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Abstract: The paper presents the application of theoretical concepts and methodology of land use modelling
on prediction of future development of territory. The chosen approach is to replicate the urban growth dyna-
mics of medium-size city region in the form of a simulation model and to predict alternative scenarios of future
land use pattern. The concept, implementation and validation of the simulation model are briefly discussed.
The Kappa, Fuzzy Kappa and Fractal dimension measures indicate the correspondence of the simulation mo-
del with the alternative random model and with the observation of real land use patterns. While the simulation
model outperforms the alternative random model in the location of family houses and recreation houses, its
predictions still have weak correspondence for multi-family houses and region-scale retail facilities with the
observed land uses. The paper presents presumable causes of the inaccuracy of location predictions and pro-
poses several possibilities for improving the model.
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INTRODUCTION

Land use planning has a significant long-term impact on the social, environ-
mental and economic aspects of the future development of the living environ-
ment. Only recently the impact assessment of planning proposals have become
an obligatory and integral part of the planning process and associated docu-
mentation. New national legislation in the Czech Republic in the field of spatial
planning and management adopted European Directive 2001/42/EC on the ef-
fects of certain plans and programmes on the environment that prescribes the
obligatory impact assessment of policies, concepts and plans on the sustainable
development of the environment. It is assumed that new legal requirements will
stimulate a demand for predictions of land use development and for assessment
of its impact on various aspects of the living environment. The urban simulation
models are one of several ways of meeting these requirements.

The theoretical background for urban simulation modelling has been devel-
oped over the last five decades on the basis of Alonso’s (Alonso 1964) and Mill’s
Urban Land Market simulation models (Wilson 1974, Barra 1989), Lowry’s
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interaction based models, Wingo’s entropy-based models (Wilson 1974), For-
rester’s Urban Dynamics model (Forrester 1969) and Stocks and Flows urban
models (Wilson 1974). The latest modelling approaches focus on the decision-
making of individual agents such as households, companies or developers. En-
vironmental change is considered as the emergent outcome of many individual
choices made in constrained circumstances (Waddell 2002; Allen 2004; Barra
1989; Briassoulis 2000).

The paper presents the application of theoretical concepts and methodology
of land use modelling in the prediction of future development of terrain. The
approach chosen aims to replicate the urban growth dynamics of a medium-size
city region in the form of a simulation model and to predict alternative scenarios
for future land use pattern. The concept, implementation, outcomes and valida-
tion of the simulation model are briefly discussed in the following sections.

BASIC CONCEPTS OF THE SIMULATION MODEL

The simulation model presented was inspired by the concept of Lowry’s
well-known model that considers population concentration as the major attractor
for the localization of secondary economy activities (Wilson 1974; Barra 1989).

The proposed model first distributes the demand for specific land uses by
locating and relocating individual households. Factors such as access to public
infrastructure and services, proximity to natural elements and adjacency of other
land uses influences the population growth potential of particular localities. The
attractivity of the living environment, together with the vacancy rate of housing
stock and the housing type preferences of the population determine the demand
for residential land uses. The distribution of the population in space successively
creates opportunities for the location of small-scale mixed retail activities and
services as well as region-scale retail centres. The basic modelling cycle runs
through the following steps (Vorel 2007; Maier 2007; Grill 2008):

1. Initiation of the model by base year data and parameters of simulated sce-
nario.

2. Determination of cells attractivities for location of residential land uses.

3. Households and housing stock allocation based on cell attractivities.

4. Allocation of retail and mixed land-uses with regards to spatial distribution
of population.

5. Actualization of variables and starting next cycle at step 2.

6. If end of simulation period a assessment of scenario.
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ESTIMATION OF LOCATION ATTRACTIVITY
FOR RESIDENTIAL USE

The relation between the land use drivers and resulting land use changes is
established by the Multi-Nominal Logistic model:
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The Multi-Nominal Logistic (MNL) model measures the probabilities that
the calculated cell will realize one of the predefined category j that belongs
to the set of land use transformations j €(1..J). The probability of a particular
transformation j depends on utility improvement Uj, obtained by land use trans-
formation. The utility function Uj has linear form and consists of £ €(1..K).
environmental characteristics xk that are specific to each cell but invariant for
all categories of land use transformation and /3jk parameters that are constant for
all cells but specific to each land use transformation category.

