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Abstract
We show how small to medium sized cities can make use of the cellular automata (CA) approach to
integrate land use data and other GIS based data with inter-active scenario evaluation. In our model
development we put particular focus on the interdependency between transport infrastructure
supply and population density. Due to their close connection with the field of Geography most CA
models concentrate on land use changes only. How the CA model can be used in practice by city
planners is generally not discussed. Also, population changes in cells and the associated pressures on
infrastructure networks are generally not included. In this paper we first build and use a CA model to
illustrate land use change. We then apply OLS regression as well as linear optimization techniques to
allocate population growth into cells in a way that observes the stylized facts established by the
standard Urban Economics literature (population growth in a particular cell is dependent on its
distance to the city centre as well as its quality with respect to public transport ease). Third we show
applications that illustrate how a CA model can be used for scenario planning in cities. Our CA model
can be used to generate maps of future land use patterns for different potential future scenarios. It
provides a fast and very economical way to compare alternative strategic plans and development
rules for a small to medium sized city. For our sample town, Austria’s second largest city Graz, we
develop five different long-term scenarios. The model output for each scenario can then be used as
input for infrastructure planning procedures. We illustrate some examples: ex-ante transport
infrastructure evaluation, graphic representation of the spatially differentiated structure of the
population, evaluation of existing zoning rules, evaluation of infrastructure capacities (e.g. sewage
system).
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1. Introduction
Cellular Automata models were originally applied in the area of computer development and their
development was largely due to the “giants of the early computer scene” John von Neumann and
Conrad Zuse. CA models became wider known when in 1970 Martin Gardner wrote in “Scientific
American” about the “Game of Life”, a simple 2 dimensional CA model in which the state of a cell
(dead or alive) is dependent on the state of its eight neighbours. Contrary to most scientific analysis
CA models are built in a “bottom up” approach in which the local action and inter-action at cell level
generate complex overall systems. Wolfram (1983) writes that CA models are “sufficiently simple to
allow detailed mathematical analysis, yet sufficiently complex to exhibit a wide variety of
complicated phenomena." Since their first development CA models have been employed in various
scientific areas, but they have been particularly useful in explaining the growth of organisms (e.g.
cancer cells). As the growth of a city often resembles the growth of other organisms, CA models can
be applied in the urban context. This point, the availability of remote sensing land use data and other
GIS data, as well as the increased powers of modern computing made CA models popular in this
context. The basic idea is that with the help of CA models GIS based maps can be turned into
dynamic tools (Tobler 1979 and Couclelis 1985).
The starting point of our Cellular Automata (CA) model is the Corine Land Cover project (2006) which
is used to represent the current situation of land use within the city limits of Graz and also provides
12,762 grid cells of the dimension 100mx100m that serve as the individual building blocks of our
Cellular Automata model. Using this structure we develop a Cellular Automata model that illustrates
settlement activity within the city limits of Graz for each year until 2050. This is done for five
different scenarios which illustrate a broad spectrum of possible future developments of the city
until 2050. We feed each of these alternative scenarios into the model, combine it with future
population predictions, and let it run for 44 periods, where each period represents one year. The
model output then illustrates settlement activity within the city limits of Graz until 2050 under this
particular scenario.
We chose a broad variety of different scenarios to illustrate the scope of our model’s possibilities.
The first two of these scenarios are based on extrapolations of current trends of population growth
(one illustrating a fast growth scenario and the other a slow growth scenario). Two further scenarios
illustrate future settlement activity if certain current trends manifest themselves: one scenario
illustrates how the city would develop if certain socio-economic preferences strengthen and make
one part of the city much more attractive than the other. This scenario highlights the issue of
ghettoization. The second trend scenario deals with the issue of urban sprawl. The last scenario we
look at deals with a hypothetical city-planner decision and we ask the following question: “to what
extent would the city need to develop its special development areas to satisfy the entire housing
demand from now to the year 2050?”
The model output for each scenario can then be combined with a variety of infrastructure
applications to estimate likely future needs and to check in which way capacities of the current
(public) infrastructure would need to be expanded. For example we look at where new public
transport routes would be necessary, we check whether the current sewage pipe system would be
adequate under each of the five scenarios. By comparing the model output with actual zoning rules
we can pinpoint areas that experience too much population pressure as well as those areas that have
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free capacities for densification. By highlighting areas with potential for further improvement the
model can help city planners to pinpoint areas that would benefit from an improvement in public
infrastructure (which in turn would increase their attractiveness for development in the model and in
reality). The model could also be used to find the optimal future locations for kindergartens, schools,
shopping facilities and other infrastructure needs.
It is in the nature of Economics that economic models focus on the interaction between economic
agents and (therefore) ignore high resolution spatial dynamics (van der Veen and Otter, 2001). 1 On
the other hand, models by geographers (and other researchers from the natural sciences) work with
high resolution spatial dynamics but generally ignore the human interaction aspect. “It seems as if
there is a trade-off between spatial resolution and human behaviour in current applications” (van der
Veen and Otter, 2001). It is beyond the scope of this paper to provide a model of the complex
interactions that exist between human and natural systems. Anyway, CA models would not be the
suitable tool to accomplish this goal due to the inherent difficulty to include micro-economic
behaviour.2 However, we believe that CA models, when applied in an urban context, should
incorporate the main insights of the Urban Economics literature. Maybe the most important insight
of this literature is that “distances matter”. Although von Thünen already included this idea in his
work in the 19th century, it was in the 1960s that work by Alonso (1960, 1964), Mills (1967), and
Muth (1969) lay the foundations of modern Urban Economics by incorporating the dimension of
“distance” into the traditional neoclassical framework. The Alonso-Mills-Muth model is regarded as
the basis for household location choice (van der Veen and Otter, 2001) and is based on a
monocentric city structure. Within this framework a city is understood as a mechanism that helps
reduce the transport and transit costs of goods and services. Transport and transit costs are
therefore the main drivers that influence the shape, density and structure of a city. With the help of
the Alonso-Mills-Muth model we can for example explain why modern US American cities have a
lower density than traditionally grown European cities. Further aspects that can be explained by this
model are for example the relative price level of housing within a city, why buildings in the city
centre typically have more levels than those in the suburbs, and why density is lower in the periphery
of a town. One of the central objectives of our work is to incorporate the insights of Alonso-MillsMuth into our CA model.
Even though CA models have been applied in a geographic context since the late 1970s / early 1980s
(see e.g. Tobler (1979) or Couclelis (1985)), the first CA models that attempt to explain urban
development were created in the 1990s. One of the most popular CA models is the SLEUTH model,
1

