment de mitja durada

L’analisi comparatiu de de dues cronologies successives suposa una aproxi-
macié metodologica diferent a la dels cas d’estudi anterior.

El conjunt de resultats obtinguts il-lustren un canvi abrupte entre el peri-
ode del bronze final i primera edat del ferro a la zona de la riba dreta del
riu Llobregat, mentre que la riba esquerra les evidencies de canvi sén més
lleus. La distancia als corredors naturals és un factor determinants per ex-
plicar aquestes dinamiques. Durant el bronze final els jaciments de la riba
dreta estaven situats a llargues distancies de les rutes de pas. Mentre que a
la primera edat del ferro, aquesta dinamica canvia, la majoria dels assenta-
ments localitzats en aquesta riba dreta es troben ubicats en un dels principals
corredors naturals de la zona.

Aquest patré ens permet parlar d’un canvi en el model d’assentament d’a-
questa zona, possiblement influenciat per I'augment dels intercanvis comer-
cials durant la primera edat del ferro. No obstant, no tota la zona estudiada
presenta aquest model. Part dels assentaments es troben lluny d’aquestes
rutes de pas, en llocs més inaccessibles, isolats i clarament més defensables.

Altres autors, en canvi, emfatitzen que aquest canvi del patré d’assenta-
ments a la riba dreta del Llobregat estaria explicat per una cerca de nous
territoris amb gran potencial agricola durant la primera edat del ferro (Asen-
sio i Vilaré, 2005). Aquesta tendéncia es veu confirmada per I'aparicié de
grans concentracions de sitges (com per exemple, els jaciments de Mas d’En
Boixos (Bouso Garcia et al., 2004), 'Hort d’en Grimau (Mestres et al., 1990)
i el Tur6 de la Font de la Canya (Lopez et al., 2015). Aquests jaciments han
estat interpretats com centres d’acumulacié d’excedent de gra (Asensio i Vi-
lard, 2005) hipotesi que podria explicar aquest nou model. Aquesta dinamica
promouria la ocupacié de noves terres per conrear. Aixi doncs, el nombre
de sitges i les seva enorme capacitat suggereixen un canvi en l'estrategia de
subsisténcia de les comunitats.

Aquest canvi en les dinamiques es combina amb 'existéncia de jaciments
situats en alcada, en zones escarpades. En aquest aspecte, el que hem pogut
detectar és que aquests assentaments estan situats en zona amb una alta
visibilitat en relaci6 al paisatge circumdant. Bon exemples d’aixo, sén Oler-
dola i la Font del Cuscé, els quals sén el maxim exponent d’aquest tipus
de jaciment (Mestres et al., 2009; Cebria i Escuer et al., 2003). Es tracta
de jaciments que presenten un mur o muralla de tancament de pedra i que
ocupen una area considerable. Hi ha poques intervencions arqueologiques as-
sociades a aquest tipus de jaciments, pero tot sembla indicar que es tractaria
de jaciments especialitzat.

A la riba esquerra del riu Llobregat no s’observa aquesta variacié. Es
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particularment interessant la poca rellevancia que sembla tenir la distancia
als corredors naturals, tenint en compte que també trobem materials d’origen
fenici en aquesta zona. Tenint en compte que no apareixen amb tanta fre-
quencia, els materials son similars als trobats en altres zones on el comer¢ va
ser molt més intens (per exemple, 'Emporda o el sud de Franga (Lépez Cac-
hero & Rovira, 2012)). Tot i aixo, podem considerar que la situacié no és
estable i que hi ha canvis en les dinamiques d’assentament. Durant la primera
edat del ferro sembla haver-hi un especial interes per les zones planes. Aquest
podria estar lligat a practiques agricoles més intensives i es podria confirmar
per 'aparicié d'un major nombre de sitges i estructures d’emmagatzematge
(Carlus i Martin, Lépez Cachero, Oliva, et al., 2007). L’agregacié d’aquests
resultats suggereix que van haver importants diferéncies entres les dues zones
estudiades i les dues cronologies.

Finalment, la interpretacié d’aquests resultats posa de manifest que els
corredors naturals van jugar un paper molt rellevant durant les cronologies
estudiades i son un factor clau a tenir en compte per entendre les dinamiques
de poblament a la zona. Queda clar que les dues arees mostren una evolucio
diferent en les dues cronologies, essent la situacié a la riba esquerra forca
més estable que la dreta. Es aquesta riba dreta del riu Llobregat la zona
d’estudi més interessant; presenta una transformacio en el paisatge durant la
primera edat del ferro que pot estar relacionada amb una visié més estrategica
del territori. El canvi que podem observar en la tria de localitzacions dels
jaciments durant aquesta cronologia esta clarament enfocada a estar més a
prop de les vies naturals de pas i en tenir un millor control sobre el paisatge
circumdant. Aquest canvi coincideix amb una documentacié de 'increment
de I'activitat comercial del NE de la Peninsula Iberica en les xarxes de comerg
del Mediterrani.

Per ultim, aquest analisi de durada mitjana ens permet entendre una
dinamica de canvi, ja que més enlla de la situacié dels jaciments durant el
bronze final i a la primera edat del ferro, ens aporta nou coneixement pel que
fa al procés de canvi entre aquestes dues cronologies.

7.3 Esdeveniment de llarga trajectoria

Els resultats generats per aquest model van ser emprats per testejar la vali-
desa dels segiients patrons:

1. Patré 1: El nombre de jaciments decreix entre el bronze final i la pri-
mera edat del ferro

2. Patr6é 2: Els jaciments pertanyents al neolitic mig presenten una dis-
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tribuci6 espacial diferenciada dels jaciments del neolitic antic i neolitic
final

3. Patro 3: En tots els periodes de la prehistoria recent, excepte en el
calcolitic i la primera edat del ferro, la distancia als corredors naturals
decreix

En particular, la nostra intenci6 era examinar si un patr6 analitzat mit-
jancant analisi espacial i una visi6 estatica de les diferents cronologia podia
ser igualment detectat quan la incertesa temporal era també incorporada
(per tant millorant el tractament de la variable temporal).

Patr6é 1 El namero absolut de jaciments decreix en aquest interval de
temps. Contrariament, el model aoristic mostra que la probabilitat d’un nou
jaciment s’incrementa. Per aquest motiu, aquest patrd pot ser descartat com
a consequiencia derivada de comparar unitats cronologiques amb diferents
mesures temporals. Es constata, doncs, que un analisi espacial tradicional a
on cada cronologia és tractada de forma aillada pot generar seriosos errors
d’interpretacié quan les duracions de les fases son diferents.

Patré 2 Les figures 6.8 i 6.10 (pagines 150 i 151) suggereixen que el trets
geografics dels assentaments del neolitic mitja no sén diferents dels d’altres
unitats cronologiques. En I’evoluci6 dels dos patrons (nombre de jaciments
i distancia als corredors naturals), el neolitic mig continua el patrd vist a
les etapes anterior i posterior: un augment en el nombre de jaciments i una
disminuci6 en la distancia a corredors naturals.

D’altra banda, vam poder detectar un patr6 diferent pel que fa a la pen-
dent com a variable analitzada. En el model aoristic (figura 6.9, pagina 150)
aquesta diferéncia esta confirmada i en el neolitic mitja aquest comportament
és similar al de les cronologies de ’edat del bronze i primera edat del ferro, i
no pas a la mitjana dels periodes relatius al neolitic. Una plausible explicacio
pot ser que durant el neolitic mig les comunitats existents es traslladessin a
altres arees fora de la nostra area d’estudi. Les preferencies per establir-se i
ocupar l'espai difereixen de les del previs ocupants de 'area. El ninxol triat
(planes sense massa valor estrateégic) corresponia doncs a zones que no havi-
en estat ocupades amb anterioritat. Aquesta possibilitat es veu validada per
I'index de variaci6 (observar figura 6.14, pagina 154), on el decreixement de
la pendent és sobtat i només es detecta a l'inici de la unitat cronologica, en
contrast de les variacions com les de I'increment produit al final del neolitic
mitja.
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Patr6 3 Aquest patrd és validat en la majoria de periodes estudiats, pero
es presenten dues excepcions. La primera d’elles és el periode del neolitic
antic epicardial, a on els jaciments no segueixen la tendéncia com es pot veure
clarament a la figura 6.10 (p. 151). Cal destacar que aquest patré6 en la unitat
cronologica anterior i posterior és totalment diferent. Basicament, aquests
jaciments presenten gairebé la meitat de distancia als corredors naturals que
la resta de periodes. Una baixa mostra de jaciments d’aquest periode pot
explicar aquesta dinamica. De fet, aquest és el periode amb un menor nombre
de jaciments, aixi doncs, aquests resultats han de considerar-se inconclusos
fins que noves dades puguin validar o rebutjar aquest patro.

La segona excepcié la presenta el calcolitic i la primera edat del ferro.
Aquestes unitats cronologiques mostren un augment en la distancia dels ja-
ciments als corredors naturals, com es pot observar a la figura 6.15 (p. 155).
Malgrat tot, un analisi més exhaustiu de I'index de variacié ens revela que
aquesta perspectiva esta esbiaixada. En ambdoés casos, la tendencia no és
un canvi sobtat, sind una augment gradual que ja esta present en les unitats
cronologiques anteriors. Aixi doncs, aquests resultat demostren que no és
possible confirmar un suposat patré d’assentaments en alcada i un gradual
desplagament cap a les zones més properes als corredors naturals.

A mode de recapitulacié d’aquesta seccid, volem remarcar que aquest
capitol ha descrit com un model espaciotemporal probabilistic pot validar
I’existencia de canvis en els patrons d’assentament que previament s’havi-
en tractat des d’una perspectiva de 'analisi espacial classic. En particular,
aquestes tendencies es poden verificar quan els periodes tenen durades simi-
lars i és altament improbable fer-ho quan no és déna el cas. Un exemple a
mostrar seria el cas de les dades referents als assentaments del bronze final i
la primera edat del ferro.

En segon lloc, el nostre estudi ha integrat datacions radiocarboniques en
el punt que poden ser ttils, pero alhora no crea un biaix en el resultats que
afecten als jaciments més ben coneguts. Basicament, la nostra aportacié
suggereix que una comparacio sincronica de variables pot validar una apro-
ximacié diacronica del model aoristic quan aquest és permes pel nombre de
datacions radiocarboniques per a moments especifics. No obstant, en casos
d’estudi amb amplis datasets de datacions radiocarboniques seria recomana-
ble crear models aoristics basats només en aquestes dades d’alta resolucio.

En tercer lloc, proposem que l'estudi de I'index de variaci6 es extrema-
dament 1til per explorar patrons de poblaments en escales de llarga durada.
Quan ampliem l'escala temporal, més enlla de la comparacié entre dos peri-
odes, necessitem eines capaces d’analitzar els canvis temporals. Per aixo,
algoritmes estocastics simples, com la simulacié de Monte Carlo proposada,
poden ser molt eficagos quan es basen en un model aoristic que permeti in-



7.4. REFLEXIONS GENERALS 165

tegrar la incertesa temporal en una distribucio estadistica generada en base
al coneixement existent.

7.4 Reflexions generals

Els tres casos d’estudis anteriorment descrits presenten problematiques simi-
lars. Tot i presentar escales temporals diferents, en els tres casos la integracio
de la dimensié temporal és un eix comu, juntament amb la importancia de la
dimensi6 espacial. Com hem pogut comprovar, els metodes tradicionals en
Historia i Arqueologia presenten mancances alhora de poder integrar aquestes
dues variables.

Les metodologies presentades suposen una millora substancial alhora d’a-
nalitzar les dades procedents d’esdeveniments historics i arqueologics. D’a-
questa manera, poden donar una resposta més informada a les preguntes de
recerca formulades. L’ts de la modelitzacié espaciotemporal com a eina de
treball en els tres casos ens ha permes assolir objectius que d’una altra manera
no haguessin estat possibles. De fet, en els tres casos d’estudi la modelitzacio
temporal ha esdevingut clau per respondre les preguntes de recerca.

Es per aquest motiu, que creiem que una de les propostes de futur més
interessants per les disciplines arqueologica i historica passa per normalitzar
I"is quotidia de sistemes d’integracié de fonts diverses de dades, incloent la
seva incertesa. D’aquesta manera es podrien crear marcs de treball formals
en els que sigui possible avaluar hipotesis de treball tot contrastant-les amb
I’evidéncia empirica.
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Capitol 8

Conclusions

Al llarg d’aquest treball hem aplicat als nostres casos d’estudi una col-leccié
de metodologies d’analisi espaciotemporal que al nostre parer milloren subs-
tancialment 1'is de Sistemes d’Informacié Geografica en contextos arqueolo-
gics. Aquest fet és especialment rellevant en quant als escenaris explorats, ja
que no havien estat analitzats previament amb aproximacions de tipus quan-
titatiu. Aixi doncs, els resultats han estat altament positius. La utilitzacio
d’un marc de treball basat en la modelitzaci6 espaciotemporal ens ha permes
aconseguir els objectius plantejats i respondre a les preguntes concretes de
treball.

8.1 Resultats dels casos d’estudi

A continuacié farem una presentacio de les conclusions per cada cas d’estu-
di. En tots ells hem emprat metodologies propies de ’analisi espacial, pero
adaptades a cadascuna de les escales, preguntes i casuistica de recerca de
cada escenari.

