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Contemporary spatial analysis and simulation of the 
settlement development of the Dresden city region 
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Abstract 

Spatial analysis and simulation is an essential part of plan-making. This article gives first 
some results of the application of a methodology developed by the author to analyse the 
urban form (spatial configuration of the land-use) of the Dresden city region. Using the 
geographical information system (GIS) ARC/INFO the author computed several metrics 
such as jaggedness degree, fractal dimension, gravitation measure, relative entropy, and 
density gradient to measure the degree of urban sprawl and identify the changes of his-
torical land-use patterns of the Dresden city region for the years 1880, 1900, 1940, 1953, 
1968, 1986, and 1998. The results indicate that contemporary urban growth is character-
ised by dispersal and decentralised patterns. Today, there are many debates on how to 
confine urban sprawl and conserve agricultural land and other important environmentally 
sensitive areas. Therefore the author linked the spatial analysis to dynamic urban model-
ling and developed a multi-layer cellular automata (CA) model to simulate different 
types of urban forms. This model is one of a new generation of urban simulation models 
designed underlying of the spatial analysis to help planners create and compare alterna-
tive land-use policies: compact monocentric development, decentralized concentration, 
dispersed development. 

1. Introduction 

The planning of urban form will be central to the promotion of sustainable develop-
ment (Breheny 1996). A particular issue is to pin-point and provide procedures for 
the design of optimal forms. Spatial analysis of urban development is important for 
land-use planning and urban research. Doxiadis (1968) asserted that “we can only 
learn about settlements from the settlements themselves”. Urban planners and re-
searchers are concerned with the change in shape, size, and spatial configuration of 
the land-use (urban form). The measurement of urban form allows insight into the 
relationship between urban form and process. In the project “Long-term study of 
cumulative environmental impacts due to changes of land-use” in the research area 
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“Strategies and tools for resource-conscious land-use” at the Institute for Ecological 
and Regional Development, methods are to developed and applied in case-study 
Dresden city region by means of which changes in land-use can be described in 
qualitative and quantitative, spatial and chronological terms. A digital database and 
geographical information system were assembled to support the animation, spatial 
analysis, and modelling of urban land transformations for the Dresden city region. 
Historical maps were scanned and converted into digital images using to generate 
digital maps of land-use of the Dresden city region for the years 1880, 1900, 1940, 
1953, 1968, 1986, and 1998 by digitising (see Meinel et al. 1999-2000, Neumann 
2002, Winkler 2001, Witschas 2002). The spatial analysis and the CA simulation 
model reported here was conducted and developed as part of this project. 

2. A contemporary methodology to urban spatial analysis and 
application for the Dresden city region 

Today, there are a wide interest and need to measure and analyse geometric forms 
for understanding spatial patterns and processes. Compactness can be used in land-
use planning to reduce spatial inefficiency. Urban compaction is the opposite to the 
urban sprawl which is the scattering of new development on isolated tracts, sepa-
rated from other areas by vacant land. Urban sprawl has been criticised for ineffi-
cient use of land resources and energy and large-scale encroachment on agricultural 
land. However, there is a general lack of good indicators to measure and monitoring 
urban sprawl. Therefore the author developed a set of indicators for capturing the 
characteristics of urban sprawl based on fractal geometry, entropy and gravitation 
approach.  

2.1 The jaggedness degree 

Current literature in geography and landscape ecology defines usually the compact-
ness of an object as a numerical representation describing how far an object deviates 
from a standard shape, a circle or square. For any circle, the following relationship 
holds: Perimeter/SQRT(Area) = 2 * SQRT(π). This relationship inspires us to use a 
ratio of the total edge length P to the square root of the total area of all individual 
settlement areas A for the measurement of the compactness of urban patterns. The 
author defined the jaggedness degree as follows (see Arlt et al. 2001, pp 20): 

A2
PreedegJaggedness
π

=  



 255

2.2 Area-perimeter fractal dimension 

For perimeter p and area a of any square or circle, the following relationships exist 

a = p²/16 for any square and a = p²/(4π) for any circle. 