Some newer approaches in Economics – such as hedonic house price models or travel-time models – include
space into their analysis in a detailed way (similar to how natural scientists would do). The drawback of these
approaches is their data and time intensiveness (and therefore also cost intensiveness).
2
There remains of course the question of how “bad” it is to exclude economic-based decision making in an
urban context. The answer depends on what the model should explain. We concentrate here on land use
changes in urban developments; this means the re-designation of (mainly) agricultural land as building land.
The decision of whether or not to allow such re-designation is not made by agents interacting on the free
market but is decided at the level of the local city planning institute in accordance with their plans and
guidelines. In this rule-based environment market forces play a secondary role. We therefore believe that CA
models are an appropriate tool to describe the change of land-use patterns in an urban context. We therefore
closely linked the rules of our CA model to the explicit rules (as stated in the Town development plans) as well
as the implicit rules (the number of “necessary” neighbors to get approval for developing a plot was based on
past observation) of the city planners. On the other hand CA models are not particularly useful to explain more
market based outcomes in the urban context such as house price development.
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which was developed by Clarke’s team at the University of California, Santa Barbara under the US
Geological Survey for simulating urban growth in North America (see e.g. Clarke et al, 1997, Clarke
and Gaydos, 1998, Silva and Clarke, 2002).The SLEUTH model examines the rural to urban transition
as a physical process and urban growth is compared to growth typical for genetic DNA (Gazulis and
Clarke, 2006). Also widely known are the CA models by White and Engelen (see White and Engelen
(1993) and (1997) as well as White, Engelen and Uljee (1997)). Wu and Webster have explored CA
and their role in modelling the process of urban growth in theory (Webster and Wu, 1999a) and
simulation (Webster and Wu, 1999b). Caruso, Peeters, Cavailhes and Rounsevell (2007) explore the
emergence of a mixed belt in the periphery of a city where residents and farmers coexist. Benenson
and Torres (2004) provide an overview of the use of CA models in urban settings.
There is a growing number of cities around the world that have been the subject of CA models. The
SLEUTH model has been used to model the expansion of various cities in Europe (e.g. Lisbon) and the
USA (e.g. San Francisco or Baltimore/Washington). White et al. (1997) illustrate land-use patterns in
Cincinnati with the help of their CA model. Batty and Xie (1994) use a CA model to predict the most
likely expansion of the city of Savannah, Georgia. Barredo et al. (2003) apply a CA model to the city of
Dublin. The rapid development of urban areas in China provides an ideal background for the
application of CA models and a number of them have been developed in recent years (see e.g. He et
al. (2006) and Han et al. (2009)).
With this paper we attempt to illustrate a way in which CA models can be used in scenario evaluation
and help city planners to better understand the dynamic structure of their city and its infrastructure
limitations. Unlike most CA models in the urban context we go beyond modelling land use changes.
We combine the CA model output with OLS regression as well as linear optimization techniques in
order to endogenously and dynamically allocate population into cells according to the principle
guidelines and stylized facts of the Urban Economics literature.