The model represents land uses in the form of orthogonal cellular space with
the size of cell being 75 x 75 m. As the data directly describing the land uses
are not available, the land uses are derived from data on uses of buildings. The
Register of Buildings, maintained by the Czech Statistical Office (CZSO, 2010)
contains data on use, age and number of floors of buildings in several time pe-
riods. The land-use of a particular cell is therefore determined by the use of the
buildings that are located within the cell. Generally the most frequent building
use determines the use of the cell. The land use changes are derived for the peri-
ods: 1961, 1981, 1991, 1996 and 2008.

The overview of several land use model applications and the vast amount of
theoretical publications on land use change have resulted in establishing a pre-
liminary set of land use change drivers:

a. externalities stemming from adjacency of different land uses,
b. intrinsic physical properties of each cell,
c. accessibility of transport infrastructure (Henderson 2004; Nijkamp 1986;

Briassoulis 2000; EPA 2000; Beran 2005; Vorel 2007).
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The concept of urban centres serves as a compound variable representing the
concentration of cultural, educational, health care and sport facilities. The single
compound variable is preferred to several individual variables due to strong spa-
tial correlation among individual variables. Municipalities hosting between 14
and 49 public facilities were identified as the urban centres of local importance
and municipalities with more than 49 public facilities were considered as urban
centres of micro-regional importance.

To calculate the probabilities, first the f§j parameters of utility function Uj
must be estimated by using the maximum-likelihood estimation technique. It
is necessary to estimate the f3j parameters for each k-th independent variable xk
and each land use transformation category j €(1..J). The ¢ parameters (logits)
of the Multi-Nominal Logistic model represents the change in odds of the prob-
ability of a particular land use change type j that is caused by a one-unit change
in the independent variable xk, where j = 0 stands for change from un-built
land to apartment houses and j = 1 stands for change from un-built land to fam-
ily houses. The change of land use from non-built land to individual recreation
houses j = 2 is the reference category. When f35j > 0 (¢¥ > 1) then the dependent
variable j will be more probable, when f3j < 0 (¢ < 1) than the opposite is true.
When f3j = 0 (¢ = 1) then the independent variable does not have any impact on
the behaviour of the dependent variable.

Table 1. The ¢f parameters (logits) of the Multi-Nominal Logistic model

4 B
index k independent variables xk e for e for

j=0 j=1
0 distance to forest 3,255 1,707
1 distance to motorway slip-roads 1,083 1,239
2 road distance to urban centres of |. category 1,269 1,322
3 distance to road class I, [l and ll| 0,895 0,881
4 distance to river 1,379 1,460
5 number of public facilities land-use cells in neighbourhood 2,849 0,961
6 number of apartment houses land-use cells in neighbourhood 5,179 2,617
7 number of family houses land-use cells in neighbourhood 1,178 2,170
8 number of recreation houses land-use cells in neighbourhood 0,850 0,306
9 number of mixed land-use cells in neighbourhood 2,919 1,801

The MNL model calculates the probability of land use transition from non-
urban use to family residences, apartment houses and individual recreation. The
resulting probabilities make it possible to predict the distribution of households
in particular localities.
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Fig. 1

POPULATION AND HOUSING STOCK ALLOCATION

The changes in the size of existing households induce the relocation of the
inner-region population.

New population coming from outside the region and the population relocat-
ing inside the region form new households of an a priori specified size. In the
case of overall decline in number of households, the households are de-allocated
from the least attractive cells.

New households are successively allocated to cells with the highest attractiv-
ity with regards to their housing type preferences. Actual local vacancy rate in a
neighbourhood is decisive for the decision whether to allocate new households
into existing housing stock or to annex un-built land for construction of new
houses.
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LOCATION OF MIXED LAND USES

If the local population increase is big enough to economically sustain an
extension of basic services, then the cells with residential use which at the same
time have the highest accessibility to the local population are transformed to
mixed land use. The number of residential cells to be transformed into mixed
land uses is defined by the number of habitants, the per capita expenditure and
the productivity of retail units. The origin-based interaction model is used for the
derivation of attractivities of cells:

L —Bd;;

PLoX, Nt ®

Pt —  attractivity of the cell 7 for location of mixed land use,
—  index of calculated cell,
j  — index of cells of residential land use in basic statistical unit (neigh-
bourhood),

Ni — number of habitants living in cell j of residential land use,
S —  distance decay parameter,
dij —  distance between cells i and J,
Bi —  Dbasic statistical unit (neighbourhood) of the cell i.

