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Modelling Scales

Micfoscopic
ABM, GIS

4
V.

/ Mesoscopic
- Network MC

Macroscopic

- Mean Field PDE
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Site-Site Interactions

» Archaeology can be “Site Centric”

— Regional and global interactions hard to consider

* Networks emphasise interactions

Page 4 © Imperial College London



Deducing Interactions

e Artefact counts
— Terrell 2010; Sindbaek 2007

e Texts
— Isaksen 2006:; “Anskar’s Vita” Sindbaek 2008

« Geography
— Terrell 1977, Irwin 1983; Hage & Harary 1991;
Broodbank 2000; Collar 2007; Bevan 2010
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Geographical Models Without Networks

* Theissen Polygons
— equal site sizes

e XTent

— Theissen with variable site sizes

« Gravity Models

Page 7 © Imperial College London



Theissen Polygons

* Boundaries = Midpoint between nearest sites
 All sites equal

_x—@
/
X
/
|
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Theissen Polygon Example

12 Etrurian Cities
[Renfrew 1975]
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XTent Model [Renfrew & Level, 1979]

* Thiessen polygons for unequal size sites

 Can set Influence of site as function of distance to
any suitable function

Size
( ) A " B is smaller than C but

B is part of A’s domain

C
1 Location

oA c K I
A C Influence
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XTent model examples [Renfrew & Level, 1979]

(a)

Neolithic Temples of Malta
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Xtent Neopalatial Crete (~1750BC - ~1500BC)
[Bevan 2010]

Knossos

Knossos

a)a=05,k=0.15/hour d)a=05,k=0.15/hour

b} a=05,k=0.05 / hour e)a=05,k=0.05/hour

¢}a=05,k=0.02 /hour fla=05,k=0.02/ hour
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Gravity Models

* Models of modern transport systems

 First rigorous use: Casey 1955
“Applications to traffic engineering
of the law of retail gravitation”

 Site-to-Site travel costs used to predict flow
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Rihll and Wilson Gravity Model Outputs

* Flow F;; fromitojis
Fij=b; D; (A;)*exp(-fc)
where a and g are model parameters

 Self consistent departure rate fixes b

= 2 F; =D

» Departure rate D; Is either:-
(a) a fixed input (size of site), or
(b) set equal to arrival rate A,

» Find A; and interpret as importance of site



\Thebes

Results a8
[Rihll & Wilson 91] '

 Variable site
sizes

* Exponential
fall off

* No network!
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Summary of Models So Far

* Increasing sophistication
— from fixed equal site sizes to variable site sizes

— Simple crow flies separations to complicated
distance metrics

= Still not exploiting advantages a Network
Model may provide
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» General Approach to Modelling In
Archaeology

« Geographical Models without Networks

« Geographical Models with Networks
 Our Model - ariadne

e Summary
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PPA - Proximal Point Analysis

* Equal sized sites
 Sites connect to k nearest neighbours
* Analyse graph

— Often without directions on edges
— Sometimes only local measures used e.g. Degree

— Sometimes global measures used
e.g. ranking, centrality, betweenness

Examples: Hage & Harary 1991, Terrell 1977; Irwin 1983;
Broodbank 2000; Collar 2007
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PPA Example

Connect each site to its k=2 nearest neighbours

i3y

.o Strongly
. o’ connected
®ececce? core



PPA Example

<‘<Z\ Ilgnore direction

RS

* All edges equal
 Network now simply connected

\




Terrell (1977)

 Solomon Islands
(east of Papua
New Guinea)

 PPA analysis
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s

 Population = # vertices 2

“oEe Connected
Broodbank PPA \5@ £

=Low density =
connected graph

Dot density increased | <
out degree constant

=>High density = TN e,
. o' “‘ :.;‘5. - . C
disconnected graph, AR W) I s
£ <D0 S
clusters on large S U p WD o
islands Y
= NP o
)>—-—p’§ﬂ(f./.iﬁ'; % 0

= A

\DL N
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Broodbank PPA (2)