Model Description
2.1 Model description
The basic structure of our model consists of four parts: the cells, their states, their neighbourhoods,
and the transition rules that regulate how cells can change their state through influence of their
neighbourhood.
We choose the model’s cell structure to coincide with the grid structure of the Corine Land Cover
plan 2006 (European Environment Agency, 2010). This provides us with a two dimensional
representation of Graz that consists of 12,762 grid cells with dimension 100 by 100 meters.
The possible states of the model were defined by us and are based on the Corine land use classes
which were combined with population data.3 The Corine Land Cover project allocates to each cell
one of potentially 42 different land cover classifications. 12 of these land cover types are represented
within the city limits of Graz.
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We explain later the exact procedure of how we did this.
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The actual population data for Graz is available at census district level ("Zählsprengel”) of which
there are 259 within the city limits of Graz, each consisting of between 200 and 1300 residencies
(Statistik Austria 2005). We run an OLS regression over all land use classes within the city limits to see
in which CLC classes population is significantly greater than zero (p-value ≤ 0.05).
∑
We find that for 10 out of 12 CLC classes, expected population is not significantly different from zero.
Only CLC classes 1 and 2 (urban fabric and discontinuous urban fabric) contain significant population
in 2006. Thus, we run the above regression again with only CLC classes 1 and 2 included, in order to
estimate the average number of people living in CLC class 1 relative to CLC class 2.

where
is the vector of length 259 including the population number per voting district in the year
2006. In other words, the expected population in a cell of type CLC 1 is 101.85 versus 22.84 in a cell
of type CLC 2. Hence there are on average four times more people in a CLC type 1 cell than in a CLC
type 2 cell.
We define the neighbourhood of a cell as the Moore neighbourhood (the 8 cells surrounding the cell
itself). The transition rules are more complicated as they depend on more than one factor. We
concentrate on the transition of unpopulated cells into populated ones. For an agriculturally
classified cell to be converted into building land it has to be surrounded by at least 4 populated cells.4
The likelihood with which a cell attracts population is then dependent on two factors: one is the
proximity to the city centre; the other is the distance to public transport stops.
The distance to the city centre is important as Graz is a traditional city that is structured similar to the
monocentric city model (Alonso (1960, 1964), Mills (1967), and Muth (1969)). Most jobs are located
in the central part of Graz and there is a central transit place (“Jakominiplatz”) where all public
transport routes of the city meet. To illustrate this situation we divide the city into three distinct
areas by introducing two concentric circles around city centre (with a 1500m and 3000m radius).5 For
4

We have chosen this number as it seems to come close to the informal rule used by the city council when
considering applications to transfer agricultural land into building land. We have also experimented with other
rules (from a minimum requirement of 1 built up neighbor cell to a maximum requirement of 7 built up
neighbour cells). While these alternative rules are not able to explain the past behavior of the Graz city council,
this is nevertheless an interesting exercise as it illustrates the difference in sprawl induced by the different
transition rules.
5
Assuming a walking speed of 1.25m/sec (Müller and König, 2008), no cell within the inner zone is more than a
20 minute walk away from the city centre. The second zone was chosen to optimally represent both the area of
directly connected public transport (no changes needed to get to the city centre) as well as the optimal cycling
distance. For the periphery (cells outside the 3000m range of the city centre) we generally impose a lower
probability of development – with the exception of those cells in this area that are well connected with the
(public) transport routes. That is, we assume a higher chance of development for areas within area 3 that lie
within a 750m range of the main roads into the city as well as those cells that lie within 375m of a public
transport stop. Given that fast and direct public bus services into the city centre run regularly along the main
roads, the commuting time for these special development areas within region 3 are very similar to those in
region 2 and we therefore assume that these cells will develop with the same probability as cells located in
area 2.
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the cells in these areas we assume different possibilities of development (transition probabilities). A
graphic illustration is given in figure 1.