8.1.1 Cas d’estudi 1: Esdeveniment de curta durada

En el cas de la modelitzacié del setge de la ciutat de Barcelona a l'estiu
de I'any 1714, I'aplicaci6 d’'un model per integrar els diferents tipus de va-
riables ha aportat molt bons resultats. Podem afirmar de manera general
que la metodologia emprada ha estat util per respondre a les dues preguntes
d’invedstigacié que feiem al principi de la recerca.

Els resultats ens han aportat un millor coneixement sobre quines zones i
fases d’un setge eren més perilloses pels atacants d’una ciutat d’época moder-
na. Al mateix temps, també hem pogut analitzar per que trobem divergencies
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entre els manuals de ’época, els plans d’atac, i les modificacions efectuades
durant 'execucié dels treballs. En aquest sentit, els resultats han aportant
llum sobre la relacié entre 'elevat nimero de baixes i la localitzacié espa-
cial d’aquestes. Tradicionalment les zones més perilloses s’havien associat
a ’atac al cami cobert, pero 'estudi demostra que la majoria de baixes es
produeixen durant tots els treballs que es desenvolupen per donar suport al
setge (establiment de bateries, eixamplament de trinxeres, etc.). Es clar que
sense tenir en compte simultaniament la dimensié temporal i espacial de les
dades aquesta informacié patré hagués estat impossible d’identificar.

D’altra banda és remarcable la importancia d’aquest tipus de metodo-
logies en casos d’estudi historics i arqueologics. La possibilitat d’analitzar
quantitativament esdeveniments simultanis millora qualitativament la inter-
pretacié dels resultats, sobre tot en casos com el que hem presentat. Molt
sovint en disciplines com la historia o I'arqueologia, es tendeix a presentar
el conjunt de les dades i a interpretar-les sense un marc de treball basat
en models formals ni una plataforma capa¢ d’integrar dades dels dos tipus
(historiques i arqueologiques). La metodologia proposada pot ajudar a rea-
litzar interpretacions més informades i més integradores tot donant resposta
a ambdods problemes.

8.1.2 Cas d’estudi 2: Esdeveniment de durada mitjana

Pel que fa a l'analisi comparatiu entre les dues ribes del Llobregat durant
el bronze final i la primera edat del ferro, ’analisi espacial ens ha permes
entendre millor els canvis entre els models de poblament de dos cronologies
concretes en zones adjacents. Hem analitzat quantitativament les variables
geografiques, tot tenint en compte la recerca realitzada a la zona i el context
historic.

L’analisi dels corredors naturals ha estat un element basic per a la caracte-
ritzacio dels patrons de poblaments. Aquest tipus d’analisi ha estat realitzat
en altres casos d’estudi (Murrieta-Flores, 2012) amb resultats positius per
explicar els patrons de mobilitat i poblament.

En aquest cas la identificacié de corredors naturals ha estat un puntal
clau de la nostra recerca. Juntament amb ’analisi del registre arqueologic,
ha estat possible donar context als nostres resultats i situar en un marc molt
més ampli els patrons detectats. Les dinamiques de comerg mediterrani que
es donen a partir de la primera edat del ferro, es veuen reflectides en els
localitzacio dels assentaments i, al mateix temps ha estat possible entendre
millor els processos que van portar les dues regions a tenir una dinamica
similar tot i partir de d’escenaris inicials radicalment diferents.
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8.1.3 Cas d’estudi 3: Esdeveniment de llarga trajecto-
ria

En el nostre tercer cas d’estudi la pregunta de recerca estava encaminada a
entendre com es pot estudiar I’evolucié dels patrons de poblament en una zo-
na determinada al llarg de gairebé cinc mil-lennis. A diferencia del primer cas
d’estudi, no comptavem amb fonts escrites, ni tampoc amb un gran ntimero
de datacions de c14 com en altres estudis similars. Per contra, ens haviem de
recolzar en dades fragmentades que només ens van permetre definir dataci-
ons relatives basades en la cultural material existent als diferents jaciments.
En aquest sentit podriem dir que el cas d’estudi presentava similituds amb el
primer escenari relatiu al setge de Barcelona, doncs un requeriment d’aquesta
recerca era respondre al repte de la integracié de dades d’origen divers.

En aquest context d’analisi d’'un esdeveniment de llarga durada, un model
aoristic ha estat la millor solucié per donar resposta a la problematica inicial
i per incloure la incertesa de les dades. El model aoristic defineix per cada
esdeveniment una distribucio de probabilitats en absencia de passos de temps
de caracter discret.

Basicament, gracies a aquest model probabilistic espaciotemporal hem
pogut analitzar i detectar els canvis en els patrons de poblament prehistoric.
Aquesta aproximacié ha demostrat la seva valua en casos com el que hem
examinat, a on la variable durada dels diferents periodes feia discutible un
analisi monolitic de tots els jaciments pertanyents a una mateixa duracio
cronologica

Aixi, en aquest cas el model geografic va ser el primer pas cap a una analisi
més completa. El model formal, que per definicié ens permetia testejar hipo-
tesis i idees suggerides previament per altres treballs, va ser complementat
amb un tractament probabilistic de la variable temporal. Donada l’escala
temporal i el tipus de dades a integrar, la millor solucié per respondre la
nostra pregunta va ser la creacié d’un model aoristic.

8.2 Assoliment d’objectius

Tal i com hem presentat en el capitol 2, aquesta tesi presentava els segiients
objectius a acomplir:

e Adaptar la metodologia existent a les peculiaritats dels casos d’estudi i
de les seves variables espacials i temporals. Es a dir, tenint en compte
el nostre registre voliem desenvolupar una metodologia que permetés
aproximar-nos simultaniament als patrons espacials i temporals.
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e Aportar una millora a les técniques d’analisi espacial incloent la incer-
tesa com eix de les analisis. D’aquesta manera, voliem fer un pas més
enlla i incloure les variables temporals en el model d’estudi. Aquest ob-
jectiu era de vital importancia, ja que permetria aportar una dimensio
temporal. El principal problema que presenten els SIG és que la seva
seva capacitat d’analisi serveix per estudiar una imatge estatica, no un
esdeveniment continuu.

Per tot allo exposat anteriorment, creiem que els hem assolit amplia-
ment. Pel que fa al primer dels objectius, tant en el primer, segon i tercer
cas d’estudi hem treballat amb fonts de diferent procedencia (fonts escrites,
arqueologia, coordenades espacials i datacions de c¢14) que han hagut d’estar
integrades dins un entorn de treball comu per tal de realitzar els analisis ne-
cessaris. Per tant, ha quedat palesa la importancia d’integrar correctament
totes les fonts disponibles, per tal d’aconseguir uns resultats el més informats
possibles.

Pel que fa al segon objectiu, la incertesa ha estat integrada en el primer i
tercer cas d’estudi. Tot i la diferencia en I'escala temporal, en tots dos casos
s’ha inclos en el model geografic. Cal remarcar, que en el tercer dels casos
vam desenvolupar un model aoristic incloent les datacions de c14 a mode de
calibracié del model.

Finalment, voldriem remarcar de cara a futurs treballs la importancia
de comptar amb un aparell estadistic on incloure la incertesa de les dades.
Normalment aquest factor no es planteja en la majoria d’interpretacions ni
analisis. Considerar-la una variable explicita, milloraria de manera conside-
rable els resultats de la recerca.

8.3 Propostes de recerca futures

Després d’haver exposat les conclusions tant a nivell metodologic com a nivell
dels diferents casos d’estudis volem fer un breu esbés sobre les possibles futu-
res direccions de recerca generades per aquest projecte de tesi. Creiem haver
demostrat que sovint 1'is d’analisi espacial en I'estudi del passat requereix la
integracié de la incertesa temporal inherent al registre arqueologic, sigui qui-
na sigui l'escala d’analisi. Més enlla dels Sistemes d’Informacié Geografica,
aquesta integracié de la incertesa de les dades en el propi analisi pot donar
molt bons resultats de cara a la generacié de resultats i a la millora de la
interpretacié dels diversos casos d’estudi.

Poques vegades en publicacions relacionades amb casos d’estudi historics i
arqueologics trobem les dades que contenen incertesa presentant-la de manera
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explicita. En els darrers anys s’han presentat propostes interessants (Earl et
al., 2013; Kolar et al., 2015; Crema et al., 2010) que proposen integrar aquesta
variable dins de les analisis i resultats a presentar. Aquesta corrent s’emmarca
en la cada vegada més important preséncia de metodologies quantitatives en
I'estudi del passat. Aquest increment es manifesta a través de I'existencia de
grans projectes de recerca a escala europea que exploren precisament aquesta
arqueologia basada en models formals, com podrien ser SimulPast, Euroevol,
EPNet o Spatial Humanities: text, GIS & places!.

En aquesta linia, i per millorar les metodologies existents, un altres pas
en aquesta direccié seria considerar 1'is de Simulacions Basades en Agents.
Aquestes permeten crear models a partir d’unes variables per veure la seva
evolucié amb el pas del temps. Es un segiient pas logic després d’haver
explorat un cas d’estudi mitjangant I’analisi espacial.

Linies interessants a explorar de cara a treballar amb dades fragmenta-
des, com son les que ens ocupen, son les xarxes i la visualitzacié de dades.
En ambdos casos, aquestes dues disciplines procedents de les ciencies dures,
poden aportar molta qualitat a la interpretacié de les dades.

Per 1ltim, i pel que fa I’aplicacié de les metodologies desenvolupades en
els treballs presentats, una extensié interessant seria l’estudi a petita escala
dels patrons espaciotemporals observats en un jaciment arqueologic concret.
Aix0o permetria enllacar els diferents usos observats amb les diferents fases.
En un futur esperem poder treballar en aquesta linia tot fent servir com a
laboratori de proves les dades procedents de la necropolis del bronze final i
primera edat del ferro de Can Piteu Can Roqueta.

Iper a  més informacio consultar http://simulpast.es, WWW.roman-
ep.net, https://www.ucl.ac.uk/euroevol i http: //www.lancaster.ac.uk/fass/projects/spatialhum.wordpress/ .


http://simulpast.es
www.roman-ep.net
www.roman-ep.net
https://www.ucl.ac.uk/euroevol
http://www.lancaster.ac.uk/fass/projects/spatialhum.wordpress/
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Introduction

The introduction of geographical information systems (GIS) in social sciences and humanities has
gradually increased during last decades, especially in the fields with stronger spatial dependencies,
like archaeology (Conolly & Lake, 2006; Longley, Goodchild, Maguire, & Rhind, 2010). Historical
research has also been involved in some of these advances in spatial technologies (Knowles, 2006;
Knowles & Hiller, 2008). However, these formal models are still not as widely spread as one could
expect, given the large amount of sources involving spatial information. In particular, it is surprising
that the study of military conflicts, the human activity that has generated the largest volume of maps
and other spatial information in the past, seldom uses this type of approach (Nolan, 2009).

The 17th and 18th centuries saw an exponential increase in the documentation generated by mil-
itary actions and, in particular, city sieges. We claim that the integration of cartography and other
sources into a spatiotemporal formal model would increase the understanding of these actions as
well as the relation between cultural, geographical, and historical variables that could explain its
impact on modern era societies.

In particular, the comparison between real actions and treatises provide new insights into the
reasons why a besieger deviated from theoretical guidelines. This is specially interesting with the
homogenization of siege techniques done by Sébastien Le Prestre, Marquis of Vauban (Barros,
Salat, & Sarmant, 2007). The principles listed by Vauban were considered as the basis for besieging
any fortress, but as other authors have pointed out the commanders did not always follow them
(Ostwald, 2007).

The aim of this work is to present a formal model that captures the spatial and temporal dimen-
sions of data generated by an 18th-century siege. We suggest that this quantitative approach could be
able to answer particular research questions and test hypotheses, moving from the classical descrip-
tive models of historical research to the exploration of formal models, with all its added benefits (see
Epstein, 2008, for this discussion).

We show how the design of a formal model of the siege created with GIS improves our under-
standing of the role of cities in modern era warfare. As an example, we explore different hypotheses
formulated for a particular case study: the French—Spanish siege of Barcelona (1713-1714),
epilogue of the War of the Spanish Succession, one of the most important conflicts of the century.

The next section explains the context and development of this siege, defining the working
hypotheses and the spatiotemporal model developed to test them. This is the starting point for the
application of different analysis techniques in the third section. To conclude, results are discussed
and put into context of the wider goal: the development of formal models designed to explore the
history of warfare.

Modeling the Siege of a City

A large percentage of European cities and fortresses were besieged during the 17th and 18th centu-
ries. This constant threat to vital strategic locations forced the states to invest efforts not only on the
defenses but also on the theoretical aspects that controlled this activity. Particularly important was
the creation of social structures capable of informing engineers on the design and execution of siege
plans. The theory built by these specialists created a unified method to besiege any city of Europe for
at least 200 years. Despite the fact that the phases of a siege seemed extremely deterministic, reality
was certainly different. The very same engineers did not follow the theoretical guidelines in the field
for complex and varied reasons related to the geographical, cultural, and temporal variables of the
particular event.

The dynamics of these historical events make them a perfect target for spatiotemporal analy-
sis. First of all, there was a constant evolution of solutions at different scales (from command and
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control to logistics and technology), so the comparative analysis of sieges from different decades
could be extremely interesting. Second, the documentation generated by a siege of the 18th cen-
tury can be used to create a geographical model, where temporal variables can be also introduced
(phases of the siege, daily casualties, etc.). Finally, it is possible to create a formal model that can
be used to answer particular questions related to the adaptation of the theoretical guidelines to a
particular siege.