« EBA Cyclades (Early Bronze Age Aegean)
— Settlements similar size
—rowing ~ 10km daily

= PPA appropriate

 More analysis Is possible
but perhaps not useful for such a "simple’
era?
e.g. use inherent directionality of edges
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Limitations of Early Network Models

* Fixed and equal site sizes

« Edges only on or off (simple graphs)

« PPA still only considers nearest geographical
neighbours

= Little exploitation of network structure In
creating network

— Global properties of networks and role of
sites In wider network rarely studied
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Beyond these archaeological models

e The sizes of sites and their interactions
never both variable and interlinked

— Not a
— Not a

« Surely t
sizes of

| sites are equal
| edges are equal

ne regional network influences the
sites and the site sizes determine

the nature of the network?

ViR - X B
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* General Approach to Modelling In
Archaeology

« Geographical Models without Networks

» Geographical Models with Networks
 Our Model - ariadne

 Summary
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Island Archipelagos as an Ideal Network

* Vertices = Major Population or Resource Sites

« Edges = Exchange between sites

- physical trade of goods or transmission of culture
- direct contact or island hopping links

» Sea isolates communities — Natural Vertices

* Interactions controlled by physical limitations of
ancient sea travel — Simple Links

 Coastal Sites often isolated like islands due to
geography and difficulty of ancient land travel
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Focus: Middle Bronze Age (MBA) Aegean

» Clear temporal delineation
clear gaps (‘dark ages’) or shifts in
record
- ¢.2000BC distinct Minoan culture starts,

sall replaces oar
- ¢.1500BC end of Minoan cultural dominance

* Physically largely self contained

- questions regarding relationship to Egyptian
culture
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Some Possible Questions

* The Knossos Question

The palace at Knossos does not have the best local
environment

* Minoanisation
Spread of Minoan influence

* Eruption of Thera
Relation to Minoan collapse
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Network Description — Fixed Network Parameters
S, v di &,y

Network values fixed using the archaeological
record are:-
* d;; Fixed travel time between sites

— Measured in km travelled by boat on open sea

« S, Fixed site capacity (includes hinterland)
= maximum local resources
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Network Description — Variables, relative values
o

Variables whose values are found stochastically:-

d

. @
S,V !

* v; Variable site occupation fraction
— Site Weight (S; v, ) = Site population’

» ¢; Fractional Edge values 0 <X g; <1
— Edge Weights (S; v; €;)
= Interaction (‘trade’)
from site I to site |
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Optimisation of what?

H =
Isolated sites have

optimal sizev,=0.5| KZA'SiVi (1_Vi)

nteractions (trade) | _ 2% (S,v;).e;V (d; / D).(S,v;)
]

bring benefits

Increasing ‘population’| JZ S.v.
has a cost =

has a cost

Each trade link
ach trade lin "':UZ Sivieij
I ]
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Supply and Demand

Interaction depends on both source and
target vertices

—/IZ(Sivi).eijV (d; /D).(S,v;)

| /o

Flow from i in Attraction depends
Gravity Models on target size
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Interaction Potential

0.8-

=

6

O(x-0.1)

1+ x* .
A

x=(Distance / D)
« D=100 km for salil (after 2000BC)
« D=10 km for rowing (pre 2000BC)
* Friction — 3x penalty for land travel

V (X) =

1 2 34
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Coarse Graining

This model is independent of small scale
detalls

If split a site into two pieces within 10km results are
exactly the same
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So what does our model give us?

 Site hierarchies
 |nterdependent site sizes and network edges

« Geography important but not simply nearest
neighbour interactions

« Coarse graining over 10km scale

= Compare with PPA ...