By generalising these relationships for a shape of any form, we obtain the relation-
ship 

a = α pD 

Whereby α is called the constant of proportionality, and D fractal dimension of the 
shape. The value of D ranges from 1 to 2 (D = 2 for a circle or square). Applying the 
natural logarithm function for both sides of the equation yields 

ln(a) = D ln(p) + ln(α). 

Referring this equation, the fractal dimension of the settlement pattern of a city re-
gion can be determined as following: The natural logarithm of area is regressed 
against the natural logarithm of perimeter for all settlement areas of the city region, 
and the fractal dimension is estimated as the slope of the regression. 

Figure 1 
Two types of buffer zones (around the city centre and roads)  

2.3 Radial fractal dimension 

The jaggedness degree, and the area-perimeter fractal dimension, have the consider-
able drawback of not recording spatial distances between individual settlement areas 
and hence of not being able to mirror the varying degrees of dispersion in urban 
structures (they have limitations in capturing the characteristics of urban sprawl). It 
is accordingly necessary to develop new measuring urban compactness. An idea to 
record spatial distances is dividing the urban pattern into a number of circular zones 
with the common centre in the city centre (see fig. 1). The settlement area S(r) 
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within any circular zone with the distance r from the city centre is less than Br². If 
the urban pattern would have exactly the form of a circle, then would be S(r) = Br². 
Therefore we can assume the following relationship 

S(r) = $ rD or ln(S(r)) = D ln(r) + ln($) (0 < D # 2). 

Thus we can estimate the radial fractal dimension D by a regression analysis. D 
measures the extent to which the urban pattern fills the 2-dimensional space avail-
able to it. 

2.4 Centre oriented entropy 

A further idea is to capture the density and spatial distance into a measure and to use 
the entropy to measure the extent of urban sprawl. First we create the equivalent cir-
cle with the centre in the centre of the urban pattern. The buffer function of a GIS 
can be used to create buffers or zones from the centre or roads of the urban pattern 
(fig. 1), and the density of land development in each of these buffer zones can be 
used to calculate the entropy. We denote the density of land development in the 
equivalent circle with d0, the density of the buffer zone n with dn. From these densi-
ties the relative proportions are derived: 

.n)1(0i
d...dd

dq
n10

i
i =

+++
=  

If the total settlement surface of the urban pattern would lie exactly in the equivalent 
circle (the most compact form), thus would be d0 = 1 and di = 0 i.e., q0 = 1 and qi = 0 
(i = 1(1)n). For the case of extremely dispersed form d0 = d1 = … = dn+1 we have qi = 
1/(n + 1) (i=0(1)n). The more strongly the di /qi with increasing i decrease, the more 
strongly the urban pattern concentrates around the centre. Therefore it is intuitive to 
use an entropy measure as compactness measure: 

∑
=

+−=
n

0i
ii )1nln(/)qln(qH  

The value of H ranges from 0 to 1 (H = 0 the most compact form, H = 1 the ex-
tremely dispersed form). 

2.5 Roads oriented entropy 

In order to compare the urban land use change with the model of ribbon develop-
ment, the author suggests following modification of buffering: using the buffer func-
tion of a GIS we create (n + 1) buffer zones around the main roads of the city region. 
The first buffer zone must have the same area as the entire settlement area of the city 
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region. For these buffer zones we can calculate similar to like above the entropy to 
measure the degree of urban sprawl and monitor its change with time. 