The relation between geography, time, and the decision-making process of the engineers and
commanders is too heterogeneous to be understood by using just one type of primary source. A for-
mal model combining spatial and temporal variables is the best choice to integrate all available data
into a tool that can be used to explore these complex dynamics. We focus the study on two research
questions: (a) why a particular zone of the wall was chosen to initiate formal siege? and (b) what is
the relation between attacker casualties and the phases of a siege? In order to do that we will define a
particular case study, one of the most important (and best documented) sieges of the period.

The Historical Event

The city of Barcelona, capital of Catalonia (Northeastern Iberian Peninsula), played a major role
during the War of the Spanish Succession. The conflict was initiated with the death without heirs
of the Spanish king, Charles II. The throne was given to Philip d’ Anjou, nephew of Louis XIV of
France. A Grand Alliance lead by England and Austria opposed the new king.

In 1705, the Catalans rebelled against Philip while supporting the allied pretender, Charles of
Hapsburg. Barcelona became the key of the allied power in Iberia, suffering two sieges. In 1713,
most contenders of the war signed the peace, except for Austria and Spain. Charles (now emperor)
was unable to support the Catalans, and a French—Spanish army gradually conquered the rebel zone.
At the same time, the Catalan government created a new army from veteran soldiers and based the
defense on Barcelona (Hernandez & Riart, 2007).

The Bourbon army was unable to initiate a formal siege until the arrival of major French reinfor-
cements commanded by the duke of Berwick, on July 1714. The engineers, commanded by Dupuy-
Vauban (nephew of the Marquis of Vauban) and the chief engineer of Spain, Prospero de Verboom,
opened the trench in the next days (Corbalan, 1991). The 62-day siege finished on September 11
with a high cost for the besiegers (at least 8,000 casualties).

The fact that Philip considered the Catalans as rebels is decisive to understand the events. The
usual ending of an 18th-century siege was a negotiated surrender once a bastion was conquered,
except for rebel cities that did not deserve mercy. The attackers and defenders knew that surrender
was not an option, and for this reason Berwick not only had to conquer a bastion but assault the
whole city 2 times (de Amaulry, 1714; de Castellvi, 1999).

The formal siege followed the theoretical guidelines proposed by Vauban: three parallels, breach-
ing fire combined with ricochet to destroy defenses, and a general infantry assault. However, some
events forced a change to the plan attack. The first assault was a complete failure, as attackers were
repulsed from the breaches. A new tactic was then deployed, based on the systematic destruction of
the walls as a prelude to a massive assault. Mines did not play a major role during the siege due to
heavy rains, and Berwick was forced to rely on artillery batteries. The final assault, executed on Sep-
tember 11, 1714, was so costly that Berwick had to accept the surrender of the rebel city without
sacking it (the standard punishment that Philip V applied against rebel cities, executed at Lleida
and Xativa).

The capture of Barcelona was extensively studied in different Bourbon military treatises
(Ossorio, 1730). Interestingly enough, today the final assault on the city is considered the National
Day in Catalonia. This fact shows how a city siege can leave a deep imprint on both sides of the
trench (Anguera, 2008; Bruguera, 1871; de la Llave y Garcia, 1903; Sanpere y Miquel, 1905).
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The Components of the Model

The action can be used to explore the complexity of a Vaubanian siege. Different documents,
both from besiegers and besieged, form a coherent narrative that is confirmed by archaeological
evidence. We will not go into detail because the different sources have already been analyzed
in previous works (Hernandez & Riart, 2007; Hernandez & Riart, 2014; Riart, Hernandez, &
Rubio-Campillo, 2010), and this research is based on their results. In any case, existing data
can be summarized as follows:

e Cartography—A number of archive maps were used for this task, from Cartoteca de Institut
Cartografic de Catalunya, Gallica Bibliothéque Nationale de France, and Catalogo Colectivo
de la Red de Bibliotecas de los Archivos Estatales. In particular:

e Different maps created before and after the siege, useful to recreate city defenses.

e Maps of the siege drawn by Verboom and Dupuy-Vauban’s lieutenant Lozieres
d’Astier.

e Textual sources—Most descriptions can be found in Corbalan (1991); additional texts on
Gallica—Bibliothéque National de France, Biblioteca Nacional de Espafia, and Arxiu Historic
de la Ciutat de Barcelona:

e Three diaries of the besiegers, reporting casualties and works: (a) Journal du siége de
Bargelone commandé par Monseigneur le Maréchal duc de Berwick, généralissime de
I’armée des Deux Couronnes en 1714, (b) Détail du siége de Barcelonne, and (c) Le Siege
de Barcelone en 1714 raconté par un arlésien a un arlésien. The first document provided
the majority of information, including the list of casualties and the daily works. The sec-
ond was used to compute the list of officers who were killed or wounded, while the third
account was used to confirm diverse data.

e Two descriptions of the city walls: (a) Explication sur la fortification de la ville de Bar-
celonne and (b) (written by Verboom) Memoria sobre el estado de las fortificaciones de
Barcelona y su descripcion detallada. These extremely detailed descriptions of the
defenses were used to build the model, including widths and heights of every wall sec-
tor and bastions.

e The gazetteer regularly printed inside the city: Gazeta de Barcelona—Diario del Sitio
de Barcelona. This source is valuable to compare the activities of the besiegers with the
reaction of the defendants of the city.

e A number of historical studies on the siege (de Castellvi, 1999; Molas, 2007; Ossorio,
1730).

e Archaeological evidence—Different works have been published as technical reports by the
Servei d’Arqueologia de Barcelona and the Servei d’Arqueologia i Paleontologia de
Catalunya:

Excavation of a city portal in the zone of the siege (Gea Bullich, 2006).
Ammunition (>100 projectiles) and impacts found in the excavation of a 19th-century
market (Mercat del Born).

e Archaeological excavation on a sector of the defensive perimeter of the city (bastion,
ditch, and counterscarp in the current market of Sant Antoni).

All these materials were used to generate the spatial model, divided into two components: (a) the
city defensive perimeter and (b) siege works. It is important to note that the model is mainly focused
on the besieger as is required for our research questions. The casualties of the besieged have been
excluded from the analysis because they are not relevant, and their actions (like sorties and artillery
fire) are already included (in terms of casualties and defensive intensity, as we will see). Addition-
ally, they have been extensively studied in other works (Hernandez & Riart, 2007; Riart et al., 2010).
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Figure |. A sample of the maps used to georeference the city defenses: (a) city map: “Le Plan de Barcelonne et
de ses environs. Tres exactement Levés sur les Lieux en 1706,” drawn by Nicolas de Fer (http:/gallica.bnf.fr/
ark:/12148/btv1b8492417t) and (b) “Plan des attaques de Barcelonne en 1714,” drawn by the second chief
engineer of the French army, Lozieres d’Astier (http://gallica.bnffr/ark:/12148/btvib7100421p).

The City Defensive Perimeter

Barcelona was surrounded in 1714 by a medieval wall that had been widened and improved with the
addition of 10 bastions. The system was obsolete because the curtain was not protected by any external
earthworks. Nevertheless, the average siege duration of the city for the period is close to 60 days (the
city was besieged 4 times in less than 20 years: 1697, 1705, 1706, and 1714). Some documents discuss
the reasons for this length (a usual siege would last around a month), providing different explanations:

e the presence of Montjuic, a fortress in a steep hill near the city (200 m of elevation);
e the quality of the materials used to build the walls; and
e the possibility to build new entrenchments behind the wall in case of breach.

The georeferencing of the maps generated by different sieges (Figure 1) and the descriptions writ-
tenin 1713 and 1715 were used to define the size and shape of the defensive system (medieval wall,
bastions, ditch, and covered way). The results can be seen in Figure 2. Existing cartography from
18th and 19th century was also used to modify the current digital elevation model of the environ-
ment, adjusting the coastline to the one existing in 1714.

Siege Works

The documentation generated by the siege of 1714 was used to define and georeference the different
earthworks made by the besieging army. A relational database was created from these data, inclu-
ding these entities:
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Figure 2. Defensive perimeter of Barcelona during the siege of 1713—1714, based on the georeference of dif-
ferent maps and text descriptions. The southern partis controlled by the fortress of Montjuich, built on top of a hill.

Regiments—units participating in the siege;

Soldier Casualties—daily report of soldiers killed/wounded;

Officer Casualties—daily report of officers killed/wounded, including rank and regiment;
Works—spatial table defining the area where every earthwork took place (the three parallels,
attacking trenches, batteries, etc.); and

Activities—relation of earthworks and the temporal span of its construction.

This database provides a summary of the action as follows:

In all, 27 French regiments and 10 Spanish regiments actively participated in siege works, for
a total of 70 battalions.

Around 8,000 soldiers, 400 officers, and 17 engineers of the besieger army were killed or
wounded.

The formal siege lasted 62 days (July 12—September 11, 1714), with an average rate of 135
casualties/day including two major assaults.

The artillery train consisted of 70 siege guns and 20 mortars.

The temporal sequence of activities is defined in Table 1. The temporal phases of the siege can be
combined with the spatial dimension of the earthworks. Figure 3 shows the location where the activi-
ties of the besieging army took place.

Analyzing the Model

The research questions were explored designing three experiments. The first one explored the vul-
nerability of the different sectors of the wall. The main goal is to understand why the 1714 attack was
developed in the Northern zone of the city, an area that was never chosen in previous attempts. The
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Table I. Siege Phases.

Day Activity

| Opening of the trench (first parallel)

4 Second parallel

14 The great battery (>60 guns) located in the second parallel begins to breach the city walls
15 Third parallel

19 Capture of the covered way

26 A second battery (>20 guns) in the third parallel begins to fire at close range at the defenses
32 First general assault, focused on the bastions near the largest breach

35 The assault is repulsed

36 A semiparallel is built along the covered way

37 New batteries are deployed; second and third parallels are extended

46 The third set of batteries begins to fire to create new breaches

62 Final assault to the city

Note. Each day is shown as an absolute date, starting with July 12, 1714 (day 1) and ending the 62nd day (September I I, 1714).
The activities were usually performed from 19:00 to 05:00 of the next day.

4583700

4582800

431000 431500 432000 432500 433000

—— siege works

[ cannon battery
[ communications Trench
[ Mortar battery
[ Parallel
Il semi-Parallel
EZEE{H W Trench
1 i [ Zig-zag trench

4583700

4582800

432500 433000

Figure 3. Earthworks developed by the besiegers during the siege.

other two experiments are focused on the impact of two variables (distance and type of work) in
besieger’s daily casualties.

Defensive Support

Modern-era fortresses were built to avoid blind spots, where attackers could create and penetrate a
wall breach avoiding the fire from the defenders. For this reason, the shape of the walls was designed
looking for optimal support between bastions and the curtain in any zone of the perimeter (Duffy,
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2006). Our hypothesis is that the besieging army chose the particular zone of the attack based on the
perception of weak support in the sector. The memories of the besieging commander (the duke of
Berwick) said that this is why he chose to attack in this zone, but he did not specify the reasons for
this weakness, or why previous sieges decided to assault through other areas. Certainly, the ideas
about what this weakness means varied over time, as can be observed in theoretical treatises. For
this reason, different attacks to the same city could choose different zones, depending on who and
when besieged the location.

To test this hypothesis, we created an experiment designed to compute this support for any sector
of the defensive perimeter:

1. The heights of the defensive works (walls, bastions, and covered way) were added to the
digital elevation model. The ditch volume was deducted from the outcome, thus creating
an elevation map of defenses.

2. The perimeter of walls and bastions was divided into 50-m sectors. A new point vector map
was created, containing the central location for each sector.

3. The line of sight to each of these points was calculated at half the height of the wall (around
6.5 m). The elevation was chosen assuming that a potential breach would have approximately
this height (as the top of the wall would collapse under artillery fire). This step provides, for
every sector of the wall, a map of the geographical spaces from where a defender could fire at
soldiers assaulting the breach.

4. Computation of the number of perimeter locations within line of sight to each point, from for
two different distances, based on experimental studies (Allsop & Foard, 2007; Hughes, 1997,
Miller, 2010):

effective artillery fire (300 m) and
e cffective musket fire (80 m).

The execution of this algorithm for each sector of the defenses generated an intensity value for the
two different types of defending support.

Relation Between Casualties and Distance to Defenses

The second aim of this article is to understand the relation between the phases of a siege and the
casualties of the besiegers. The underlying idea is that a high rate of casualties could be responsible
for the deviation observed between theory and practice. In particular, the French—Spanish engineers
chose to extend the second and third parallels in the middle of the 1714 siege, changing the entire
shape of the siege works after the first failed assault.

A logical hypothesis is that the number of casualties is strongly related to the distance between
siege works and defenses. For this reason, the following experiment was run:

1. Extraction of the centroid of every siege work. The result is the central location of the area
where this activity took place.

2. Computation of the distance between every centroid and the covered way. No work took
place in the ditch except for assaults and mines that are not relevant for this study.

3. A Standard Query Language (SQL) query was executed to get the list of works that were
being built every day (Date & Darwen, 1996).

4. Finally, the average daily distance between the besieging works and the covered way was
calculated.
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Relation Between Casualties and Type of Work

A second hypothesis is that casualties are related to the type of work soldiers were executing. In
order to explore it, the next algorithm computes the daily average of casualties during the days that
a work was undertaken:

1. Extraction of the list of days when a work was built and collected in the database.

2. An SQL query was executed to determine the list of casualties for each day.

3. A daily casualty average was computed for every earthwork, combining the information
from the previous steps.

Results and Discussion

Results generated by the three experiments served as a basis for reinterpreting known information
about the siege.