Page 37 © Imperial College London



Our Sites in PPA (k,,=3) iosr:LOerl?Ieﬁ

' . regions

out

6 weakly
connected
regions

connected
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arladne

= Metwork aegean395113a j0.0 m0.5 k1.0 14.5 bl.2 D100.0 7:13:10.945
File Network View Another Menu Help

Q Metwork ‘ ‘ Sites | g:} Parameters

oo ==

basic name:

parameters:

run: 0
Energy:

aegean39s1l 3a
_w1_3e-1.0j0.0m0, 5k 1.014. 501, 2D 100.0MC

-72.56

mu

0.500
<5V

1.06

i
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Sv.Max
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k
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I
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2.87
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[

Redraw

J{

Restart
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Reheat ]

l
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GraphML

J{

Group Clusters ]

l

JPEG

J{

Print

J{

Save ]

Percolation clusterer percentage 16

U

a 20 40 &0 80

Influence probability percentage: 50 (distance=2.0)

U

a 20 40 &0 80 100

Mouse Mode iTransforming -

Clusterer iPercoIaﬁon -

Layout :Geographical -

Vertex Type :Weight -

Edge Type :weight -
Vertex Display Size| 8.0

edge weight zero|0.025641
edge weight min|0.1
edge weight max 1.0
line width max| 10.0
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| Same geography
Network in our model = same regions
have strongest

Many weak links between
these regions

Vertex size = Sv;
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Stochastic Variation

SRS N

e JE/;“\ y.
\\

28 D\
wAY
A \»"\
<\' 7
> 4
!

S
\

N

Same values
A=4.0,k=1.0,u=0.1,j=-2.0, D =110km
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Analysis

« Can not assign parameter values in model from
physical data so make comparisons between
different data sets
— e.g. vary one parameter, hold rest fixed.

* For any given set of (reasonable) values:
a) can analyse intrinsic network measures
e.g. degree of vertices
b) can perform further games’ to analyse
properties

e.g. diffusion, apply cultural transmission models,
ABM on this substrate.
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Path Analysis

» Shortest Paths — on weighted graphs ?
— betweenness

* Long Time Diffusion
— PageRank

« Short Time Diffusion
— Clustering via modularity if undirected
— 'Influence’ (see sequence)

« Paths all equal
— Biased random walks
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Aegean Middle Bronze Age Chronology

2500 BC
EMII
(late)
EMIN Prepalatial
20008C | MMIA _ Thera errupts
mm::a Protopalatial / ~1575 BC (i 50)
MMIIA == = = = / — LMIA / LMIB
MMIIIB ‘ ,/
tmia  Neopalatial _
1500 BC_ [ NIR . :
LMl (Final Palatial) Minoan CO”apse
S S ~1500BC
LMig ™= =
LMmiic  Postpalatial — End of LMIB
1000 BC
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[Bevan 2010]
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Before and After the Eru
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« Total population largely unchanged

« Total interaction largely unchanged
For same parameter values

A=4.0,k=1.0, u=0.1,j=-2.0,D = 110km
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Increasing Interaction Cost post Eruption

 Fewer but stronger links
« Shorter distances
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* General Approach to Modelling In
Archaeology

« Geographical Models without Networks
» Geographical Models with Networks
 Our Model - ariadne

 Summary
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Summary

* Very limited use of networks so far in
archaeology

 Many models very simple

* Some recent studies are exploiting
network analysis

* Role of geography relatively easy to
study

« Comparing against finds much harder
 Many options remain to be explored
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Other Material
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Other Material
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XTent model examples [Renfrew & Level, 1979]

European
Cities
1960

Neolithic
Temples
of Malta
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Rihll and Wilson Gravity Model
* Flow F;; fromitojis

Fi=b; D; (A;)*exp(-4c)

where a and B are model parameters




Hypsistos Cult Inscriptions (1-4c.AD)
PPA graph [Collar, 2007]
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Broodbank (2000) - Early Bronze Age Cyclades

« #vertices
per island

area

« Kk outgoing
edges per

site connect |

to nearest k
neighbours
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Networks Based on Texts

Link sites mentioned In texts

 |saksen (2006) linked towns on the Via
Augusta and river/road network based on
Roman texts

» Sindbaek (2008) used travelogue

“Anskar’s Vita” but also uses data from
finds, Viking Baltic 9t c. AD.