Fig. 1. Example of one of three probability maps showing the cell attractivity for households
that prefer to live in family houses

LOCALIZATION OF REGIONAL SCALE RETAIL SERVICES

Large scale retail facilities have a specific localization behaviour. Cell attrac-
tivity is calculated using the origin-based interaction model, taking into consid-
eration the population of the whole modelled region.

R -Pd;
PR=Y  Njre™ @
Pi® —  attractivity of the cell i for location of regional scale retail services,
— index of calculated cell,
j =  index of cells of residential land use,
Ni — number of habitants living in the cell j of residential land use,
S —  distance decay parameter,

dij —  distance between the cells i and j,
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Fig. 3. Mechanism of de-allocation of existing households and formation of new households.
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Fig. 4. Mechanism of allocation of new households

the area of micro-region (whole modelled territory).

The principle of economy of scale causes that regional retail premises usu-

ally occupy clusters of several adjacent cells. The model uses the adjacent cells’
attractivities as positive feedback amplifying the attractivity of the calculated
cell. The resulting attractivity (clustered attractivity) equals the product of the
attractivities of the cells in immediate contact:

Pi¢

Si
by
Pi

c R
P =P *I—L‘esi Pj ®)

clustered attractivity of cell i,

index of calculated cell,

index of cells of residential land use,

the neighbourhood of directly adjacent cells to cell i,
attractivity of the cell /,

attractivity of the cell i.

The total amount of allocated regional scale retail services is proportional to

the changes in the size of the population in the modelled region.
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MODEL VALIDITY

The validity of the model is measured by a comparison of the model outcome
with the outcome of an alternative (reference) model and with observed land
uses. The accuracy of fit indicates to what extent the output of the model corre-
sponds to the observations. A random model was chosen as the reference model.
It was generated using the Random Constrained Match of Map Comparison Kit
software tool (RIKS, 2005). The random model randomly allocates the amount
of land use categories that is identical with the tested model. The validity of the
simulation model is considered as confirmed in the case where the accuracy of
fit of the random model is less than that of the simulation model.

Three accuracy of fit measures were used:

» Kappa statistics,

* Fuzzy Kappa statistics,

* Fractal dimension.

The Kappa statistics assess the pixel by pixel similarity of two maps depict-
ing observed or simulated land uses. The Fuzzy Kappa statistics express the
degree of match between particular cell land uses. In the case of a perfect loca-
tion match of the cells’ land use the Fuzzy Kappa statistics equal one, in the case
of the displacement of cell land use the statistics are calculated by the distance
decay function (in this case the exponential decay, halving distance by 2 and the
radius of a neighbourhood equal to 10 were used).

The Fractal dimension is an indicator of the shape complexity of land use
patches. Values close to one represent a simple and smooth shape of the patch
border, whereas values close to two represent more complex and convoluted
shapes of patch border (RIKS 2005; Jasper 2006).

THE RESULTS AND DISCUSSION

The f5j parameters of the households allocation model were estimated using
the land-use data in the years of 1981 and 1991. The model was then used to
simulate the residential land use allocation in the same time period, and the land
uses predicted by the simulation model for 1991 and the output of the random
model were compared with the observed land uses in the same year.

The following table presents a comparison of the simulation model and the
random model (in brackets) with the observed land uses based on the Kappa
and Fuzzy Kappa measures. The last column presents the Fractal dimension of
simulated and observed land use patterns. The land uses already existing before
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1981, as well as more recent land use changes in the period of 1981-1991, were

included in the comparison.

Table 2. Comparison of resulting pattern utilizing the accuracy of fit measures

Fractal dimension

Land use categories Kappa Fuzzy Kappa (observed/simula-
ted pattern)
Family houses 0,944 0,974 1,485/ 1,483
Multi-family houses 0,689 0,765 1,653/ 1,604
Recreation houses 0,755 0,825 1,587 /1,616
Mixed land uses 0,306 0,429 1,704 /1,710
Regional scale retail services 0,462 0,468 1,512 /1,983

Both the Kappa and Fuzzy Kappa measures indicate that the model has the
best fit in the case of family houses’ location and medium fit in the case of multi-
family houses’ and recreation houses’ locations.

The poor prediction in the case of mixed land use can be partly explained
by the lower number of land uses distributed by the model as a result of the un-
derestimated variables of per capita expenditure and productivity of retail unit
variables.