Defensive Structure of the City

Figure 4a and b depicts the intensity of defensive support from the first experiment for (a) Artillery
direct fire and (b) Musket fire.
The perimeter was split into the following four sectors in order to clarify results (see Figure 5):

Castle sector—The zone near the castle of Montjuich.

Inland sector—The perimeter facing the mountains that surround the city from the West.
Coast Sector—Wall facing the sea.

North Sector—This area comprises the walls and bastions facing the North. This was the zone
attacked in 1714.

It is worth noting that the city was besieged 4 times in a period of 20 years: 2 times from the Cas-
tle Sector (1705 and 1706), 1 time from the Inland sector (1697), and 1 time from the North sector
(1714). It is interesting to understand the reason for this diverse set of choices, as the French army
was the besieger in three of these four events.

At a first glance, the study of artillery range shows that there are long curtain sectors lacking
strong support (see Figure 4a). The Castle sector seems the weakest zone, as only the areas near the
bastions are well defended. However, the attacker was forced to control the castle of Montjuic before
assaulting this curtain. This is the reason why the optimal fortification of this side of the perimeter
was not especially relevant, Montjuic being the geographical key to a potential assault in this sector.

The Inland sector had five bastions, being the best protected area in terms of defensive support.
On the other hand, the terrain in the Coast sector assured that no attacker could dig trenches or
deploy batteries as the sandy soil would easily flood. As a result, both areas were difficult to attack
due to the terrain and defenses. Finally, the North sector was also well protected, although it was the
zone that the French—Spanish engineers decided to attack in 1714.

The second analysis shows that musket support is also weak in the entire perimeter (Figure 4b).
The comparison of the two results shows that the most relevant divergences between artillery and
musket support are observed in the North sector. The left and central bastions were able to protect
the curtain at artillery range, but soldiers equipped with muskets could not fire over attackers in this
zone. This issue is related to the obsolescence of the city defenses that where built during mid-17th
century. During these years, guns seemed the best option to reject the attackers; in contrast, by the
end of this century, engineers became aware of the extreme importance of musket fire when
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Figure 4. (a) Defensive support between city defenses at artillery range (300 m), in increasing intensity from
white to darker gray. (b) Defensive support between city defenses at musket range (80 m) in increasing intensity
from white to darker gray.
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Figure 5. Defense perimeter split in four sectors. This classification is based on the descriptions of city walls
written during sieges undertaken before 1714.

defending batteries were destroyed by the besiegers. Experience and technical advances forced a
shift on the cultural paradigm used by engineers to choose weak defensive spots. For this reason,
18th-century guidelines suggested that the distance between bastions should not be larger than 80
m (Duffy, 2006, p. 45), while the bastions of the North sector were almost 150 m apart.

The fact that the siege of July 1714 was the first attempt to attack Barcelona from this sector is
interesting, as previous sieges developed in Castle and Inland sectors. The experiment provides new
insights into the decision of the engineers; the new plan attack was the consequence of the evolution
in attack systems, which left old defenses like the ones in Barcelona obsolete. As a result, a zone that
was well protected for the military culture of 1700s was seen as vulnerable for 1714 engineers,
although no substantial changes were made neither in the attack techniques nor in the city defenses.

The Origin of Besieger’s Casualties

Figure 6a—c shows the relation between daily casualties, siege phases, and the distance from attack-
ing activities to defenses. The information resulting from these three analysis allows for an inte-
grated study of spatiotemporal variables.

The first figure depicts the evolution of the siege, showing how the average working distance to
covered way (y-axis) decreases over time (x-axis). The second figure links the casualties to the dif-
ferent phases of the siege. In both figures, the x-axis displays the temporal development of the siege
from Day 1 (opening of the trench) to Day 49, where earthworks were finished and preparations for
the final assault began. The final assault has been deliberately left out of the graphics, as the high
number of casualties would distort the entire shape, and we are interested on the siege works deve-
loped before this attack.

Finally, the third figure combines this information, relating the casualties (y-axis) to the average
distance to defenses (x-axis).

The interpretation of this information allows to define four different temporal phases:
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Figure 6. (a) Evolution of distance to the covered way; x-axis defines the temporal scale of the action, marking
the beginning of the activity for the different siege works. (b) Evolution of daily casualties; x-axis defines the
temporal scale of the action, marking the beginning of the activity for the different siege works. (c) Relation
between daily casualties and average distance to defenses.
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Figure 7. Average casualty rate for each type of siege work. The dark tone shows the average casualties for
every siege work, from White (less risky) to Black (most dangerous areas).

Creation of the three parallels, when casualties gradually increased.

The capture of the covered way did not generate high casualties, although it was considered
as the most dangerous action of any siege (Chandler, 1990). The reason is that the defenders
abandoned the covered way because it was in very bad shape since the beginning of the siege.
3. The failed assault of August 13—15 had a high toll for the attacking forces, concentrating

most of the casualties before the final attack.

4. The attackers extended the area of siege works after the failure. The idea was to widen the
attack front through the creation of additional breaches. In this way, the besieger army could
be able to use its numeric superiority assaulting different zones at the same time. This phase
was not particularly dangerous because works developed far from the walls.

N =

The third diagram displays an almost lineal relation between distance and casualties from 80 to
500 m. This limit is extremely interesting, as it is precisely the interval where attackers are only
exposed to artillery fire. In contrast, the introduction of effective musket range increases casualties
at an exponential rate. It is also the distance where artillery gunners switched from solid ball ammu-
nition to cannister fire, but the attacker would have destroyed any defending gun in the zone by the
time they could fire this type of ammunition; this was the goal of the artillery battery placed in the
second parallel.

The only exception to this exponential increase is the distance where the third parallel was built
(70-80 m). This work would have provided additional protection, so it would seem that distance was
not the only significant variable that can explain casualties: Can the type of earthwork also be impor-
tant? Figure 7 provides additional information:

e The digging of the three parallels and zigzag attack trenches were not phases especially dan-
gerous for the besieging army.
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e The deployment of artillery batteries had a high cost in human lives. This is especially true
in the case of the batteries deployed along the third parallel, which were inside musket
range.

e The semiparallel along the covered way was a dangerous area due to its closeness to the
defenses.

e The rate of casualties during the construction of the communication trenches between the sec-
ond and third parallels was extremely high.

It is surprising that the digging of attack trenches was not particularly dangerous. The reason is
related to the small number of troops that were exposed to enemy fire. The works were done at night,
and just a handful of soldiers were opening the zigzag trench. Existing data cannot provide the num-
ber of soldiers involved in each activity (only the casualties), so unfortunately we cannot know the
percentage of working soldiers who were killed or wounded. On the other hand, the parallels were
built by a large number of soldiers during a single night, being perfected in forthcoming days, thus
avoiding a high level of exposure.

The deployment of artillery batteries generated lots of casualties. This can have different reasons.
First of all, the soldiers building the batteries were not inside the parallels and could be the target of
enfiladed fire from bastions. Second, it is probable that the defenders concentrated the fire against
the guns, as they were the only weapon capable of creating the breach: Without effective artillery
batteries, the siege was doomed, so a significant defense effort had to be put into their destruction.
This idea is reinforced by the deep impression that defending mortar fire focused on these batteries
as reflected in the besieger’s memory.

Finally, the latest result is counterintuitive: Why communication trenches, built after the dig-
ging of the third parallel, were dangerous? The most logical interpretation of these results is
related to the geographical location of both works. They were located at the flanks of the entire
attacking system, and for this reason the two bastions in the sector that were not being attacked
could deploy an intense enfiladed fire against them. This provides new insights into the decision
of the engineers to extend the trenches after the first failed assault (August 13/14). The new
works tried to disable one of these bastions. It removed the threat, as the new flank ended near
the coastline.

Moreover, the width of the trenches had to be large (15-20 m) in order to allow the advance of the
huge cannons and the animals pulling them. This width could have allowed for effective mortar fire,
as shells could explode inside the trench and wound several soldiers at once. Finally, a large number
of soldiers would have concentrated in these zones for the assaults, so intense defending fire could
have been executed against this mass of attackers.

The integration of the different analysis portrays a complex scenario, where casualties are not
just related to the distance to the enemy. The advantage of this quantitative analysis is that we
can compare the importance of this variable to other factors, like the type of earthworks under-
taken by attackers. To test it, a lineal regression model was explored using analysis of variance.
Results showed how a combination of both factors (distance and type of work) provides a better
fit to casualties than any of them by themselves. Nevertheless, distance is by far the most signif-
icant variable to understand the development of the siege (and, as a consequence, of the attack-
er’s decisions).

This interpretation provides a better understanding about which zones and phases were dangerous
for attackers in any siege. At the same time, its discussion suggests different reasons about the diver-
gences between theoretical guidelines, attack plans, and modifications undertaken during the execu-
tion of the works. In this sense, the results are somewhat surprising, as the works with higher rate of
casualties are not the ones near the covered way, but all the tasks that were developed to support
the siege.
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Concluding Remarks

This work shows how formal modeling integrating geoscience techniques improves our understand-
ing of historical conflicts. The computational model created during this research combines spatial,
temporal, and historical factors to explore hypotheses related to the theory and practice of military
activities. This is especially true during modern era, when accurate cartography began to play a cru-
cial role in the battlefield. The integration of different data into a spatiotemporal model helps to
explain why sieges deviated from theoretical guidelines. The design was constantly modified to face
new issues. In particular, the failed assault in mid-August forced the duke of Berwick to rethink the
plan. The engineers widened the parallels and deployed new batteries, often at a high human cost.
The set of decisions that the besiegers took is an illustrative example of the adaptive process that
armies of any era need to follow in order to defeat their enemies. In particular, innovation was as
important as knowledge of standard practices, and the balance between both concepts was decisive
for Berwick’s victory.

Patterns like the ones explored, involving spatial relations, types of works, daily events, and
descriptions are difficult to detect due to the number of simultaneous events happening in any military
action. The methodology presented in this article is a proposal on the way formal models can help the
historian on exploring these events. The use of these models, explicit by definition (Epstein, 2008),
forces the researcher to define concrete research questions and hypotheses and assess their plausibil-
ity using quantitative analysis (in this case involving spatiotemporal dimensions). It is the application
of this methodology to particular case studies (as the one portrayed here) which can suggest interest-
ing links between all the parameters that were explicitly defined during the modeling step.

Finally, some of these patterns are difficult to observe without this spatiotemporal framework;
these are obviously the most interesting results from the analysis, as they affect not only the inter-
pretation of a particular event but also the general understanding of historical conflict.
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The temporal span of the Late Bronze Age and the Early Iron Age (1300-550) saw the emergence of
intense interconnectivity in the Mediterranean sea. The development of colonial trade dramatically
increased cultural exchange along its coasts as can be observed in archaeological evidence. These large
scale processes had an impact at all scales and territories close to the main trade routes. However, the
process was extremely diverse in its forms.

This work presents a case study focused on two adjacent areas in the coast of the NE Iberian Peninsula.
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location varied between the two zones. Moreover, one of the areas was radically influenced by trade
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pretation of these analyses suggests that the rise in connectivity was not homogeneous over the Western
Mediterranean, but in the regions where it took place this factor was decisive to explain their historical
trajectories.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

From 1200 to 600 BC, the Mediterranean world saw a period of
change, which resulted in the breakdown of Bronze Age civiliza-
tions, and the rise of Iron Age cultures in many locations. Despite
the complexity of the process, the study of this crucial period
covering the Late Bronze Age (LBA) and the Early Iron Age (EIA)
has been traditionally focused on the Eastern Mediterranean and
its grand civilizations.

The western zone did not see the emergence of cultures such as
the Minoan and the Greco-Roman societies, which dominated the
work of archaeologists for a long time due to its abundant material
culture. However, fieldwork carried out in the last decades has
extended our knowledge to include other islands and coastal areas
of the Mediterranean Sea, thus balancing this view. The diversity of
these studies has increased our knowledge of processes such as the
ones that created the Maltese temples, nuraghi, taulas and talayots

* Corresponding author.
E-mail addresses: mariayubero@ub.edu (M. Yubero-Gémez), xavier.rubio@bsc.es
(X. Rubio-Campillo), xavierlopez@ub.edu (F.J. Ldpez-Cachero), xesteveg@gmail.com
(X. Esteve-Gracia).
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0278-4165/© 2015 Elsevier Inc. All rights reserved.

(Knapp and Blake, 2005; Bevan, 2013; Berrocal et al., 2013; Babbi
et al,, 2015).

This wider perspective on the LBA-EIA Mediterranean is
dominated by the concepts of mobility and connectivity. These
linked processes of change were promoted by the intensive
cultural and commercial interaction rising between the peoples all
over the Mediterranean, from the Levant in the East, to the North
African and the Iberian coasts in the West (Babbi et al., 2015: 6).

1.1. Late Bronze Age and Early Iron Age in the NE Iberian coast

This is the research context of the present work. The aim of this
paper is to explore and compare under to what extent variables
connected to mobility and connectivity influenced settlement loca-
tions over the period LBA-EIA. To explore this question we have
chosen to focus at a local scale in the North-Eastern coast of the
Iberian Peninsula. Our case study includes two neighbouring areas
divided by a river (Llobregat): Vallés, located at left bank, and
Penedes, located at the right bank (see Fig. 1).