Isaksen (2006)

e Towns linked
| If specified as
/‘““"'"”” B neighbours in

10.11] Detvmo

[0.09] Segida Avguina Roman texts

[0:11] lipa Magna
lﬂ.13]cﬂb‘fh ® Size —
0.14] Italica
Betweenness
[0.36] Cordvba
0.00] Cavre 10.23] Osset Iviia Constantia [0.25] Ad Decvimm
[0.37] Obvicvla [0U00] Ad Aras [0.20] Epora
[0045] Hispalis [0.36] Carmo [0.14] Veia
[0.07] Nobiam
[0L00] Castvio

[0.14] Hasta Regia

[0.07] Portus Gaditanus

Nice example of network analysis

[0.00] Gades
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[Sindbaek, 2008] O
W arla

, g
Anskar’s Vita + Ou%@iﬁ.tmeter
data from finds, ng?) .
_ ASehhersund
othc. AD T~pringe & Qsmmge
35- 15 ol7 @:nQﬂHUS
FEo i Stk “ﬁ-rlr Tpingen
o 3% P?IIM?E-JE; g Pge1mg?Fer3Hr dibiza Jad
o2 460 o0 v & dehn,gﬁlnckhnlmsgarden
5% 027 o) g to E quluhnd
5214 g zoo.221 .786.35:43 HEEEQE!E arng
5_.558057 026 2.’%24
i o0 Falzwiek
64° igard-Oldeb
e st
- Eehren-Liubc
Flrig!r: ao Mieke MlEthf'WDhﬂ Fart
* More sophisticated graphs constructed
from texts and finds, not a model
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Artefacts and Anthropology:- The Kula Ring

Malinowski (1922) Hage and Harary (1991)
necklaces zexe T Hele B =
{f ¥

R A Y il et S o hors
! X .

________________

B

1,

‘;:-.:-" l‘l

i
= armshells

I - R

l o e e s =

AfPA LT durinshieklsy

 Edges are exchange relations
« Random walkers probe global network properties
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Lambrou-Phillipson, 1990
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Terrell (1977)

 Solomon Islands
(east of Papua
New Guinea)

 PPA analysis
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“Networks and religious innovation: Hypsistos cult
an approach to understanding the Inscriptions
transmission of pagan monotheism” (1-4c.AD),
Collar, Exeter Univ. (in prep) PPA graph
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Lrnd U

& %,...Q”Jf Mﬁ

: %j‘g-——‘ﬂ“.:%;{

b .8 3
T EUBOEA ""“"llf »
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g \
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A
rANERYLIUN .} \‘
RANY - - { 1
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vm DT /
{
A
A
O 5/links P,
O 6llinks
B b TR bt = 4
-5':.'_4‘- W2 o\ |
l — %r.
e o e R
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Fluctuations

« Model is not deterministic but stochastic

— Size of fluctuations set by a ‘temperature
parameter’

— Never find the same result twice, but usually
results will be similar

— Need to interpret results in this light
e.g. look at averages and variances
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& aegeandd Ariadne Network Display iINOBDEZ5 - | |:||£|
input file: aegeand4

output files: outputfrund_1,3_L4 I yp I C aI

Model: Skandard Hamiltonian+aGravity (source and kargek site in trade term)

model number 1_3 Monkte Carlo Update Limits on Out Strength 1.0 max verkex value 5.0
mu 0.5 i 0.0 kappa 1.0 lambda 4.0 R
b1.z distance scale 100.0 short diskance scale 5.0 metric number 5.0 u n
beta 524283.0 Fern Colour Frac 0,1 Min, Colour Frac 0,2 Relative Vertex Display

fbsolute Edge Display, Max 1.0 Influence Range 1.0 (prob=0.5) sites by Size

‘es
== m
¢ - ¢

‘.5 ,.Tu:l .’5

‘astri
L
&
S05
‘t "l
‘.:. ,"ll |E
‘u '
o’

Cuantity value fverage Sigma rinimum M axirnum
Site Weight 1.42 0.38 0.72 2.07
Site Qut W', Skrength 1.41 0.38 0.72 2.07
Edge ‘Weight 0.04 0.03 0.0 0.45