The emergence of the planned and deliberately concentrated development
of large-scale retail services as well as of multi-family houses is very difficult
to assess by means of statistics. The main reason is the small number of ob-
served land use changes during the calibration period and the low variation of
factors causing land use changes. One possible solution would be to overcome

Fig. 5. Visual comparison of simulated (picture on left) and observed (picture on right)
conversions from un-built land to residential land use of family houses from 1981 to 1991
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the lack of observations by an extension of the study area, as the localization
preferences of retail services and multi-family houses are expected to be similar
across regions. But generally, it is becoming more and more obvious that the
employment of the Multi-Nominal Logistic model is not appropriate in the situ-
ation of arbitrary decision making on the placement of large-scale, concentrated
development, be it housing estates, industrial or public facilities. Even much
more complex simulation models such as UrbanSim, leave the arbitrary location
of big development project as exogenous to the model.

The Fractal dimension is an indicator of the shape complexity of patches of
the same category of land uses. The relatively higher Fractal dimension of the
predicted land use pattern compared to the observed land use pattern indicates
the tendency of the simulation to produce fragmented patterns. The strips of
individual recreation land uses stretched alongside a river or the ribbon like
structures of big retail shopping centres alongside main roads are attached to
their linear attractors and lack any strong mutual integration forces. In the case
of family houses the behaviour of the simulation model is opposite. The land
uses are allocated adjacently to existing clusters, resulting in a pattern of more
compact patches.

The performance of the simulation model is usually compared with alterna-
tive models, in this case with the random model.

Table 3. Fit between simulated and observed land uses in the case of the simulation
and random models

Land use transformation Simulation model Random model
Jj = 0(from non-built to family housing) 0,137 0,012
j = 1(from non-built to apartment housing) 0,069 0,002
j = 2(from non-built to individual recreation) 0,047 0,012
From non-built to mixed use 0,043 0,013

The Fuzzy Kappa measure shows that the simulation model outperforms the
random model with regards to all land use transformation types.

CONCLUSION

The presented accuracy of fit measures proved useful in validating the land
use simulation models.

The validation test failed in the case of multi-family houses prediction and
region-scale retail services. The approach based on a statistical analysis seems
inappropriate due to the low frequency of observed land use changes. The ex-
tension of the analysed territory could possibly bring a sufficient amount of the
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required data. A further improvement could be attained by building an individual
MNL model for each of the above-mentioned land use categories with individual
sets of independent variables that prove significant with regards to that specific
land use category. On the other hand, the prediction of land use changes for fam-
ily houses and recreation houses was verified with respect to land use match and
shape complexity.

The simulation model was validated with regards to the randomized model,
but the fit to observed land uses is still rather weak. One possible improvement
in prediction could be made by using the presented accuracy-of-fit measures not
only for the finalized model’s validation, but for model calibration as well.
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OPARTY NA SCENARIUSZU MODEL SYMULACJI
ZAGOSPODAROWANIA PRZESTRZENNEGO

Streszczenie

W niniejszym artykule przedstawiamy zastosowanie koncepcji teoretycz-
nych oraz metodologii modelowania zagospodarowania przestrzennego w opar-
ciu o przewidywany przyszty rozwdj danego terytorium. Postanowili§my po-
wtorzy¢ dynamike urbanizacji $§redniej wielkosci regionu miejskiego w formie
modelu symulacyjnego oraz przewidzie¢ alternatywne scenariusze przyszilych
wzorcow zagospodarowania przestrzennego. Pokrotce omawiamy tez koncep-
cje, wdrozenie 1 zatwierdzenie modelu symulacyjnego. Wskazniki wymiarow
Kappa, Fuzzy Kappa i Fraktal wskazuja na powigzanie modelu symulacyjnego
z alternatywnym modelem losowym oraz obserwacjg faktycznych wzorcow za-
gospodarowania przestrzennego. O ile model symulacyjny sprawdza si¢ lepiej
od alternatywnego modelu losowego w przypadku budownictwa rodzinnego
1 wypoczynkowego, tworzone w jego ramach prognozy nadal maja staby zwia-
zek z budownictwem wielorodzinnym oraz regionalnymi punktami sprzedazy
detalicznej w przypadku obserwowanego zagospodarowania przestrzennego.
W artykule przedstawiamy przypuszczalne powody niescistosci prognoz oraz
proponujemy kilka mozliwos$ci usprawnienia modelu.