The election of this area has been based on the continued and
intense occupation of the territory that the archaeological evidence
suggests. In addition, the archaeological record we are dealing with
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Fig. 1. Current geographical map and features of the case study: the current Catalan coast.

shows a great variety that allows us to link these settlements
dynamics to the Mediterranean processes along this period.

During the Late Bronze Age (1300-750/700 BC), the material
basis of these societies underwent a profound renewal. New metal
typologies appeared during LBA showing an increase of interre-
gional connectivity and trade products, as certain kind of metallic
items or pottery decoration (Lopez-Cachero and Rovira, 2012). The
record also shows channelled pottery, which we find widely
represented across the entire Northeastern Iberian Peninsula.
Several new influences can be found on associated material cul-
ture, such as the first cremation necropolises by first millennium
BC and the appearance of imported pottery in the Early Iron Age
(750/700-550 BC). This pattern is strongly linked to the eruption
of Phoenician trade near the Ebro River and the colony founded
by the Phocaeans that would be known as Emporion (580 BC)
(Aquilué et al., 2000; Santos Retolaza, 2003). These settlements
are located south (Phoenicians) and north (Greeks) of the studied
area (for a general overview see Lopez-Cachero, 2007, 2011;
Lépez-Cachero and Pons Brun, 2007; Sanmarti Grego et al., 2009;
Asensio i Vilard, 2005; Garcia i Rubert and Gracia Alonso, 2011;
Pons Brun, 2014).

For a long period of time, the weight of historical and cultural
tradition put the focus of debate on the arrival of new human
groups traditionally known as Urnfields culture and on the colonial
factor as the key agents behind the changes taking place. Today,
however, these stances have become much more moderate. The
accent is now on local dynamics and special regional features as
the differentiating facts of the territory. Further theoretical insights
connected to local scale societies and postcolonial archaeologies
have also been presented in recent works for this context (Garcia
i Rubert and Gracia Alonso, 2011; Lépez-Cachero, 2007; Fatés
Fernandez et al., 2012).

Previous works on the examined areas identified a general path
of cultural continuity. This is particularly evident for the period
between approximately 1800 BCE and the end of the LBA in the
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two largest excavated sites in these areas: Mas d’en Boixos located
in the right bank and Can Roqueta located in the left bank (Bouso
et al.,, 2004). The only exception is the Penedés (right bank area)
precoastal lowlands, where there are only a few documented sites
from the Late Bronze Age onwards. This scarcity has been analysed
before, and other authors have noted that it cannot be attributed to
a lack of research in the area (Mestres, 2008). The alternate
hypothesis is that occupation of certain caves and the use of
high-elevation pastures provided an alternative to the low-level
agricultural exploitation of the most fertile plains which did not
developed here except for some coastal regions. The EIA would
present a shift between these subsistence strategies, as can be seen
from the evidence of numerous storage pits documented from that
time. Evidences suggest a complementary exploitation model that
took extensive advantage of lands more favourable for agriculture,
with the possible rapid planting of grapevines (Lopez, 2004). These
activities would be complemented by herding, as shown by the
appearance of walled enclosures (pens) at higher altitudes of the
landscape such as Serra de la Font del Cuscé (Cebria et al., 2003)
or Sant Miquel d’Olérdola (Mestres et al., 2009). Coincidentally
some of these sites such as Tur6 Font de la Canya (Asensio et al.,
2005), Font del Cuscé (Cebria et al., 2003) and Olérdola (Mestres
et al., 2009) among others, have yielded evidence for intensive
trade in the form of Phoenician amphorae and other containers.
“Phoenician” pottery imitations, metal items such as sympula
and iron spits also link this shift to Mediterranean influences
(Asensio et al., 2005).

From the beginning of the sixth century BC evidence suggests a
new major shift in the right bank area. We find the pens disappear-
ing and new coastal enclaves being established, such as the citadel
at Alorda Park. However, this transition to the Iberian world has
not yet been fully and satisfactorily explained (Asensio et al.,
2006).

The scenario described above contrasts with the dynamic
described for the Vallés located in the left bank area. Thanks to
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data from sites such as Can Roqueta (Carlus et al., 2007), we know
that LBA settlements were mainly located on the plain or on the
rolling hills near the floodplains of the Besos river. They followed
a pattern of small semi-excavated farmhouses or huts built from
wood and mud and scattered among the fields of crops. These
farms were located very close to storage pits and at a certain
distance from the cremation necropolises that functioned as the
true centres around the landscape seems to have been organised
(Carlas et al.,, 2007). The special features of this archaeological
context, which is characterised by negative structures and often
affected by strong erosive processes as a consequence of agricul-
tural work over the centuries (Terrats Jiménez, 2010: 141-155),
make it very difficult to determine the existence of denser clusters
of huts in the form of small villages. Regarding the EIA sites in the
area, some Phoenician items such as amphorae, vessels and hand
made pottery “imitating” Phoenician shapes and askos has been
found in the necropolis as well as in some of the “houses”
(Carlds et al., 2007). However, the number of sites with this type
of materials is lower that in the Penedés region (Yubero-Gémez
et al,, 2014).

This model remained constant in the left bank area until the end
of the sixth century BC, when widespread settlements in elevation
using stone appeared across the coastal and precoastal mountain
ranges. At the same time, abandonment of cremation necropolises
suggests a profound restructuring of settlement that should be
linked to the formation of the Iberian world (Lopez-Cachero and
Rovira, 2012).

1.2. Mesoscalar analysis of settlement location

It is clear that these dynamics conform a complex and heteroge-
neous situation with several research challenges. This work focuses
on understanding change in settlement patterns during the transi-
tion from the LBA to the EIA based on two main questions:

1. Do site location preferences depend on the chronology? Our
hypothesis is that the relevance of different geographical factors
was not constant over time. If there were differences in the pat-
terns of each period we should detect them by means of spatial
analysis.

2. Were communication networks affected by external influences?
The theoretical rise in exogenous contacts from the LBA to the
EIA should be reflected in the site distribution over communica-
tion networks.

The area of study has been extensively excavated during the
last quarter of the XXth century due to urban development
(Petit, 1986; Bouso et al., 2004; Carlas et al., 2007; Yubero-
Gomez and Rubio-Campillo, 2010; Yubero-Gémez et al., 2014,
2015; Mestres and Esteve, 2015). This situation has generated a
large body of data which need to be integrated before any analy-
sis can be undertaken. This is the reason why we have chosen a
Geographic Information System (GIS) as a working framework.
In addition to showing geographical information, GIS is also a
highly flexible tool for integrating data from different sources
and in different formats. This greatly facilitates the task of com-
paring and analysing heterogeneous data and extracting knowl-
edge from them. In addition, GIS can be used for more than a
descriptive definition of the case study.

This paper presents a mesoscalar study of the Catalan central
coast to explore changes in settlement location patterns during
the period LBA-EIA. Next section describes the data used to build
a geographical model of the area. The third section defines the
various methods of spatial and statistical analysis applied to the
dataset. Next, we discuss results comparing the patterns generated
by the LBA and the EIA communities and assessing the impact of

Phoenician colonising agents. We conclude discussing the implica-
tions of our results in the general context of this transition.

2. The case study

The dataset of the analysis has been created from two compo-
nents: (a) geographical features relevant to settlement dynamics
and (b) archaeological information.

First, the study area presents several biogeographical units with
their own characteristics. From the coast inland, we find coastal
plains (currently massively modified by substantial urban develop-
ment), the coastal mountain range (parallel to the coast, highly
compartmentalised by riversand a small number of peaks at
500-700 m.) the precoastal depression (a natural open route that
runs approximately 200 km from northeast to southwest), and
lastly, the precoastal mountain range (where the headwaters of
the main rivers emerge from peaks exceeding 1700 m above sea
level).

We used a 15 m x 15 m Digital Elevation Model of the area
where some features were corrected. In particular, the current
coastline is significantly different from the one present during
the chronologies under study. Broadly speaking, the coastal plain
appears to have smaller than the present area, and it contained
areas of marshland, particularly in the plains of the Llobregat river.
Previous works in the Llobregat delta (Gamez Torrent, 2007) have
been used to recreate the coastline.

Second, the archaeological interventions carried out in the past
decades have been used to create a spatial database which can be
seen in Fig. 2.

The dataset has one challenge that needs to be considered; the
archaeological context documented is negative in the vast majority
of cases. The lack of positive structures inhibits the formation of a
stratigraphy that would certainly be helpful in capturing the
dynamics of construction, use and abandonment of the docu-
mented structures, as well as their diachronic or synchronic inter-
relationship in the space. It is not possible to go beyond the
establishment of approximate chronologies, as we are unable to
determine whether all of the structures belonging to a period are
the result of a narrow temporal span or, conversely, the result of
continuous settlement of a single space over two, three, four or
more centuries. As a consequence, we need to treat all the sites
of one period as part of the same group, while keeping in mind this
aggregation in the interpretation; it is not the same to consider 200
storage pits belonging to the same moment as 200 storage pits
over the course of 300 years.

The created spatial database integrates information from the set
of settlements, combining geographical features with additional
data such as chronologies, the typologies of structures and the
current state of the site. As for the dataset studied, the working
sample contains 87 sites for the LBA and 67 for the EIA. The sites
include dwellings, storage structures, necropolises and occupied
caves. From a spatial perspective, we have divided each chronology
into two sub-datasets according to whether the sites are located on
the right or left bank of the Llobregat (see Fig. 3). Traditionally, this
division has been used by most authors when dealing with the
archaeological data (Esteve, 2006; Asensio et al, 2006;
Lopez-Cachero, 2007, 2012) because the archaeological record on
both banks seem to show significant differences as we mentioned
in Section 1.

3. Methodology
We have designed a set of spatial analyses to answer our two

research questions with this dataset, including (a) basic spatial
variables (height, slope and aspect), (b) visibility and accessibility
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Fig. 2. Distribution of sites by period: (a) LBA and (a) EIA.

and (c) distance to natural corridors. Exploratory Data Analysis has
been performed for each of the six variables in the form of empir-
ical density estimates for the two periods (the LBA and the EIA) and
both areas (left and right bank). These density functions measure
the probability of finding a site for a given value of the analysed
parameter. This approach is useful to perform cross-comparison
analysis of different datasets. To achieve this second step, we have
performed Kolmogorov-Smirnov tests (KS tests) between the four
datasets (the LBA left bank, the LBA right bank, the EIA left bank
and the EIA right bank). This non-parametric test evaluates the
probability that two given empirical distributions were generated
by the same process. If the computed p-value is smaller than a
threshold level (in our case p < 0.05) the samples were generated
from different distributions, thus identifying significant differences
between the compared datasets with a confidence interval of 95%.
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First, we characterised the first-order spatial variation to iden-
tify diachronic and synchronic changes over the two periods. We
studied the location of the sites within their surroundings, while
calculating their geographical attributes, taking account of their
altitude (in metres) and their aspect and slope (both in degrees).

Second, visibility (Llobera et al., 2011; Gillings and Wheatley,
2001; Lake and Ortega, 2013; Eve and Crema, 2014) and accessibil-
ity (Llobera et al., 2011; Llobera, 2001, 2000; De Reu et al., 2011)
provided new information on the changes in settlement patterns
and their relationships (corresponding to second-order spatial
variations). For each site, the observed area has been calculated
within a radius of 10 km (see Fig. 4a).

Third, accessibility enables us to quantify the favourable poten-
tial of a specific point in relation to the surrounding landscape. This
concept can be modelled in several ways, with accessibility
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Fig. 3. The Besos river has been traditionally identified as a boundary between areas with different dynamics. We have chosen these areas (left and right bank) as our spatial

units of analysis.

Fig. 4a. Example of the visibility algorithm. For each site the total amount of visible
area (green colour-coded) up to 10 km is quantified. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

analysed as a function of distance, territorial compactness, energy
consumption or time (Conolly and Lake, 2006: 243; Llobera et al.,
2011). We have used the method applied in archaeology by
Llobera (2000), Llobera et al. (2011), see Fig. 4b. The accessibility
value for the sites has been calculated based on the topographical
cost of gaining access to each site from its surrounding area. The
procedure involved the generation of a regular 25-point grid to
cover the area surrounding each site to a radius of 1000 m. After
this operation, the least-cost path was traced from each point of
the grid to each of the sites. Then, we calculated the average accu-
mulated cost of all the paths to each site, finally inverting the value
to have large values for high accessibility.

Fig. 4b. Example of the accessibility analysis. The least-cost path of each cell within
a1 km radius to the site is computed. It is based on the slope cost of the cells (red to
green gradient). A final value for site is quantified averaging the cost in accumulated
degrees of slope. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

To identify natural corridors related to human mobility and
trade rutes (Bevan and Wilson, 2013; Murrieta-Flores, 2012) we
defined a perimeter of points distributed every 10 km. They were
located at 25 km from the study area to avoid any border effect.
Then, we calculated the least-cost paths from each point on the
perimeter to all the other points while quantifying how many of
the routes passed through each cell of the original raster map.
The most dense areas (i.e. first quantile) define the natural
corridors, according to the geography of the area. By computing
the distance from each site to these natural corridors we can get a
summary statistic of the relevance of strategic route networks as
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a factor to explain site location (see an example of this analysis in
Fig. 4c).

