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2. A simple land use model – what, where, how much..

Where? How?

How much?
For T0,T1.......Tn 



  

3. What are Cellular Automata?

Given an infinite lattice or graph of points, each with a finite 

number of connections to certain of its "neighbours". Each point 

is capable of a finite number of "states". The states of neigbours 

at time tn , induce, in a specified manner, the state of the point at 

time tn+1. This rule of transition is fixed deterministically, or more 

generally, may involve partly "random" decisions.  Ulam, (1950). 

Theory of self-reproducing Automata late 
1940's, (John Von Neumann, Stanislaw Ulam)

Tobler and cellular “geography” (1979) – a spatial cellular automata

States as land uses (urban, industrial, agriculture)

Refined by Couclelis (1986), with a view to practical application

Applied in practice by White and Engelen (e.g. 1993) and Batty 

and Xie (1993) to model American and European cities 

John Conway's Game of life (1970)



Initial land use map (1956)  M1

4. How does the model work?

Suitability S

Accessibility (distance to roads, railways etc) A

Zoning (protected areas) Z

Neighbourhood rules N

Transition potential (TP)

A simulation of the next land use map available (1999) MS2

By means of the TP we calculate a new map based on the demand for land use at 
each time step.

Stochasticity α

MS2  →  M1*N*α*A*S*Z



  

5. Neighbourhood dynamics I. 

White and Engelen's CA land use model (White and Engelen 1993, White et al 1997) – a 
conceptual model of land use change using cellular growth 

CORE OF THE MODEL: NEIGHBOURHOOD EFFECT

 The susceptibility of an individual cell c to change state at time step Tn as a 
function of the influence of the cells in its neighbourhood. 

In any analysis of land use change:

1. Some changes occur more frequently than others (e.g.,  non-irrigated land is 
often converted to irrigated land) 
Attraction: non-irrigated land is attractive to irrigated land in its neighbourhood

2. Some land uses always seem to be separate from one another (e.g. Mining 
areas and urban land) 
Repulsion: areas near to mines may be unattractive to housing or crops

3. Other changes seem never to occur (e.g. Urban land changing into Conifer 
forest) 
Persistence: some things nearly always stay where they are



  

6. Neighbourhood dynamics III. 

THE CELL NEIGHBOURHOOD AND THE INFLUENCE TABLE

 A table of land uses and their relative attractiveness to each other over distance can 
be devised:  

URB 0 100 141 200
shrub 200 20 11.72 0
grass 40 0 0 0
beach -200 -175 -164.6 -150

0 0 0 0
0 155.8 220.4 311.7
0 0 0 0

alter 0 0 0 0
500 250 50 50

marshnt
marsht
mincon

urb

Expressed as a matrix:  

w <- 
matrix(c(0,0,50,0,0,0,50,250,50,0,50,250,500,250,50,0,5
0,250,50,0,0,0,50,0,0), nr=5,nc=5)

In R:



  

7. Stochasticity. 

“This rule of transition is fixed deterministically, or more 
generally, may involve partly "random" decisions” (Ulam 1950). 

Why?

Human activity in the landscape is not deterministic – some things 
are effectively random

Random land use transitions may adequately simulate aggregate 
processes whose causes are unknown/undeterminable (Monte Carlo)

How?

Make some parts of the simulated landscape more attractive at 
random

How Much?

Not much (but may depend from place to place), because we believe 
that in a good model, human activity is more deterministic than 
random, even though it may contain random elements.....



  

8. Accessibility.

Accessibility

The ease with which desired destinations may be reached by means of a specific transport 
system (Gutiérrez 2009).

a
j
 = 1 + (D/δ

i
)-1

(from White et al 1997)

1. Calculate raster distance map inside GIS from 
road networks

2. Reclassify distance map to give higher values 
to cells with smaller distances  



  

9. Suitability & Zoning

The intrinsic susceptibility of a cell to be occupied by a land use type on the basis of the 
physical characteristics at that location; for instance, urban or industrial development is 
usually restricted to less sloping land areas; crops do not usually grow on mountain tops 
etc. 

