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import csv

import math

import numpy as np
import os

import pyproj
import time

# Base layers are in Albers Equal Area Conical for South America.

albers = pyproj.Proj("+proj=aea +lat 1=-5 +lat 2=-42 +lat 0=-32 +lon 0=-60 \
+X_0=0 +y 0=0 +ellps=aust SA +towgs84=-57,1,-41,0,0,0,0 \

+units=m +no_defs")

def get dates(name):
dates = {}
for filename in os.listdir('./dates/{}"'.format(name)):
global x, y
new dates = {}
with open('./dates/{}/{}'.format(name, filename)) as csv_file:
csv_reader = csv.reader(csv_file, delimiter=',")
line count = 0
for row in csv_reader:
if line count == 1:
X, y = to canvas(float(row[1]), float(row[2]))
new dates[(x, y)] = {}
elif line count > 1:
new dates[(x, y)l[int(row[1])] = float(row[2])
line_count += 1
dates.update(new dates)
return dates

def to lonlat(coords):
X, y = coords
lon, lat = albers(x, y, inverse=True)
return lon, lat

def transform coords(coords):
X, y = coords
X _m = -2985163.8955 + (x * 10000)

y m = 5227968.786 - (y * 10000)
return x m, y m

x_canvas = int((albers(x, y)[0] + 2985163.8955) / 10000)
y_canvas = int((5227968.786 - albers(x, y)[1]) / 10000)
return x _canvas, y canvas

def to canvas(x, y):

class Village:

Class used to represent a village in the model.

def init (self, _id, model, coords, breed, start date, Kk,
fission threshold, catchment, leap distance, permanence,
tolerance):

self. id = id
self.active = True

# Basic settings

self.model = model
self.coords = coords
self.breed = breed
self.start date = start date

# Demographic parameters
self.r = 0.025

self.k = k

self.total k = 0



75

76 # Initialize village at saturation point

77 self.population = fission threshold

78

79 # Territory and movement parameters

80 self.catchment = catchment

81 self.fission threshold = fission threshold

82 self.leap distance = leap distance

83

84 # Start with no land

85 self.land = []

86

87 # Keep track of permanence

88 self.permanence = permanence

89 self.time here = 0

90

91 self.tolerance = tolerance

92

93 def get neighborhood(self, radius):

94 e

95 Returns all the cells within a given radius from the

96 village.

97 e

98 neighborhood = {(x, y): self.model.grid[(x, y)]

99 for x in range(self.coords[0] - radius,

100 self.coords[0] + radius + 1)
101 for y in range(self.coords[1] - radius,

102 self.coords[1] + radius + 1)
103 if (self.get distance((x, y)) <= radius and
104 x> 0 and y >= 0)}

105 return neighborhood

106

107 def get neighbors(self, radius):

108 e

109 Returns the ids of all other villages within a given

110 radius of the village.

111 e

112 neighbors = []

113 neighborhood = self.get neighborhood(radius)

114 for cell in neighborhood:

115 if (neighborhood[cell]['agent'] and

116 neighborhood[cell]['agent'] != self. id):

117 neighbors.append(neighborhood[cell]['agent'])

118 return neighbors

119

120 def get destinations(self, distance):

121 e

122 Returns all the cells that are at a given distance from the
123 village.

124 e

125 destinations = {(x, y): self.model.grid[(x, y)]

126 for x in range(self.coords[0] - distance,
127 self.coords[0] + distance + 1)
128 for y in range(self.coords[1] - distance,
129 self.coords[1] + distance + 1)
130 if (self.get distance((x, y)) == distance and
131 x>= 0 and y >= 0)}

132 return destinations

133

134 def get empty destinations(self, distance, pioneer=False):

135 e

136 Returns all cells at a given distance that are not owned.
137 If in pioneer mode, restricts the search to cells that have
138 never been claimed.

139 e

140 destinations = self.get destinations(distance)

141 if pioneer:

142 available destinations = {cell: destinations[cell][self.breed]
143 for cell in destinations

144 if not destinations[cell]['owner']
145 and (destinations[cell][self.breed] >=
146 self.tolerance)

147 and not destinations[cell]['arrival time']}

148 else:
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def

def

def

def

def

def

available destinations = {cell: destinations[cell][self.breed]
for cell in destinations
if not destinations[cell]['owner']
and (destinations[cell][self.breed] >=
self.tolerance)}
return available destinations

get distance(self, next coords):

Returns the distance (in cells) from the village to a pair of
coordinates.