A follow-up question to the results is to examine what proper-
ties differentiate the sites of both banks for a given period.
Understanding these differences would allow us to better identify
what type of settlement properties characterise each area under
study. This final topic was examined with a multivariate analysis
of the factors defining the sites of each temporal span. It was
independently applied to the sites of the LBA and the EIA. For each
period we performed an analysis of variance test (ANOVA) using a
logistic multivariate regression model. The dependent variable was
defined as the bank of the river (right or bank), while the indepen-
dent variables were the 6 factors collected for each site (height,
slope, aspect, visibility, accessibility and distance to natural
routes).

4. Results
4.1. Geographical variables

First, our study of the basic geographical variables (altitude,
aspect and slope) clearly indicate differentiated settlement dynam-
ics within LBA. In this respect, Fig. 5 shows the density estimates of
altitude based on the settlements of the different periods and
territories.

At first glance, we can see how the distribution on the left
bank of the Llobregat is quite continuous except for the cre-
ation of some highly elevated sites during the EIA. By contrast,
the typology of settlements on the right bank changes radi-
cally, shifting from elevated settlements to a distribution that
is similar to the distribution observed on the left bank in
the EIA.

This tendency is confirmed if we examine the slope values (see
Fig. 6), because the probability of finding sites in low-slope areas
on the right bank of the Llobregat in the LBA is quite low. In any
event, it suggests a tendency similar to the evaluation of altitudes:
while the LBA sees very high values (related to the situation of the
caves), in the EIA the values level out because of the creation of set-
tlements in low-lying areas. On the left bank, by contrast, the dis-
tribution of probabilities is quite homogeneous in both periods
even if the presence of sites in low slope slightly increases over
time.

Tables 1 and 2 shows the significance levels of the pairwise KS
tests. They confirm the previous results, as in both factors the right

A
2
2 2 3 2
B 2 2
2
2 2
C

Fig. 4c. Definition of natural corridors. A perimeter of points is defined outside our
studied region at regular intervals. The least cost path is calculated between each
pair of points, and the number of paths passing through each cell is computed. In
this example the paths for 3 points (A, B and C) is shown.
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bank sees a higher level of change while the EIA periods are more
homogeneous than the LBA.

Our examination of aspect (Fig. 7) provides no additional
information as the distribution is almost homogeneous over the
4 datasets. The only relevant pattern is the situation of the settle-
ments on the left bank towards the south-southwest (200°-270°).
This tendency is intriguing, as it may be related to solar exposure
(Lapen and Martz, 1993; Church et al., 2000: 153; Esteve, 2004:
10) or the direction of river courses. However, Table 3 shows that
the difference is not significant.

4.2. Visibility analysis and accessibility

Accessibility and visibility indices helps us to assess other dif-
ferences among the studied territories. First, visibility does not
seem specially relevant for the LBA sites (see Fig. 8) while it gains
importance in the EIA. There are some exceptions, notably
Olérdola, a site located in a strategic enclave with visual control
over the surrounding territory. The patterns is quite similar across
both banks, with an increase in visibility from the LBA to the EIA.
Table 4 confirms that there is a major shift in the relevance of vis-
ibility for site location during the change from the LBA to the EIA.

Second, it can be observed that accessibility is similarly shaped
for the four datasets, even if the right bank sees a higher peak
around the value of 170 (see Fig. 9). However, the KS tests (see
Table 5) suggest that the distributions are almost identical for each
bank over the two periods, thus portraying non significant changes
from the LBA to the EIA.

4.3. Natural corridors

Fig. 10 portrays the computed network of natural corridors. The
density estimates (Fig. 11) suggest that a close distance to these
strategic routes was not a significant factor in settlement dynamics
in the Llobregat left bank for both chronologies. This is an interest-
ing result, specially compared to the basic geographic factors (i.e.
altitude and slope). As a consequence, local features seem much
more important than geographically broader contexts. In fact, the
supposedly relevant impact of the Phoenician arrival during the
EIA is not confirmed by these results. Otherwise, we would see a
rise in the number of settlements located on the natural corridors
over which trade unfolded.

Studying this relationship by chronology and area enables us to
see the extent to which this variable is similar for the archaeolog-
ical contexts of the LBA and the EIA (see Table 6).

The KS test shows how the left bank of the Llobregat did not see
a clear pattern of change. The only exception is a number of sites at
very large distances during the LBA, which stems from the limited
percentage of land with these characteristics. In the right sector, by
contrast, a substantial change can be perceived between the two
chronological periods, with the largest probability of finding a site
at 7000-8000 m of a corridor diminishing to 1000-2000 m during
the EIA. Therefore, we can say that the distance from a natural cor-
ridor is highly important in the right sector of the Llobregat, but
that it is not an essential factor in the left sector. In the latter case,
the occupations continuing from the LBA to the EIA that are docu-
mented in quite a few of the sites may have had a decisive impact
on this factor.

4.4. Multivariate analysis

Results of the ANOVA analysis show that accessibility and
height are the most important parameters that distinguish the
properties of sites on the right and left bank during the LBA
(c.f. Table 7).
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Table 1 Table 2
Pairwise KS tests for height. Blue values are significant with p-value < 0.05 implying Pairwise KS tests for slope. Blue values are significant with p-value < 0.05 implying
that the compared distributions were not generated by the same process. that the compared distributions were not generated by the same process.
LBA - left LBA - right EIA - left EIA - right LBA - left LBA - right EIA - left EIA - right
LBA - left 1.000 LBA - left 1.000
LBA - right <0.001 1.000 LBA - right 0.026 1.000
EIA - left 0.457 <0.001 1.000 EIA - left 0.231 0.003 1.000
EIA - right 0.163 <0.001 0.024 1.000 EIA - right 0.089 <0.001 0.703 1.000
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These results suggest that settlements at the right bank of the

Table 3 . A . .
Pairwise KS tests for aspect. Blue values are significant with p-value < 0.05 implying river were preoccuplec! by the defensnye value of the reglf)n where
that the compared distributions were not generated by the same process. they were located. This would explain why elevated, difficult to
LBA - left LBA - right EIA - left EIA - right reach zones were predominant here in contrast with the left bank.
The same method was applied to the EIA sites, with significant dif-
LBA - left 1.000 f t It Table 8
LBA - right 0.079 1.000 erent results (see Table 8). .
EIA - left 0.331 0.009 1.000 Distance to natural routes is by far the most important factor
EIA - right 0.497 0.105 0.621 1.000 that difference both banks, followed by slope and accessibility.

This result confirms the trend that was already seen in previous

density

visibility index

Fig. 8. Density estimates of settlement visibility.
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Table 4
Pairwise KS tests for visibility. Blue values are significant with p-value < 0.05 implying
that the compared distributions were not generated by the same process.

LBA - left LBA - right EIA - left EIA - right
LBA - left 1.000
LBA - right 1.000
EIA - left 0.026 0.023 1.000
EIA - right 0.024 1.000

figures, as the relevance of natural corridors is much more relevant
in the right than in the left bank.

5. Discussion

The aggregation of these results depicts a radical shift of
dynamics over the LBA to the EIA in the right bank, while the left
bank portrays less evidence of change. Distance to natural corri-
dors is the determinant factor to explain these dynamics: during
the LBA the sites were located at large distances from travel routes.
The situation changed in the EIA: a majority of settlements were
located on a natural corridor in the right back area. This enables
us to confirm the shift in the tendency that occurred in this terri-
tory and may indicate a settlement model closely bound up with
commercial exchanges during the EIA. However, we continue to
find a portion of the population that appears to have avoided these
routes, remaining instead in easily defensible, but isolated
locations.

Other authors have also documented a search for soil with
greater agricultural potential during the EIA (Asensio et al., 2005)
in the right bank area. This tendency is confirmed by the appear-
ance of arrays of storage pits with occasional associated huts
(e.g., Mas d’en Boixos (Bouso et al., L'Hort d’en Grimau (Esteve,
2004) and el Tur6 de la Font de la Canya (L6pez, 2004)). These sites
have been interpreted as surplus accumulation centres (Asensio
et al., 2005) which would present a new scenario of genuine agri-
cultural colonisation. The number of storage pits and their
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enormous capacities suggest a significant change in the economic
dynamics of resource exploitation in the area, which would from
this point onward promote surplus grain production intended for
trade.

This change, however, did not involve the abandonment of the
higher-elevation, high-slope settlements. In this respect, what is
detected is the occupation of various strategic points in the
landscape, which have a high degree of visibility in relation to
the surrounding landscape. Good examples are provided by the
sites of Olérdola and la Font del Cuscé, which feature the main
element of a pen or wall built of stone enclosing a sizable area
(Cebria et al., 2003; Mestres et al., 2009). Few dwellings associated
with these pens have been discovered, but everything seems to
indicate that there were no more than a few slightly built huts, a
fact that stands in stark contrast to the significant size of the
occupied areas and the magnitude of the encircling walls. This
has led some authors (Cebria et al., 2003; Asensio et al., 2006) to
maintain that the final function of these settlements may have
been linked to a communal use of the space, more specifically to
the amassing and management of livestock, and to signal wealth.
Paradoxically, the occupation of caves, which was so common in
the prior period, now ceases to be important after this shift. This
site specialisation is also confirmed by the diversity of visibility
indices during the EIA.

On the left bank of the Llobregat we do not observe this shift.
Particularly interesting is the lack of relevance of the distance to
natural corridors, considering the presence of Phoenician materials
and metallic objects. Despite this moderate evidence, objects are
similar to materials found in close zones where trade was much
more intense (e.g. the Emporda and southeastern France,
Lopez-Cachero and Rovira, 2012). Nonetheless, the situation is
not static as there are some changes in the settlement location
dynamics. There seems to be a higher interest on plains which
could be related to more intensive agricultural practices (con-
firmed by a greater number of excavated storage pits).

The aggregation of these results suggest that there were rele-
vant differences between the studied areas and periods. Of

EIA

yal

W6u

. ‘
N A\) N S N
N N ® ® o

accessibility index

Fig. 9. Density estimates of settlement accessibility.
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Table 5
Pairwise KS tests for accessibility. Blue values are significant with p-value < 0.05
implying that the compared distributions were not generated by the same process.

LBA - left LBA - right EIA - left EIA - right
LBA - left 1.000
LBA - right <0.001
EIA - left 0.321
EIA - right <0.001 0.483 <0.001 1.000

particular interest is the sharp distinction between the territories
regarding the LBA, which we have been able to interpret correctly
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in relation to the materials and types of structures documented in
the excavations.

To conclude, the interpretation of these results suggest that nat-
ural corridors play a key role to better understand settlement
dynamics during the LBA and the EIA. However, both areas present
a different evolution. While left bank sites seem to follow a similar
dynamic during the LBA and the EIA, dynamics in the opposite
bank present a very different panorama. The right bank of the river
saw during the EIA a transformation of the landscape that could be
related to a more strategic view of the territory. The shift that we
can observe in the location of sites during the EIA was intended to
establish the sites close to natural travel routes and to achieve

Late Bronze Age sites
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Fig. 10. Natural corridors in relation to the sites for (a) the LBA and (b) the EIA. The analysis makes use of all least-cost routes from each point on the perimeter to all other
points, with the colour of each segment of the network identifying the number of routes that pass through it. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 11. Density estimates of settlement distance to natural corridors.

Table 6

Pairwise KS tests for distance to natural corridors. Blue values are significant with p-
value < 0.05 implying that the compared distributions were not generated by the
same process.

LBA - left LBA - right EIA - left EIA - right
LBA - left 1.000
LBA - right 0.486 1.000
EIA - left 0.119 0.869 1.000
EIA - right 0.008 0.004 <0.001 1.000

Table 7

ANOVA test for a logistic multivariate regression model for bank location of the LBA
sites. Height and accessibility are the most important factors to explain the
differences between the river bank where sites are located.

Variable Pr

Height 0.011
Slope 0.084
Aspect 0.998
Visibility 0.401
Accessibility 0.013
Distance 0.751

Table 8

ANOVA test for a logistic multivariate regression model for bank location of the EIA
sites. Distance, accessibility and height are the significant variables that explain the
differences between the river bank where sites are located.

Variable Pr

Height 0.008
Slope 0.183
Aspect 0.973
Visibility 0.834
Accessibility 0.006
Distance <0.001

better control over the territory. This changed coincided with an
increase in commercial activity as a result of the integration of
the Northeastern Iberian Peninsula in Mediterranean-wide trading
networks.

Even at this local scale spatial analysis was able to identify sen-
sible differences between neighbouring territories. This diversity of
dynamics perfectly illustrates the complexity of processes that
affected the Mediterranean Sea over these two periods.
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Introduction

In archaeological research, medium- to large-scale spatiotempo-
ral data are most typically represented by geographical models
using spatial databases (see (Fairén-Jiménez 2004; Pinhasi et al.
2005; Ruestes 2008; Garcia-Sanjuan et al. 2009; Garcia 2013),
but while these models have been effective in answering various
research questions, they encounter two important obstacles with
regard to the concepts of time and uncertainty.

The study of temporally explicit patterns

Geographical information systems are not designed for work-
ing with scenarios depicting temporal and spatial variability.
Even though the issue has been previously discussed (Mlekuz
2010; Bailey 2007; Curry 1998), GIS-based tools remain an
inadequate means of integrating temporal coordinates in spa-
tial models. They cannot provide a common framework for
detecting spatiotemporal patterns, despite the importance
of these dynamics in archaeological research. Amongst
the approaches explored to remedy this, the most common
solution is to apply spatial analysis to different datasets
corresponding to the chronologies and to compare their
results at the end of the study. This can be combined with
an alternative approach that collapses the spatial variable
and analyses the different periods statistically to identify
temporal patterns.