The susceptibility of a cell to be occupied by a land use type on the basis of 
institutional characteristics at that location; 

e.g. planning restrictions, policies
Natural protection 

Suitability

Zoning

Suitability and Zoning are usually stationary throughout all timesteps 

In more complex, or integrated models, they can be updated at 
particular timesteps to reflect evironmental changes, e.g. increased 
aridity due to climate change (suitability), or adoption of new 
planning policies (zoning) 



  

10. CA land use model commercial applications

high price and licensing issues

stand alone, not incorporated into existing systems

GIS operations external to the system

statistical goodness of fit testing external to the system

knowledge seekers and stakeholders are SHUT OUT

leads to expert-based policy support that reinforces traditional top-
down models of planning. Only certain kinds of stakeholders can use 
an expensive stand-alone system. 

(an outdated philosophy)

Windows only

Non-commercial applications (e.g. SLEUTH) do exist but share many of these 
disadvantages (e.g. stand-alone, external to the system etc

Some commercial applications are not true Cellular Automata (IDRISI LCM)



  

11. There is a need for CA land use model 
application that:

Increasingly we are saying  
that everything must be open, 
shared, online, accessible, 
(everything!) 

Except the land use model 
which is proprietary, closed-
source, licensed and expensive

See www.geogra.uah.es/duspanac

Permits complete freedom to explore, unrestricted by price or licensing issues

This is important 
because:

Working with stakeholders:

Runs inside an existing and widely used environment

Responds to previously listed issues



  

12. Limitations of the work presented

System presented is a prototype (limited availability of researcher's time).

Can't compete with 1000's of hours of professional development! 

Deals with one land use at a time (e.g. urban). 

No graphic interface (beyond that available in R)

Requires development.

   www.simlander.wordpress.com

Full system shortly available online at:



  

13: The R environment and its advantages.

A huge range of specialist statistical/analytical packages

Flexible command line maths operations

Ease of data handling (Dataframe operations, vectors, matrices etc)

Typical programming functions (conditions, loops, scripts)

Maps as data and vice versa (raster package).  

Extensive user support and documentation

Hardware/software requirements for SIMLANDER

Around 1 gig RAM, Ordinary desktop computer any operating system 
Any R version capable of running the following packages

Raster & dependencies (e.g. lattice)
aod
sp
SDMTools



  

14: Test study area: The Doñana natural area, South West Spain.
 
Urbanisation 1956-99 and future tendencies

Source: Google maps



  

How do we calculate the demand in R?

freq(ch56_99, value=1)

value  count

[1,]     0 255597

[2,]     1   6752

[3,]    NA 599750

    6752 cells allocated between 1956 and 
1999  a demand of 157 cells per year.

   Thus, at each time step, we need to 
locate 157 cells of urban land. 

   In this basic system, we 
work with a binary map 
with urban land (1), and 
non-urban land (0)

15: The model inside R  

Land use Demand

For the  
calibration we  
just use the 
number of cells 
occupied by 
each use at 
each date.

…..... for the calibration/validation dates



  

16: The neighbourhood rules

Only one land use so far, URBAN, so no competition

w <- 
matrix(c(0,0,50,0,0,0,50,250,50,0,50,250,500,250,50,0,5
0,250,50,0,0,0,50,0,0), nr=5,nc=5)

n <- focal(lu56, w=w) 

1. Generate a matrix of weights:

2. Apply a focal moving window using the filter to the initial 
map (lu56)

nhood <- cover(n, lu56)

3. Fill in unwanted NoData areas from the original map:



  

17: The neighbourhood rules

w <- 
matrix(c(0,0,50,0,0
,0,50,250,50,0,50,2
50,500,250,50,0,50,
250,50,0,0,0,50,0,0
), nr=5,nc=5)

Plot the map and see that 
existing urban areas have 
the highest potential to be 
urban in future iterations



  

18: Stochasticity
A skewed random distribution (Weibull), meaning that most values will be 

close to 1, giving slight random effects. No random effect = 1. 