Figure 1: Graz divided into three main areas

The average probability of development for an unpopulated cell within the city limits in a particular
year is given by For each year between 2006 and 2050, is determined as follows:

The levels of the relative probabilities are found by solving a linear optimization problem. The
relative probabilities differ with respect to the different scenarios considered. For the base scenario
“slow growth” as well as for the scenario “fast growth” we solve the following problem:
∑

∑

where cells with are those that fulfill the general transition requirements and are located within a
1500m radius of the city centre.
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Propability





applies to the following cells:

All cells that fulfill the general transition requirements and are located between 1500m and
3000m of the city centre.
All cells that fulfill the general transition requirements and are located outside the 3000m radius
(but still within city limits) if they lie within 750m to a direct public transport connection to the
city centre.
All cells that fulfill the general transition requirements and are located outside the 3000m radius
(but still within city limits) if they lie within 350m to a normal public transport connection.

2.2. Dynamic and static version of the model
We distinguish between the static and dynamic simulation of cells. In a static simulation, population
change occurs but the CLC class of the cells remain constant. In a dynamic simulation, population and
CLC class can change simultaneously. This implies that not only the number of people allocated to a
particular cell can change but also that cells can (in principle) change their status from an
unpopulated area6 into CLC classes 1 or 2. The dynamic version is more realistic in the long run, since
we can assume that the city legislature would bow to population pressure and change the zoning
rules. The static model is the more realistic model in the short run (up to 10 years) when zoning rules
can be assumed to be fixed. As the dynamic model is both the more interesting and the more
realistic version in the long run we will concentrate on that from now on.

2.3 General rules
Certain unpopulated areas such as roads, waterways and industrial areas are excluded from the
transition. For other types of unpopulated areas such as “wood” and “greenland” we impose regional
restrictions that reflect the political will of the legislature. For all remaining cells we define rules
according to which the cell can change its status. For the formulation of our general rules we borrow
from Alkheder and Shan (2005) and the strategic city planning concept for Graz which is formulated
in the “Stadtentwicklungskonzept Graz” (see 4.0 Stadtentwicklungskonzept (STEK) Revision, 2012).
We assume that in the long run, green areas within the city limits will be converted into building land
if the pressure from surrounding cells becomes big enough. For the general model we assume that if
a cell with Corine Land Cover classification agricultural area (Corine Land Cover classes 12 to 22) is
surrounded by 4 neighbouring cells of CLC class 1 (continuous urban fabric) or 2 (discontinuous urban
fabric) then this cell will change its CLC class and become populated in the next period. The number
of additional people moving into the city area is provided by the various population scenarios we
consider (e.g. ÖROK 2004, Landesstatistik 2010). We allocate this additional population into existing
CLC 1 and 2 cells as well as (with random positive probabilities) into other potentially eligible cells. A
small random number is chosen to represent the initial population moving into the newly converted
cell. Population growth in already converted cells occurs if the cell level random number is smaller
than the boundaries set by the optimization model.

6

Certain rules apply, see section 2.3 below.
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In the formulation of our rules we have tried to stay as close as possible to the overall plan that city
planners formulated for the future of the city of Graz. This plan is formulated in the
“Stadtentwicklungskonzept Graz” (see 4.0 Stadtentwicklungskonzept (STEK) Revision, 2012). For
example, wood areas within the city limits are an important component within the
“Stadtentwicklungskonzept Graz”. The document repeatedly states their importance for the city
dwellers leisure activities as well as the city’s air quality. For this reason we thought it very unlikely
that planning permission would ever be granted on areas with wood coverage within the city limits
and we therefore exclude wood-covered cells within the city limit from further development.
For the same reason we excluded park areas from further development in the model. However, since
parks are often too small to be classified within the CLC framework we need to approximate this rule
and we assume that green areas within a radius of 1500m of the city centre remain green areas.