Both approaches are useful, especially when the study
combines their results in one interpretation, but they do not
solve the problem entirely.

Take two imaginary chronological units of an uneven time
span (Ca=1000 years and Cb=100 years) as depicted in
Fig. la and analyse geographical patterns of site settle-
ments. During Ca, human populations gradually move
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from a mountain to an adjacent plain (fieldwork has
located a total of 10 locations that can be analysed).
During the second phase (dataset of four sites), the pop-
ulation moves back to the mountains. A spatial analysis
(Fig. 1b) does not show the pattern (the movement from
mountain to plain in Ca and from plain to mountain in
Cb) because it is impossible to split chronologies in
smaller parts. Time series visualization (Fig. 1c) is also
inadequate because it makes no provision for the site
distribution. Although certain hypotheses can be tested
using additional techniques (e.g. boxplots, variance in
slope), it is impossible to link the statistical approach
with additional explicit spatial data (distance between

sites, level of clustering); therefore, it is impossible to
detect complex spatial patterns that change over time
because spatial and temporal changes are not analysed
by the same tool.

Another problem is the difference in time spans. The
decrease in height values during Ca could be produced
over a time span of 1000 years, 10 times more slowly
than in Cb. The identification of different rates of
change determines how clearly we can distinguish be-
tween gradual and sudden settlement dynamic variation,
but cannot be detected with standard GIS-based tools.
Archaeological research is therefore unable to apply the
entire potential of spatial analysis and geostatistics to its
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data, because the analysis is typically conducted using
separate models of spatial and temporal variability. And
the time spans are homogenized.

Uncertainty

The second issue raised in this paper is a long-standing ques-
tion in archaeological research: how reliable is the data we
work with?

First, that data has often been generated by different re-
searchers using varying datasets and degrees of quality. This
is particularly true of medium-scale studies, which use reports
on sites that have been excavated over time periods of as long
as 30 or 40 years and by teams supported by differing budgets.
This can even have direct repercussions on the temporal co-
ordinates of sites, specially when and where the quantity and
quality of radiometric analysis is concentrated in a small num-
ber of sites.

Furthermore, uncertainty remains present in every type of
data; however, thoroughly, a site has been researched. Even
radiocarbon dates contain uncertainty and for this reason the
real chronology of a site is expressed by a probabilistic model
that is usually simplified or even discarded as data is progres-
sively integrated from different sites. This has traditionally
been applied when researchers work only with the average
value, or with the average value plus the standard deviation.
Finally, it is also common practice for researchers to discard
radiometric datings with large error margins even though they
are eliminating data that would be useful if this uncertainty
was integrated in the model.

Three major consequences can be expected from this: first,
imprecision and uncertainty in the measurements will be
inherited in the model, even if they are not made explicit;
second, the model will thus be imperfect; and third it will
require revisions, which will alter our degree of understanding
and our conclusions. These factors will inevitably lead to un-
certainties in our evaluation of temporal data, but whether the
magnitude of this uncertainty is acceptable will depend on our
primary research questions (Crema et al. 2010).

In recent years, there has been some interest in addressing
these issues, which are clearly linked because any formal geo-
graphical model that successfully deals with them will need to
correctly model both time and uncertainty. This paper uses a
spatiotemporal model integrating uncertainty to answer vari-
ous questions about the uses of classical spatial analysis, and
the remainder of the paper is organized as follows: “Case
study” section describes the case study and reviews the re-
search questions raised by previous spatial analysis. “Model
concepts” section specifies the concepts that need to be inte-
grated into the model; “Methodology” section describes the
procedures used to build the model; and “Discussion” section
interprets the results and evaluates the model’s effectiveness in
analysing spatiotemporal patterns.
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The case study: the late prehistoric settlements
of the Besos river valley

Our study area was located in the Besos river valley, in
the northeast of the Iberian Peninsula (see Fig. 2).
During recent prehistory, the geographical, physical
and environmental characteristics of this river valley
made it an ideal territory for the survival of human
groups and its archaeological sites show chronologies
from the Palaeolithic period to the present day (Carlas
i Martin and Terrats Jiménez 2003).

Located in the Catalan pre-coastal depression, the study
area is a natural corridor approximately 200-km long and
bears numerous traces of human occupation including evi-
dence of houses, mills, canals, orchards, water wells, ice wells,
roads, industries in nineteenth- and twentieth-century build-
ings, water supplies and archaeological and paleontological
features (Carltis i Martin and Terrats Jiménez 2003; Lopez
Cachero 2005, 2007)

The area’s highly varied geography comprises a number of
hills and mountains, a river basin and plain territories. On the
one hand, this variety becomes valuable to researchers be-
cause they can study the human uses of each type of geogra-
phy during different chronological units, from the Neolithic
period to the Early Iron Age, and because a large number of
sites straddle ancient prehistory and the modern age; on the
other hand, the fact that their particular location has attracted
successive periods of human occupation in different eras (Coll
et al. 1993) has also made it more difficult to efficiently detect
and analyse settlement patterns or to detect real occupation
phases of sites.

Extensive research has been conducted on late prehis-
toric settlements (Esteve et al. 2004; Francés Farre 2005;
Martin Coélliga 2009; Yubero Gémez and Rubio Campillo
2010; Lopez Cachero 2012), but these studies have fo-
cused on specific periods or sites (Can Roqueta, Pla de
la Bruguera, Cami de Can Grau) and have addressed
questions at a local rather than global scale. For this rea-
son, it is still difficult for us to compare and understand
the spatiotemporal dynamics of the zone during the entire
period of late prehistory. Moreover, in recent decades, the
area has undergone large-scale urban development and
most sites have been excavated, documented and subse-
quently destroyed. Researchers therefore have plenty of
material evidence at their disposal, but the unequal nature
of the fieldwork completed to date has created a high
degree of uncertainty. The result, then, is that the set
of late prehistoric sites that define the area constitutes
an extremely fragmented aggregate, and the area as a
whole has not been thoroughly studied.

Despite such issues, the area does offer a valuable starting
point for exploring scenarios where formal spatiotemporal
models integrating uncertainty are needed. First of all, recent
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Fig. 2 Late prehistoric archaeological sites located in the study area, depicted over a Digital Elevation Model raster map

years have seen the development of a new research project on
landscape reconstruction and spatial analysis (Yubero Gomez
and Rubio Campillo 2010; Lopez Cachero 2012) and the
creation of a geographical model to be used as the basic
framework for exploring this kind of archaeological re-
cord from a mesoscale late prehistoric perspective. In this
context, although geographical information systems have
been powerful enough to organize and analyse all these
data and although their capabilities have been used in
previous studies, we must now acknowledge their inade-
quacy for integrating time in our analyses and consider
that additional research techniques will be required if we
wish to extend our studies to understand changing spatial
patterns over time. Basically, our model needs to address
the concept of data uncertainty. Previous works such as
Crema et al. (2010), Bevan and Wilson (2013) and Bevan
et al. (2012) integrating archaeological spatial and tempo-
ral date have been reference works in this field.

Table 1 describes the time span we are dealing with. The
relative and radiometric datings have provided an interesting
but challenging scenario for various papers (Barcelo 2007a;
Barcelo et al. 2013).

@ Springer

As explained above, our case study analysed not only
short-term settlement dynamics but also mid- and long-term
issues. In particular, we considered the validity of three pat-
terns proposed by previous studies (Yubero Gémez and Rubio
Campillo 2010; Yubero et al. Forthcoming) but inadequately
served by standard GIS-based models.

Table 1  Chronological span for each chronological unit of late
prehistory in the northeastern Iberian Peninsula, after Barcelo (2007b)

Chronological unit Absolute dates (approx.)
Early Neolithic cardial 5500-5000 BCE

Early Neolithic epicardial 50004400 BCE

Early Neolithic postcardial 44004000 BCE
Middle Neolithic 4000-3300 BCE

Late Neolithic/Chalcolithic 3300-2300 BCE
Chalcolithic “Bell Beaker” 2800-2200 BCE

Early Bronze Age 2300-1300 BCE

Late Bronze Age 1300-750 BCE

Early Iron Age 750-550 BCE
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Pattern 1: the number of sites decreases from the Late Bronze
Age to the Early Iron Age This pattern required further
examination before it could be properly validated or
identified as an artefact deriving from the comparison
of different time spans.

Pattern 2: Middle Neolithic sites depict different geographical
traits to Early and Late Neolithic sites The substantial varia-
tion in the variable slope suggests that during 4000-3300
BCE, the population was concentrated on the plains.

Pattern 3: In all the periods of late prehistory except the
Chalcolithic period and the Early Iron Age, the distance from
sites to natural routes slowly decreased If this pattern was
validated, it would confirm that human populations constantly
moved to strategic locations, but that there was a notewor-
thy variation on this trend in the case of the two periods
described. Classical hypotheses propose that Chalcolithic
populations are defined by small sites far away from the
plains, and this is validated by spatial analysis (Yubero
Goémez and Rubio Campillo 2010); on the other hand,
the same study contradicts the long-standing hypothesis
that the emergence of trade during the First Iron Age
prompted populations to seek strategically located settle-
ments, arguing that only a small number of sites offer the
geographical data to corroborate this.

It was clear that an exclusively geographical ap-
proach would be an inadequate means of testing the
validity of these three patterns, and that new paradigms
were needed to create a spatiotemporal model that could
integrate explicit uncertainty variables (Bevan and
Wilson 2013; Bevan et al. 2012).

Finally, a further reason for adopting a spatiotemporal
framework was that this could help us detect whether differ-
ences in the rate of change were more or less sudden or grad-
ual. The three variables (number of archaeological sites, slope,
distance from natural corridors) were thus analysed within a
long-term perspective.

Model concepts

This section examines the concepts that played an important
role in our model: settlement location and chronologies, and
geographical and temporal data.

Spatial site database

In previous research, our spatial database was specifically de-
signed for the needs of the case study and was based on an
entity-relation model that could integrate existing data from
different sources and be extended for further testing of the
validity of the three patterns described above in “Model
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concepts” section. The design allowed us to store, search
and execute queries as needed. Moreover, it was flexible
enough to accept changes without our having to modify the
entire design and structure of the database (Yubero Goémez
and Rubio Campillo 2010).

The database had 237 entries and contained all the relevant
information about the sites in the study area, including a geo-
referenced location, a list of chronological units of use and
radiometric datings.

Geographical variables

A geographical model of the study area was needed to test the
validity of the three patterns. The basic information is collect-
ed in previous or forthcoming papers, especially in (Yubero
Gomez et al. In press; Yubero Gomez et al. Forthcoming;
Yubero Gomez and Rubio Campillo 2010), where changes
in Late Bronze-Early Iron Age mobility patterns are analysed.
The third study defines two variables used again in the new
spatiotemporal model: slope and distance to natural corridors.

Slope is the degree of inclination of a given location in
relation to its neighbouring space (defined using Moore
neighbourhood). The study of this variable helps to detect
changes in settlement locations, from mountains to plains,
and was particularly useful in the case of our study area, where
there appears to be a direct link between the pattern of sites with
high slope values and periods of high conflictivity. In these
cases, steep slopes usually define locations with high control
of the surrounding area combined with low accessibility.

On the other hand, the variable distance from archaecolog-
ical sites to natural corridors is a powerful marker of the im-
portance of good communication at mesoscale levels
(Murrieta-Flores 2012). In order to calculate this, we defined
a perimeter of points at a distance of 25 km from the study area
at a resolution of 10 km. Then, we calculated the least-cost
routes from each point on the perimeter to all the other points,
while quantifying how many of the routes pass through each
cell of the original raster map. The routes with the highest
value (for example, taking the quartile with the highest num-
ber of routes) define the natural corridors according to the
geography of the area. Studying this relationship by chronol-
ogy and area enables us to see the extent to which this variable
is significant and place it in relation to the archaeological
contexts. Sites closer to the natural corridors of an area offer
clear advantages for external trading and control of the terri-
tory, while settlements located further away from these routes
are easier to defend in times of conflict because of their remote
and inaccessible position.

Temporal uncertainty

Different approaches have been used to integrate the role of
temporal uncertainty in archaeology (Lock and Harris 1997;
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Lock and Molyneaux 2006). In our case study, we applied the
framework proposed by Crema et al. (2010; Crema 2012),
which uses a probabilistic model to quantify time when high
levels of uncertainty hinder spatiotemporal analysis: the aoris-
tic model (Ratcliffe 2000; Johnson 2003). This framework
provides the researcher with a probabilistic model that can be
combined with a Monte Carlo approach to explore potential
spatial trajectories over time. Moreover, different techniques
can be applied to the dataset generated by the simulations,
testing a pattern or hypothesis against each run or performing
risk analysis techniques in results (Bevan et al. 2012).

Methodology

We applied the described spatiotemporal framework to our
data. Our intentions were to solve the problems in our geo-
graphical model and, as explained above, to quantify uncer-
tainty in order to improve our understanding of mid-term set-
tlement dynamics like those detected in the three patterns de-
scribed above.

In order to explore the validity of the patterns described
above in “Model concepts™ section, the following steps were
applied to the data of our case study.

Aoristic model

An aoristic model defines for each event a probability distri-
bution of absence over discrete time steps. This probability is
0 outside the span comprised between by the absolute begin-
ning (terminus post quem) and absolute ending (terminus ante
quem) of the event, and equal probability of presence for all
the time steps between these dates (this value is defined as
aoristic weight).