x <-runif(862099) #because there are 862099 cells in the map
weibull <- 1+(-log(1-(x)))*exp(1/2)
#Gives a weibull distribution where weibull >= 1

random<-lu56 #just copying lu56 and calling it random
values(random)<-weibull #overwriting all the original values in 
lu56 with new random values

ranstudy <- mask(random, lu56) 
#all values NA in lu56 are set to NA, all other values to random

ranones <- ranstudy+(lu56*100000)  #add the random layer to the land 
use map multiplied by 100000 (could be any value higher than 1) 
#(In all non-urban areas, the random map = weibull, in all urban 
#areas, the map = weibull + 100000)  

fun3 <- function(x) { x[x>=100000] <- 1; return(x) }   #extract the 
#values where a random value has been added to an urban area, and set 
#them back to value "1".

ranfinal2 <- calc(ranones, fun3) #apply the function fun3

zoom(ranfinal2)   # zoom in to map where we can see that in the 
random map, the urban areas are now set to 1. 



  

19: Stochasticity

The city (in white) is set to 1 (unrandomized). Meaning that the transition potential (TP) 
in these areas will always be equal to  (N * A * S * Z). 

In all other areas, TP is equal to  (N * A * S * Z* random). Some cells may occasionally 
take high TP values

If NASZ is low, then urban areas may change, but they  will not change at random    



  

20: Accessibility
1. Calculate (or import from GIS) raster distance map showing distance from road 
network

roadsco <- reclassify(distroad,c(-Inf,100,1,100,300,0.9,300,800,0.8, 
800,1500,0.7,1500,2500,0.6,2500,5000,0.5,5000,8000,0.4,8000,10000,0.3
,10000,12000,0.2,12000,Inf,0.1))

distroad <- raster("distroad.asc")

This gives a reasonably dispersed 
distance effect with a halving distance of 
2.5km

2. Apply the accessibility equation: 

a
j
 = 1 + (D/δ

i
)-1

accessibility <- 1+((distroad/roadsco)^-1)

2. Create the accessibility influence map, giving smaller values to distances further 
away from roads

3. Plot

plot(accessibility)



  

21: Suitability

1. Derive a slope map from a digital terrain model inside GIS or using raster command 
“terrain” inside R. (in % or degrees)

2. Reclassify maps so that the lowest slopes are the most suitable (influence table) 

slope_suit <- 
reclassify(slope_null,c(-
Inf,0,1,0,5,0.9,5,10,0.8,10,15,0.5
,15,20,0.3,20,Inf,0.1))

plot(slope_suit)

3. Plot

4. Rename 

model_suitability <- slope_suit



  

0

1

22. Zoning

Two ways to incorporate this effect

1. As an area of NoData values in the map
(i.e. excluded from the model)

2. As Suitability, adding a map classified as 0 and 1

Where zero, TTP computation (NaαSZ) will always return 
zero for zoned areas. 

This requires an “if” condition to ensure that land use 
inside the zoned area does not disappear!

e.g. if zoning map = 0, new land use = existing land use 



  

SIMLANDeR model design 

1. T1 <- copy of lu56 
2. Begin loop to iterate 43 times 

---------- take T1 and apply nhood rules to create model-nhood 
-----------create random map, with urban filled as 1 and everything else 

randomised. 
-----------calculate TTP from N,A,S,α 
-----------extract values as TTP 

        -----------fill NA values with zeroes 
   Begin Loop 2 to iterate 157 times (annual demand). This could be left as 

"n", and filled by a demand query e.g. freq(change map) 
                   -------------take max from TTP, change to -9999 

   End Loop 
   all values not -9999 take value 0 
   replace -9999 with value 1 
   newchange <-  skeleton map lu56 with new values 
   T+1change <- newchange + T1 
   T1 <- T+1change <- replace all values in T+1change with 1 (urban) 

3. End Loop 
4. Print "finished after" & i & "transitions" 
5. simlu99 <- T1
END

23. Putting it all together



  

24. The Total Transition Potential (TP) computation: 

model_TTP <- 

(model_accessibility+1)*(model_suitability+

1)*(model_nhood+1)*(model_random+1)

    NB By adding 1 to the value of each 
model parameter, we avoid multiplying 
by zero. Lowest possible computable 
value = 1 



  

25: Calibration:

Making repeated runs of the model simulation of a known year, and assessing goodness 

of fit for each simulation against the known map.  