2.6 Gravitation measure 

A square raster network on a 500 x 500m grid is placed on top of the urban pattern. 
The settlement area in each grid cell is quantified. Subsequently, abstraction to raster 
cells containing more than 5 m² of settlement is effected. N is taken to be the total 
number of all such raster cells. To an extent, the figure N indicates a city’s territorial 
size. For each pair of raster cells i and j (i = 1 (1) N-1, j = i+1 (1) N) with settlement 
areas Zi and Zj, the reciprocal power of attraction is computed by analogy with the 
law of gravitation in order to capture the density as well as spatial distance 

A(i,j) = 1/c * Zi * Zj / d²(i,j) 

with d(i,j) representing the Euclidean distance between centres of cells i and j and c 
= 100 m² being a proportionality factor (A(i,j) is rendered non-dimensional through 
c). The mean value in the gravitation matrix is used to be as a compactness measure: 

T = Σ A(i,j) / [ N (N – 1) / 2 ]. 

2.7 Some calculated results 

The impact on urban growth was profound, as can clearly be seen in the fig. 2. 
Dresden city region in 1880, with relative small main settlement, was still a re-
markably compact, mainly contained within a radius about 3 km from the centre, 
with higher densities in the inner areas. Then the city began to spread in all direc-
tion, but particularly to the north-west and south-east. The highest average settle-
ment surface increase per year took place in the period of 1880 to 1900 (270 hec-
tares/year). This stormy expansion is connected with the rapid economic develop-
ment during the period of promoterism. In the second half of the 19th Century Dres-
den developed inexorably to a large city. It was a history of the industrialisation, the 
further extent of the city and increasing the total population. Between 1880 and 1990 
the industrial surface within the 20-km radius circle grew from 186 hectares to 582 
hectares, the residential and mixed used surfaces of 1,979 hectares to 3,488 hectares 
(see Neumann 2002, pp 68). This enormous increase in settlement surface was 
braked in the time periods (1900-1940, 1940-1953). Since 1953 the average land 
consumption per year in the research area, however, is constantly increased. Accord-
ing to this constant filling with settlement surfaces within the 20-km circle of the 
city region Dresden, the average distance from any point to all possible points of the 
settlement surface decreases with the time. Therefore it is plausible that the gravita-
tion measure from 1880 to 1998 increases (see fig. 2). Also with the time the density 
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of the land-use development within each ring zone grows. Therefore it is logical that 
the radial fractal dimension constantly rises (fig. 2). 
The stormy settlement expansion between 1880 and 1900 is mirrored in the signifi-
cant changes of gravitation measure, jaggedness degree, area-perimeter fractal di-
mension, and radial fractal dimension. First, from 1880 to 1953 the jaggedness de-
gree increases, afterwards from1953 to 1998 it decreases. The development of the 
area-perimeter fractal dimension is vice versa (fig. 2). 
The entropy measures point out that the development of the urban pattern within the 
20-km circle is far from the ideal monocentric urban model and the axial model 
(concentrated development around the main roads). The entropy measures tend to 1. 
This confirms the assertion by Gordon and Richardson 1997, that contemporary ur-
ban growth is characterised by dispersal and decentralised patterns. 

Figure 2 
Dynamics of the settlement pattern metrics of the Dresden city region 

3. A multi-layer CA model to simulate different urban forms 

To investigate basic questions of urban forms and discover the mechanisms of urban 
evolution, the author linked the spatial analysis to the dynamic urban modelling and 
developed a cellular model by using the analytical power of GIS. The author now 
aims to develop methodology for comparing the performances of different urban 
forms and developments that are generated from the model. 

