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Abstract

We present a flexible and easy to use genetic algorithm-based library for optimising the spatial configurations of land-use. LUPOlib, the
Land-Use Pattern Optimisation-library, can be applied to a variety of spatial planning problems to derive target-driven scenarios that identify
trade-offs between conflicting objectives and solve optimum allocation problems (e.g. allocation of reserve sites or management actions). A
major novelty is that spatial changes are performed according to a patch topology that allows to simultaneously integrate changes of different
landscape elements (e.g. in agricultural fields and linear changes along corridors). The objective function evaluation is based on a grid repre-
sentation of the landscape where neighbourhood dependencies like lateral flows or the landscape pattern can explicitly be considered. A param-
eter file allows the user to control the optimisation, the modelled land-use changes, objective weightings and constraints as well as input data.
Only the case study-specific objective function needs to be specified in the source code. LUPOIib has been applied so far in two case studies to
find optimum trade-offs between habitat requirements of three different bird species and to analyse cost-effectiveness of management actions for
species conservation. The results suggest that LUPOIib can be a useful tool to support management decisions. It could be used as an extension to

a GIS and for spatially explicit decision support tools.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last few decades the potentials of spatial optimisation
in the field of conservation management were discovered. Var-
ious software packages have been developed that apply spatial
optimisation for finding optimum allocations for reserve sites
(e.g. C-Plan by Pressey, Ferrier and Watts, Finkel, 1998;
SITES/SPOT/MARXAN, Ball and Possingham, 2000). In this
paper we present LUPOIlib — Land-Use Pattern Optimisation
library, a generic library for grid-based optimisation of spatial
landscape configurations with respect to a user-defined optimi-
sation goal. LUPOIib can be applied to a variety of spatial
planning problems (e.g. finding trade-off between ecological
and economic objectives, optimum allocation of management
actions, reserve sites or roads). Like most programs dealing
with complex spatial optimisation problems LUPOIib utilises
a meta-heuristic search algorithm — a genetic algorithm by
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Wall (1996). This optimisation algorithm approaches a global
optimum solution in an iterative directed search (Goldberg,
1989). LUPOIlib utilises a steady-state genetic algorithm
with one-point crossover and flip-mutation as genetic opera-
tors. One innovative feature is that changes are performed
based on a user-defined patch topology that allows an integra-
tion of two different types of land-use changes (e.g. areal and
linear). Land use in designated patches (of areas or lines) is
changeable, whereas the remaining landscape persists. Within
the optimisation the patch topology is represented by two one-
dimensional integer arrays (one for areal patches and one for
line patches). However, for evaluating the goal function the
landscape representation is transformed into a two-dimen-
sional grid. This allows to explicitly consider neighbour-
hood-dependencies (e.g. for evaluating habitat suitability,
landscape metrics or lateral flows of water and nutrients).
The objective function needs to be specified by the user to
solve a designated spatial optimisation problem. Up to now,
the library was applied in two case studies to find optimum
land-use patterns with respect to different bird species in par-
allel and to analyse cost-effectiveness of management actions
for species conservation.

2. Description of LUPOIib

LUPOIib is a C/C++ library for the spatial optimisation of
spatial land-use patterns. It integrates the C++ library for ge-
netic algorithms GALib (Wall, 1996) and provides an interface
between the genetic algorithm and the subject of the optimisa-
tion, the spatially explicit landscape. LUPOIlib includes func-
tions for reading and writing raster maps, the definition of
the landscape representation, algorithms for deriving a user-
defined patch topology, for calculating landscape metrics,
query functions and a function for applying the optimisation.
It operates based on a regular grid M, M = {(x,y)[Xmin < X
< Xmax; Ymin < Y < ymax;xminaxyxmax;yminaY7ymax€IN}

Each grid cell may have different attributes z that either de-
pend on its location (x,y), i.e. z=f{(x,y) or on the characteris-
tics of neighbouring cells Ny, i.e. z=f(Ny ), Nvy CM.
For example, z; denotes the land use at location (x,y) in the
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raster land-use map U. To decrease the computational effort
and consider that land-use changes are made in certain deci-
sion units (e.g. agricultural fields), LUPOIib transforms the
grid into a patch topology. Land-use patches that are poten-
tially subject to change are defined as area units; line units
are defined as potential locations for linear land-use changes
(e.g. planting of hedges). Linear changes might be relevant
to support certain landscape functions (e.g. habitat suitability,
erosion and biocontrol). Grid cells of area and line units are
changed en bloc, as they are assumed to be managed as entire
units. Area and line units are identified by unique ID’s (Fig. 1).
LUPOIib allows deriving ID-maps from U according to user-
specified parameters.

The general optimisation task of LUPOIib is to maximise
an objective value J by finding an optimum land-use pattern
for the units that are modifiable. Thus, U should be identified
such that J(U) — max. Interactions between neighbouring
cells can be considered making J dependent on z that itself de-
pendents on N, . The objective function can consist of sev-
eral objectives that may be weighted to integrate objectives
with different units and to specify the relevance of each of
the objectives (e.g. habitat suitabilities for different species
and costs for changes). One or more constraints can be set
(e.g. a budget that limits admissible changes). The objective
function allows the incorporation of functions provided by
LUPOIib, user-defined functions and even system calls for ex-
ternal programs can be integrated to allow a coupling to exist-
ing models.