3 simulations of known date 1999:   

1, as described previously 

2, random factor enhanced by changing the scale parameter 
(exponent)

weibull <- 1+(-log(1-(x)))*exp(1/2)

weibull <- 1+(-log(1-(x)))*exp(0.9)

3, Reducing neighbourhood influence by a factor of 100:

w <- 
matrix(c(0,0,0.5,0,0,0,0.5,2.5,0.5,0,0.5,2.5,5,2.5,0.5,
0,0.5,2.5,0.5,0,0,0,0.5,0,0), nr=5,nc=5)

w <- 
matrix(c(0,0,50,0,0,0,50,250,50,0,50,250,500,250,50,0,50,250,5
0,0,0,0,50,0,0), nr=5,nc=5)



  

26: Urban growth 1956-1999 (real) 



  

27: Urban growth 1956-1999 (simulated) 



  

28: Simulation 3: step-by-step growth

Characteristics:  

Most new urban growth occurs 
around existing urban areas 

Nevertheless, some smaller 
urban patches seem to spring 
up spontaneously

Some linear dispersion 
suggesting influence of roads

New irrigation channels not 
modelled correctly - 

Might be better to remove them 
from the “urban” category and 
include them in the background 
layer or as networks to compute 
accessibility. 

Problems:

Seems realistic! 



  

Simulation Ksim characteristics

sim1 0.26 base

sim2 0.26 as base but with high random

sim3 0.25 as base but nhood/10

29: Goodness of fit. Cell by cell comparisons:

It was necessary to develop a map comparison algorithm for R, as existing tools 
were insufficient. 

Run in R, using a 
script written by 
Borja Moya 
-Gómez; will be 
packaged and 
made available to 
the community 
shortly. 

Kappa simulation statistic

-  A modified form of the kappa index of agreement (K), 
see Van Vliet et al (2011). 

Unmodified Kappa (K), why not?

- Use of unmodified kappa for assessment of goodness of fit between simulated and 
real maps not recommended (see Pontius and Millones 2011)

- Unmodified K statistic does not take into account persistence (areas of no change 
between the maps). 

Higher than 0.1 may be considered an acceptable result! 



  

The Fractal Dimension index -  a measure of irregularity or ruggedness of  
boundaries of fractal structures, such as urban areas or coastlines. The 
index lies between 1 (highly regular and 2 (highly irregular)  (see Mandlebrot 
1967, Batty and Longley 1987)

Very irregular city boundaries may be associated with sprawling or scattered  
development & provide a means of comparing simulated cities with real cities 

30: Goodness of fit. Pattern and structure

A higher fractal dimension index may indicates a more dispersed (sprawling) pattern 

Fractal dimension index, all simulations: 

map Fractal dimension

1956 real 1.72

1999 real 1.73

2007 real 1.73

Sim1 1999 1.53

Sim2 1999 1.53

Sim3 1999 1.56

Sim3 lu2050 1.63

Simulations show more 
regularity than real 
maps...

Remedy?
more randomness, stronger 
accessibility

install SDMTools:

install.packages("SDMTools")

ps.data = PatchStat(lu56)



  

Business as Usual in 2050: step-by-step growth



  

Future work:

Make the full script available at http://simlander.wordpress.com/

Add capability to model multiple land uses

Apply to modelling urban growth in Andalusia (in WP3 & WP6 of COMPLEX)

http://www.complex.ac.uk/

COMPLEX FP7 – complexity in low carbon energy systems, 
climate change and land use up to 2050



  

Thank you!

Please visit: http://simlander.wordpress.com/ in the near future

Co-authors:
 
Borja Moya-Gómez, Madrid Complutense University 

Jaime Díaz-Pacheco, Madrid Complutense University  

richardjhewitt@hushmail.com

Please feel free to contact me: 

http://simlander.wordpress.com/
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