Each event of our case study is the creation or reoccupation
of a settlement through a chronological unit, and ¢p.q. and
t.a.q are defined as the chronological units proposed in
Table 1. The sum of the aoristic weights for a site in a given
chronological unit is always 1, but there is no consensus about
duration and number of occupations of each site within a
given chronological unit. For this reason, the time step of the
aoristic model has been defined at 50 years, as resolution
adjusts to the quality of the information we have in this case
study and the spans of the temporal units. Finally, each settle-
ment can exist multiple time steps during each chronological
unit.

The aoristic weight W of a settlement S for a given time step
Ty is defined as

Wsry = ﬂSATZS, being AT the duration of a time step, J; the
terminus post quem of the chronological unit, and a its fer-
minus ante quem.
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Figure 3a shows the sum of aoristic weights for the case
study. If we compare the global trends of the figure with the
sum of sites per pottery phase (defined in Fig. 3b), the value of
the aoristic model becomes clear in that it allows us to ques-
tion pattern 1 and to identify the supposed decrease in the
number of sites during the transition from Late Bronze Age
to Early Iron Age as an artefact produced by the differences in
time span between the two periods (550 to 200 years). The
simple move from a model based on pottery to an aoristic
model shows how the number of sites actually increased.

Although this comparison is valuable, the aoristic model
alone cannot be used to test hypotheses on the subject of
spatiotemporal patterns because the model’s probabilistic ba-
sis is difficult to translate to spatial coordinates, even though
certain proposals have been made (Crema 2011). For this rea-
son, to gather information related to spatial change over time,
we designed an experiment based on Monte Carlo
simulations.

Monte Carlo simulations

The approach we used is proposed by Crema et al. (Crema
2012; Crema et al. 2010). The idea was to use the probabilities
of site existence defined in the aoristic model as an input for a
Monte Carlo simulation. This technique is suited for exploring
stochastic models where the number of probabilistic combi-
nations is too high to be explored in the standard manner (by
studying all the possible combinations of settlement
occupation/abandonment for each time step). We simulated
different historical trajectories using the aoristic weight of a
site for a given time step as the probability of existence of a
Bernoulli distribution. Each run computes, for each site and
time step, absence/presence based on the aoristic weights for
each chronological unit. Considering the high level of
reoccupations, presence of a site during time step is indepen-
dent, and each site can be abandoned and reoccupied several
times during one chronological unit.

This created different trajectories for each run where we
can identify settlement patterns. As an example, Table 2 de-
scribes the result for one of these runs.

The number of executions performed during the simulation
was large because the uneven quality of the dataset generated
a high level of variation. To use an appropriate (and at the
same time minimum) number of runs a convergence test was
designed. Figure 4 shows the density plots of standard devia-
tions during time step for different number of runs (100, 1000
and 10,000). A Kolmogorov-Smirnov test was performed,
considering that the density plot showed nonparametric
shapes for the different sample sizes (results: (a) KS test be-
tween 100 and 1 k produced a p value of 0.36 and (b) the test
between 1 and 10 k produced a p value of 0.96). Considering
that the 1 and 10 k distributions were indistinguishable, we
therefore chose 1 k as the sample size of the different analysis.
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Fig. 3 a The sum of aoristic weights for the archaeological sites of the Besos valley in relation to time steps. b Number of sites per time step based on
relative dating of pottery phases

Table 2 A single Monte Carlo execution of our case study recording the existence (1) or nonexistence (0) of different sites for the period 1050-600
BCE

Simulation Time steps of 50 years

Archaeological site 1050 1000 950 900 850 800 750 700 650 600
Can Piteu-Can Roqueta 0 1 0 0 0 0 0 0 1 0
Can Gambus-1 0 0 0 0 0 0 0 0
Pla de la Bruguera 0 0 0 0 0 0 1 0 0 0
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The spatiotemporal model could thus be studied through
the testing of hypotheses (examining the validity of patterns)
in each of these 1000 trajectories, which provides the re-
searcher with a global approach to the data where temporal
uncertainty has already been taken into account. Results for
cach variable are shown in Fig. 5a (number of sites), 5b
(slope) and 5c (distance from natural routes).

Cross-validation of the aoristic model with radiocarbon dates

The framework combines the aoristic approach to temporal
uncertainty with Monte Carlo simulations for integrating ar-
chaeological and spatial data. Unfortunately, it is difficult to
use multiple data sources without breaking the coherence of
the probabilistic model.

This is extremely important where radiometric datings are
available for some of the sites. This data should be combined
with the general temporal information provided by pottery
dating but the aoristic model cannot integrate different time
spans for the same event. Lock and Harris suggest an alterna-
tive approach in which each dating technique has an associat-
ed weight and the final value of each site is computed as the
sum of the different values for each time step and site (Lock
and Harris 1997). This approach is incompatible with Monte
Carlo simulations because weights are chosen by the
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researcher and the final value cannot be used as a probability
between 0 and 1.

In addition, in our case study, radiocarbon dates were con-
centrated in a small number of sites (e.g, Bobila Madurell, Cova
del Frare and Can Roqueta) and were either scarce or nonexis-
tent in the majority. For this reason, any integration of radiocar-
bon datings into the aoristic model would distort the results and
introduce a clear bias towards the most documented sites.

We propose an alternative method for radiometric dating in
spatiotemporal models which we believe can be useful when
researchers have a low number of datings, as we did in this
case study. The method consists in validating the model for the
most well-represented time steps instead of integrating radio-
carbon datings into the model. The comparison of the average
geographical values should provide insight about the degree
of correctness of our aoristic model built from pottery datings.

Fig.5 a Number of sites generated by Monte Carlo simulations. Each P>
grey line shows the results for a different run, and the white shape is
the average trajectory. b Slope of existing sites, generated by Monte
Carlo simulations. Each grey line shows the results for a different run,
and the white shape is the average trajectory. ¢ Distance of existing
sites from natural routes, generated by Monte Carlo simulations. Each
grey line shows the results for a different run, and the white shape is
the average trajectory
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This cross-validation is shown for slope and for distance from
natural routes in Fig. 5a, b over three different time steps:
4250, 1900 and 650 BCE.

In our case study, these were the sites that offered
the highest number of radiocarbon dates, so the infor-
mation provided by this average was the most reliable
information we could retrieve from the data available.
Additional research and analysis could improve the pic-
ture, but even with such scarce data, we could confirm
that the patterns detected using the aoristic model were

comparison

number of sites

year (BC)

b comparison

450 -

400 -

mean slope

350 -

300 -

7
3
P —m e

year (BC)

Fig. 6 a The average for the variable slope described for the different
models at time steps 4250, 1900 and 650 BCE. The value was computed
from the collection of sites existing in these time steps. C14 values are
taken from the mean value of the probabilistic distribution. b The average
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reproduced using just the sites dated during these time
steps with radiometry.

Given the sample of sites with radiocarbon dates (5-10),
validation remained difficult. However, the comparison of
tendencies could still provide us with information about the
spatiotemporal patterns: in all cases, we observed a constant
decrease of the mean value for slope (Fig. 6a), while in the
case of the variable distance from natural sites, the values
decreased from 4250 to 1900 BCE and increased slightly from
1900 to 650 BCE (Fig. 6b).
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for the variable distance from natural routes described for the different
models at time steps 4250, 1900 and 650 BCE. The value was computed
from the collection of sites existing in these time steps. C14 values are
taken from the mean value of the probabilistic distribution.
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To sum up, in the cases where radiometric datings
are available in small numbers, we suggest using these
datings to cross-validate the model. The comparison of
the spatial trends detected in the Monte Carlo simula-
tions against the sites with radiometric datings for a
particular time step can be used to test whether detected
patterns are consistent. Naturally, the only drawback is
that this technique cannot be used to examine the vari-
able number of sites.

Calculation of spatial values

The next step was a computation of the variables need-
ed to test the validity of the three patterns described
above in “Model concepts” section. In our case study,
we wanted to understand the temporal differences in the
changes in settlement dynamics detected with classical
spatial analysis.

In order to do this the pace of change must be calculated for
every time step as follows.

(a) For each settlement, extract the value of the variables (in
our case, slope and distance from natural routes).

(b) For each time step and simulated trajectory, calcu-
late the average value of (a) above (i.e. compute
the average for the set of sites that exist during
each time step).

(c) Apply atemporal kernel of 150 years (3 time steps) to (b)
above, under the following formula:

n+1
> VT
WT, = =1, being WT, the value of the time step 7}, at
a given trajectory. The temporal kernel algorithm is applied to
avoid distortions provoked by outliers at particular time steps.
The technique smooths the variation, while the relatively nar-
row width of the kernel prevents it from removing the under-

lying pattern.

Detection of variation

The rate of variation is also a relevant variable while analysing
settlement dynamics. In order to explore this concept, relative
variation was computed from absolute values provided by
Monte Carlo simulation. For each time step, the rate of varia-
tion was computed as an angle, using the Pythagorean
theorem.

The sign of the variation shows whether the change
is an increase or a decrease, while its value provides the
rate of change (0 being the value when consecutive time
steps have identical absolute values). The results can be
seen in Fig. 7a—c.
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Discussion

The results generated by this model were used to test the valid-
ity of the three patterns described above in “Model concepts”
section. In particular, our intention was to examine whether a
pattern that had been observed by classical spatial analysis
could still be detected when the temporal variable was incorpo-
rated. Our results were as follows:

Pattern 1 (the number of sites decreases from the Late
Bronze Age to the Early Iron Age)

Figure 3b shows that the absolute number of sites decreases
in this transition. In contrast, the aoristic model shown in
Fig. 3a proves that the probability of a new site actually in-
creases. For this reason, this pattern can be discarded as an
artefact derived from comparing chronological units with dif-
ferent time spans.

Pattern 2 (Middle Neolithic sites depict different geograph-
ical traits to Early and Late Neolithic sites)

Figure 5a, c suggests that the geographical traits of Middle
Neolithic settlement dynamics are no different to those of
other Neolithic chronological units. In the evolution of both
variables (number of sites and distance from natural routes),
the Middle Neolithic continues the trend of Early Neolithic
and Late Neolithic: an increase in the number of sites, and a
decrease in the distance from natural routes.

On the other hand, a different pattern was notable for the
variable slope. In the aoristic model (Fig. 5b), this trend is
confirmed and Middle Neolithic behaviour appears closer to
later periods such as the Bronze Age or First Iron Age than it is
to the Neolithic. The explanation may be that during the
Middle Neolithic human populations emigrated from other
areas to the area of our study. The settlers’ priorities would
have differed to the priorities of previous occupants of the
area, so that the niche they occupied (plains without great
strategic value) was not previously used. This possibility is
supported by the rate of variation (Fig. 7b), where the decrease
in slope is sudden and is only detected at the beginning of the
chronological unit (in contrast to variations like the increase
produced at the end of the Middle Neolithic).

Pattern 3 (in all the periods of late prehistory except the
Chalcolithic period and the Early Iron Age, the distance from
sites to natural routes slowly decreased)

This pattern is validated in most of the chronological units
studied, with two important exceptions.

The first exception is that Early Neolithic epicardial
sites do not follow the pattern, as Fig. 5c clearly shows
(the pattern of previous and subsequent chronological units
is completely different). This difference (almost half the
distance from natural routes than in the other periods)
can be understood as an artefact generated by a low sam-
ple. In fact, this is the period with a lowest number of
sites, so the results will have to be considered inconclu-
sive until new data can validate this pattern.
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<« Fig. 7 a Variation in number of sites for the chronological model. b
Variation in slope for the chronological model. ¢ Variation in distance
from natural routes for the chronological model

The second exception is the Chalcolithic and Early Iron
Age. These chronological units show a slight increase in the
distance of sites from natural routes, as observed above.
Nevertheless, closer inspection of the rate of variation
(Fig. 7c) reveals that this perspective is distorted: in both
cases, the trend is not a sudden change but a gradual increase
that was already present during previous chronological units.
We can therefore conclude that the supposed pattern of grad-
ual movement from heights towards natural routes is not real,
and that during long periods of time, there was movement in
the opposite direction.

To summarize, first of all, this paper has described how a
probabilistic spatiotemporal model can validate the existence
of changes in settlement dynamics observed with classical
spatial analysis. In particular, the trends are verified when
periods have similar time spans and highly unlikely when this
is not the case (as repeatedly shown with Late Bronze Age and
Early Iron Age data).

Second, our study has integrated radiometric dating to the
point where it can be useful but does not create a strong bias of
the results towards the most well-known sites. In other words,
our work suggests that the synchronic comparison of variables
can validate the diachronic approach of the aoristic model
whenever this is allowed by the number of radiometric datings
for a particular time. This is useful when the dataset is uneven
(as in our study). However, in case studies where a large
amount of available radiometric datings, it would be desirable
to create the aoristic model exclusively based on this high-
quality datasets.

Third, we have proposed that the study of the rate of vari-
ation is extremely useful for exploring long-term settlement
dynamics. Once we move from a comparison between chro-
nologies and a more continuous study, temporal differences
between changes must be studied, and this paper has offered a
simple algorithm capable of dealing with this variable on top
of the aoristic model.

Finally, we propose that any comparison of geographical
variables for different chronologies should address temporal
uncertainty. Temporal uncertainty plays a crucial role in our
understanding of the relationship between archaeological sites
and their environment, and if we are to fully understand spa-
tiotemporal change, then archaeological research must begin
to consider this issue.
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