Edge Walue 0.03 0.05 0.0 0.35




4 aegeandd Ariadne Network Display iNDGOS25

model number 13
mu 0.5

b1.2
beta 1.0

Absolute Edge Display, Max 1.0

=10l x|
input file: aegean3

output files: outpubfruna_1.3_L4

Madel: Standard Hamilkonian+Gravity (source and target site in trade kerm)

Monke Carlo Update Limits on Quk Skrength 1.0 max vertex valle 5.0

j 0.0 kappa 1.0 lambda 4.0
distance scale 100.0 short distance scale 5.0 metric number 5.0
Fero Colour Frac 0.1 Min, Colour Frac 0.2 Relative Vertex Display
Influence Range 1.0 {prob=0.5) sites by Size

.‘es

L=l v
e ¢ 4
‘ea
iar‘ax
i,.S ‘ﬂ*:u
Hhy s
#hr
astri
.‘ha ‘ar
- ‘asus
€ e e \z
W
Quankity Y alue Average Sigma Minimun Maxirmurn
Site \Weight 1.78 1.0 0.72 4,33
Site: Cuk WY, Skrength 1.78 1.0 0.71 4,33
Edge Weight 0.05 0.13 0.0 1.43
Edge Value 0.03 0.06 0.0 0.4
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Analysis of Single Network

* The new few slides show the analysis of one
result of our model

* Look for sites which are off any general trends

« Rank = probability of random walker arriving at
location, c.f. Hage & Harary 1991, Google PageRank

« Total Site Size (Weight) = (S, )

]=0, =0.5, k=1.0, 4=4.0
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% aegean34 Ariadne Network Display iNO60825

input file: aegean34
oukput files; output/aegean34_v1_3Fe-1.0m0.5j0.0k1,0b1,25100,0MCr0
Model: Standard Hamiltonian+Gravity (source and target site in trade kerm)

model number 1_3 Maonte Carlo Update Lirnits on Ouk Skrength 1.0 ma verkex value 5.0
mu 0,5 i oo kappa 1.0 lambda 4.0
bi.z distance scale 100,0 short distance scale 5.0 mekric number 5.0
beta 524253.0 Zero Colour Frac 0.01 rin. Colour Frac 0.2 Relative Vertex Display

Absolute Edge Display, Max 1.0 Influence Range 1.0 (prob=0.5) sites by Size

Typical Output from

ariadne Miletus

- \
¢ - .

. é° & &
Akrotiri & —&

,‘astri

Malia
Knossosg Y \ r i

Gaurnia

ankicyialue Bverage Sigma Flimirrim M asirmium
Page 67 ite: Wieight 1.42 0.35 0.75 1.98

ite Qo , Strength 1.42 0,35 077 1.98

dge Weight 0.04 0.03 0.0 0.45

dge value 0,03 0,06 0.0 0,34




: Knossos
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1.4
I B Rel Rank
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I III Akrotir
ettt
" (RECEREREA
. 1 [
Crete’s global network .
0.4 4 Importance stands out. L
Dodecanese is slightly
0.2 i1 bigger but is not abnormally L L |
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Rank vs. Size shows Crete’s is more important to the
global network that its size suggests, not so for Dodecanese

Rank/(Site Size)

Petras
2 - " Knossos /
AKkrotiri Gournia
' \ e * Malia
1.6 * 4
A ¢ /

1.4 *?

1.2 * o /c

1 .o 0/ 2 Miletus
¢ < / ¢ o %

0.8 Y

0.4

0.2 * o

0.5 1 1.5 2 2.5
Site Size (weight)




Local properties often scale closely with site size (weight)

Incoming Edges/Weight

Petras
1.2
4 Rel.S.In
1 — Linear (Rel.S.In)
0.8

0.6
;:,)/
. 4
04 (S 4

0.2

O | | | | | | | | |
0.5 0.7 0.9 1.1 1.3 15 1.7 1.9 2.1 2.3

Site Size (weight)