Cellular automata (CA) have been used by researchers in many disciplines to in-
vestigate questions concerning the origin and evolution of structures (White & 
Engelen 1993). CA have the feasibility and plausibility in exploring possible urban 
forms and development (Batty & Xie 1994). In the standard CA models, only binary 
value is used to indicate the change – 1 for converted, and 0 for not converted. This 
type of urban CA models has limitations because variations of development density 
across space cannot easily be simulated (Yeh & Li 2002). A cell will not suddenly 
mature for development. It will be more appropriate to select a cell for conversion 
gradually through a couple of iterations in simulation. Therefore the author enhances 
the standard CA by using the continuous value range from 0 to 1 and assigning a 
multivariate state to the cells of CA. Thus the CA model consists of following layers 
1. Z(t) the proportion of the settlement surface existing in the cell, 

t G Z UF-D RD PE AE
1880 1.1 40 1,41 1,12 0,918 0,776 t date
1900 1.8 45 1,36 1,28 0,931 0,894 G gravitation measure
1940 2.3 45 1,35 1,40 0,953 0,957 Z jaggedness degree
1953 2.3 47 1,36 1,43 0,962 0,966 UF-D area-perimeter fractal dimension
1968 2.4 46 1,35 1,47 0,969 0,976 RD radial fractal dimension
1986 2.8 45 1,35 1,52 0,972 0,977 PE centre oriented entropy
1998 2.9 45 1,37 1,55 0,976 0,969 AE roads oriented entropy
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2. NS(t) the proportion of the surface in the cell which must not be developed, 
3. EN(t) information about whether the cell lies in a development area, 
4. DZ(t) the distance from the cell to its closest development area, 
5. AT(t) the attractiveness measure of the cell for development, 
6. KF(t) the compactness factor, and 
7. α(t) the global constraint to control development density, 
where Z, NS, EN, DZ, AT, and KF are m x n matrices. The elements of Z, NS, EN, 
AT, and KF are numbers between 0 and 1. NSij(t) = NSij(t-1) if the surface within 
the cell (i,j) which excluded from the land development is not to be changed at the 
time t, otherwise NSij(t) is again entered. ENij(t) = 1 if the cell (i,j) lies in a devel-
opment area at the time t, otherwise ENij(t) = 0. DZij(t) = k (a natural number) if k is 
less than a given number r and the following condition holds 

∑ ∑
−Ω∈ Ω∈

>∧=
)j,i()l,k( )j,i()l,k(

l,kl,k
1k k

0)t(EN0)t(EN  

where Ωk(i,j) is the extended Moore neighbourhood of the ordering k, otherwise 
DZij(t) = ∞ 

3.1 Modelling the attractiveness measure: 

Let dm be the distance from the cell (i,j) to the main centre of the research area and 
dz the distance from the same cell to its closest development area. The attractiveness 
measure can be modelled as follow (Thinh 2002) 

)
²

²dzexp()]
²
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−

β
−
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where β and γ are weights to address the relative importance of the two distances. 

3.2 Modelling the compactness factor: 

Let us consider the extended Moore neighbourhood Ωh(i,j) of the cell (i,j). We can 
prove (see Thinh 2002) that it holds 

1
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∑
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This ratio is equal 1 if and only if Ωh(i,j) is completely filled with settlement surface 
i.e. the development within the neighbourhood is most compact. Therefore this ratio 
has been used as the compactness factor KFij(t). 
The essential part of the model is to calculate the increase of Zij(t) 

Zij(t + 1) = Zij(t) + α(t) * ATij(t) * KFij(t) 

During each iteration the value of Zij(t+1) is to be assigned to (1- NSij(t+1) when it is 
greater than this upper bound. Thus NS can be regarded as a constraint function to 
consider some spatial aspects e. g. the morphology. 

The model was implemented in MATHCAD, and a linkage between MATHCAD 
and ARC/INFO was realised. The first simulation results are plausible. The dynam-
ics of the settlement development are determined in the crucial measure by devel-
opment areas. During the simulation one can pursue, as the new settlement surface 
with the development areas moves itself. The compactness factor causes that new 
settlement surfaces can be formed only in a spatial proximity to existing settlement 
surfaces. By varying the ratio $/( different forms of the settlement development can 
be generated, e. g. monocentric development or decentralized concentration. At pre-
sent the author is calibrating the model for land-use data of the Dresden city region. 
Simulated results of them should be reported in forthcoming publications. 
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