X, y = self.coords

next x, next y = next coords

return round(math.hypot((next x - x), (next .y - vy)))

grow(self):

Population grows exponentially. Update land is called to add
new cells in case population is above K.

self.population += round(self.r * self.population)
self.update land()

update land(self):
Calculates total K from all cells owned by the village. In case
population exceeds total K, tries to add new cells. If
population is still beyond K after adding all available cells,
population is reduced back to total K and the village becomes
inactive.
while self.population > self.total k:
# Cells within catchment that are not owned.
territory = self.get neighborhood(self.catchment)
free land = {cell: territory[cell][self.breed]
for cell in territory if not territory[cell]['owner']
and territory[cell]l[self.breed] >= self.tolerance}

if free land:
# Choose cell with highest suitability.
new land = max(free land, key=free land.get)
self.claim land(new land)

else:
self.population = self.total k
self.active = False

claim land(self, coords):
Claims a cell for the village, updates total carrying capacity
and records the simulated date.

self.model.grid[coords]['owner'] = self. id
self.land.append(coords)

self.total k = self.k * len(self.land)

record date(self):
neighborhood = self.get neighborhood(self.catchment)
for cell in neighborhood:
if not self.model.grid[cell]['arrival time']:
self.model.grid[cell]['arrival time'] = self.model.bp

check fission(self):

If population is above fission threshold and there are
available cells outside its catchment, the village fissions and
the daughter village moves away. If there are no empty cells
but leapfrogging is allowed, another search is performed for
leap distance.

if self.population >= self.fission threshold:
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empty land = self.get empty destinations(self.catchment * 2)

neighbors = self.get neighbors(self.catchment * 2)

if empty land and len(neighbors) < 6:
new village = self.fission()
self.model.agents[new village. id] = new village
new_village.move(empty land)

elif self.leap distance:
distant land = self.get empty destinations(self.leap distance,
pioneer=True)

# Only perform leapfrogging if attractiveness of the
# destination is higher than current cell.
if (distant land and max(distant land.values()) >
self.model.grid[self.coords][self.breed]):
new village = self.fission()
self.model.agents[new village. id] = new village
new village.move(distant land)

def fission(self):

def

def

def

A new village is created with the same attributes as the parent
village and half its population.

new village = Village(self.model.next id(), self.model, self.coords,

self.breed, self.start date, self.k,
self.fission threshold, self.catchment,
self.leap distance, self.permanence,
self.tolerance)

self.population //= 2
new village.population = self.population
return new village

move(self, neighborhood):
Moves the village to the cell with highest suitability in a
given neighborhood. After moving, the village claims cells

according to the population size.

new_home = max(neighborhood, key=neighborhood.get)
if self.model.grid[self.coords]['agent'] == self. id:

self.model.grid[self.coords]['agent'] = 0

self.coords = new_home
self.model.grid[new_home]['agent'] = self. id
self.record date()

self.claim land(new home)

self.update land()

abandon_land(self):
Release ownership of cells.

for cell in self.land:

self.model.grid[cell][ 'owner'] = 0

self.land = []

check move(self):

If settled beyond maximum permanence time in a given location,
the village searches for available cells beyond its catchment
to move. If no cells are available but leapfrogging is allowed,
another search is performed for leap distance.

if self.time here >= self.permanence:

empty land = self.get empty destinations(self.catchment * 2)

if empty land:
self.abandon land()
self.move(empty land)
self.time here = 0

else:
self.time here += 1



297 else:

298 self.time here += 1

299

300 def step(self):

301 if self.active:

302 self.grow()

303 self.check fission()

304 self.check move()

305

306

307 class Model:

308 def init (self, params):

309

310 self.width = 638

311 self.height = 825

312

313 self.current _id = 0

314

315 self.agents = {}

316 self.grid = {}

317

318 # Model parameters

319 self.params = params

320

321 # Start at earliest date in the model

322 self.start date = self.params[2]

323 self.bp = self.start date

324

325 # Layers to keep track of agents, land ownership and dates
326 # of arrival for each culture.

327 for y in range(self.height):

328 for x in range(self.width):

329 self.grid[(x, y)] = {'agent': O,

330 'owner': 0O,

331 'arrival time': 0}
332

333 # Add layers with ecological niche of each culture.
334 breed name = self.params[1]

335 layer = np.loadtxt('./layers/{}.asc'.format(breed name), skiprows=6)
336 for y in range(self.height):

337 for x in range(self.width):

338 self.grid[(x, y)][breed name] = layer[y, x]
339 # Prevent water cells from being settled.
340 if layer[y, x] == -9999:

341 self.grid[(x, y)]['owner'] = -1

342

343 self.setup agents()

344

345 def next id(self):

346 e

347 Generates continuous unique id values for agents.
348 Start at 1.

349 e

350 self.current id += 1

351 return self.current id

352

353 def setup agents(self):

354 e

355 Create a village for each culture, add land to their territory
356 and record their start dates (not current year).
357 e

358 village = Village(self.next id(), self, *self.params)
359 self.agents[village. id] = village

360 self.grid[village.coords]['agent'] = village. id
361 village.claim land(village.coords)

362 village.record date()

363

364 def eval(self):

365 e

366 Returns a score from 0 to 1 of model fitness based on match
367 with archaeological dates.

368 e

369 total score = 0

370
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breed name = self.params[1]
dates = get dates(breed name)

for coords in dates:
score = 0
sim date = self.grid[coords]['arrival time']
if sim date and sim date in dates[coords]:
# Normalize probability distribution
score += (dates[coords][sim date] /
max (dates[coords].values()))

total score += score
return total score / len(dates)

def step(self):
agent list = list(self.agents.keys())
for _id in agent list:
self.agents[ id].step()
self.bp -=1