3. Application of LUPOlib
3.1. Input data

A land-use map U is needed as input map in Arc ASCII ras-
ter-format. ID-maps that identify decision units for the optimi-
sation can either be derived from U by LUPOIib or read in as
pre-processed ASCII raster-files (e.g. to exclude protected
areas from changes). Likewise, further input maps that are
needed to evaluate the objective function can be read in.
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Fig. 1. LUPOIib patch topology: area units and line units are identified in an area- and line-ID map, respectively. Patches of crop- and grassland are assigned to area
units; urban areas and roads are excluded from land-use changes. Edge cells of crop- and grassland are assigned to five different line units according to the bor-

dering land-use types.
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3.2. Parameter file

A parameter file allows the user to control the genetic algo-
rithm, the possibilities and constraints for land-use change and
the derivation of area and line units. Furthermore, input maps
are identified and weightings and constraints for the goal func-
tion can be defined (Table 1).

3.3. Definition of the objective function

The definition of the objective function sets the optimisa-
tion goal. It is problem-specific and thus to be coded by the
user. After modification of the objective function the program
has to be recompiled. The pseudo-code below shows an exam-
ple of an objective function to maximise timber harvest profit,
while minimising habitat fragmentation given a maximum
harvest area defined in a constraint. A weighting is incorpo-
rated to allow for an integration of the two objectives

Table 1
Example parameter file (*see Wall (1996) for documentation of GA
parameters)

Parameters Values Description

PAU 0.5 Probability for random
initialisation of area units

pLU 0.1 Probability for random
initialisation of line units

popSize 20 Population size*

pCross 0.6 Crossover probability*

pMut 0.01 Mutation probability*

pRepl 0.25 Probability of replacement*

nGen 100 Maximum number of
generations*

pConv 0.99 Convergence criterion™

nConv 100 Convergence parameter®

alleleset_area 4910; Changeable land-use types

alleleset_line 7; Linear changes can be made to

types

No changes are performed to
these types

No linear changes on these
types

No linear changes bordering to
these types

area_change_except 4 10;

line_change_except 8 9;

line_edge_except 89;

AREA_IDMAP create Create area-ID map
areaID_cat 410; Assign ID’s to patches of these
land-use types
neighbourhood 4 Consider 4 nearest neighbours
min_area 1600 Exclude area units <1600 m>

LINE_IDMAP line_TIdmap Filename of preprocessed
line-ID map

Derive line-ID’s for edge-cells
of these categories

No line-ID’s for cells

bordering to these categories

lineID_cat i

lineID_except ;

min_length 0 Exclude line units < 0 m
weightings 0.5; Weightings for objective
function evaluation
constraints 800; Constraints for objective
function evaluation
landusemap landuse Filename of input land-use map
inputmaps forest_age Filename of input map for

objective evaluation

(objl, obj2). It applies a user-defined function (getHar-
vestProfit ()) and two functions provided by LUPOIlib
(getArea (), getEdgeDensity()).

float
objective (landusemap, inputmap,
weighting, constraint) {
float J=0.000; //objective function value
float obj1=0.000;
float 0bj2=0.000;
float con=0.000;
//harvested area in landusemap:
con =getArea (landusemap, harvest) ;
if (con <= constraint) {
//harvest profit in landusemap calculated
//based on input map ‘'forest_age’ (see
Table 1) :
objl =getHarvestProfit (landusemap,
inputmap) ;
//edge density of habitat in landusemap:
obj2 = getEdgeDensity (landusemap,
habitat) ;
//maximise harvest profit, while
minimising habitat fragmentation:
J=weilghting*objl - obj2;
}
return(J) ;

}

A variety of other functions are provided in LUPOIib for cal-
culating different landscape metrics for the whole landscape
subset and within a certain radius around a grid cell (e.g.
edge density, patch cohesion and largest patch index). All
landscape metrics are calculated according to McGarigal
et al. (2002). They can be useful, when the optimisation task
is to minimise fragmentation or to maximise habitat suitability
for species that respond to landscape structure on a territorial
scale (Holzkidmper et al., 2006).

3.4. Output data

The optimisation algorithm terminates either if the speci-
fied convergence criterion or the maximum number of itera-
tions is reached. As model output LUPOIib stores the
optimised land-use map in Arc ASCII raster format and
a text file with the highest objective values in all processed it-
erations. ID-maps derived by LUPOIlib are also stored with
output data.

4. Case studies

LUPOIib has been applied in two different studies so far
(Holzk@mper et al., 2006; Holzkdmper and Seppelt, 2007).
The first one dealt with optimising land-use patterns with
respect to habitat suitability for three bird species with
contrasting habitat requirements. It was investigated where
habitat requirements oppose, where they coincide and which
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management actions improve habitat suitability for all three
species. In a second study, LUPOIib was applied with an eco-
logical-economic goal function to analyse cost-effectiveness
of conservation management actions for different bird species
on a regional scale by deriving general patterns of Pareto-
optimality. These examples demonstrate that LUPOIlib can
be used to find trade-offs between conflicting management
objectives and cost-effective opportunities for ecological
improvement.

5. Conclusions and recommendations

Applying a patch topology within the optimisation pro-
duced reasonable land-use patterns, as the units of change cor-
respond to the land-use parcels on which decisions are made in
reality. LUPOIib can be a useful tool to support conservation
management decisions. The library is very flexible and could
easily be applied for analysing a variety of other management
actions (e.g. concerning land-use intensity or cultivation
methods) on different spatial scales with different spatially ref-
erenced goal functions (e.g. biodiversity, erosion and leaching
of nutrients). Thus, integrated models for decision support,
like the ones of Berlekamp et al. (2007) and Dragan et al.
(2003), that usually apply scenario analysis could be extended
by LUPOIib to create target-driven scenarios. Furthermore, the
library might also be incorporated in a GIS such as GRASS.
The possibility to integrate areal and linear changes is a major
advantage as it allows for optimising the pattern of different
landscape elements simultaneously. The program reads and
writes maps in Arc ASCII raster format, which is supported
by many GIS (e.g. ArcGIS/ArcView and GRASS). It is

interoperable, running under Windows and Linux and can eas-
ily be used in batch mode.
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