2.4 Different rules for different scenarios
We will illustrate five different scenarios in this paper. Each scenario has its own probabilities of
change associated with the different long range population statistics we consider. Within each
scenario a cells’ relative probability of attracting new people will differ according to various factors
such as distance to the city centre, availability of public transport, or socio-economic area. We obtain
these relative probabilities by solving a linear optimization problem. Wherever possible we included
past population trends in this optimization process.
For cells that are still undeveloped but fulfill all criteria for potential development, population growth
in each cell is modelled probabilistically: For each cell a random number is drawn. For each scenario
(as well as each area within a particular scenario) we set upper limits (“random.o”). If the probability
for development of a particular cell is larger than this upper limit then population growth will occur
in this round of simulations in this particular cell – otherwise not.

2. Characterisation of Scenarios
3.1. Our five Scenarios
One of the greatest advantages of the CA approach is the relative ease and economic efficiency with
which different scenarios can be explored. To develop the individual scenarios we have focused on
existing trends as well as potential future infrastructure decisions that are currently discussed by the
local municipality. The scenarios presented here are sample inputs for our model – we can easily
combine the model with other statistics inputs or incorporate other scenarios that city planners are
interested in. In this section we illustrate the model by considering five different scenarios.
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5

fast population growth
slow population growth
a socioeconomic preference for the east side of the river Mur
population growth centred on the city’s special development areas
population growth focused on suburban areas
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Here we focus on dynamic versions of the model as these are the more interesting as well as more
realistic outputs for points that lie a long way in the future.
Scenario 1: Fast population growth until 2050.
Scenario 1 assumes an extreme increase in population until 2050. In this scenario we take the
predicted population numbers for the “Greater Graz” area (Landesstatistik Steiermark, 2010) and
allocate them all into the existing city area of Graz. The point of this exercise is to see how the city’s
infrastructure would cope under this extreme scenario. Under this scenario the city of Graz will have
450,000 inhabitants in the year 2050.7
Scenario 2: slow population growth until 2050.
Scenario 2 is the most realistic scenario. It is based on a demographic study by ÖROK (2004) for the
individual districts of Graz until 2031. The numbers for the period 2032-2050 come from a
continuation of ÖROK’s predictions and are based on our own calculations. Under this scenario the
city of Graz will have 350,000 inhabitants in 2050.
Scenario 3: Strong preference for living on the left or eastern side of the river Mur.
Scenario 3 shares the population numbers with scenario 2 – but now we assume that because of
socio-economic preference changes additional population will mainly locate on the east side of the
river Mur. The west side of the river Mur has always been somewhat socioeconomically
disadvantaged. Median income or education level on the west side of Graz are significantly lower
than those in the East. In 2011, one third of the population of Gries and Lend, the two districts
immediately to the right side of the river Mur, were born abroad (Magistrat Graz, 2012). Schools in
this area have a high percentage of children that grow up without native German speakers in the
household. As many of their students need to learn German before they can learn to read and write,
some of these schools have the stigma of being worse in terms of academic achievement than those
on the East side of Graz. Many German-speaking parents react by moving to other areas or sending
their children to school in other areas of Graz. As a consequence up to 99 percent of the students
attending school in some western suburbs do not have a German speaking parent. We include this
scenario because it represents a challenge to the successful development of the City of Graz. This
scenario illustrates what could happen if integration of immigrants fails and ghettoization occurs. The
model output for this scenario illustrates that ghettoization is not only a problem in the directly
affected areas. Secondary effects in terms of added population development elsewhere also create
costs to the city in terms of extra infrastructure investments (sewage, water, public transport, roads,
etc.).

7

The population of Graz was 285,387 in 2006 and 293,538 in 2011.
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Figure 2: Graz districts and the river Mur

Scenario 4: Growth in “development areas” only.
The city of Graz has set aside some areas within the city for special development in its strategic plans
for the future (compare 4.0 Stadtentwicklungskonzept (STEK) Revision, 2012). In this scenario we ask
the following question: Could these planned development areas accommodate the predicted
population growth by 2050? How densely would these areas need to be populated? What are the
consequences in terms of infrastructure needs? For example, would the existing sewage system be
able to handle such projects? We included the following special development areas of the city of
Graz: Listhalle, Reininghaus, Messegelände, and the area around the central train station. The overall
population predictions for this scenario are identical to those of scenario 2.
Scenario 5: Preferences for individual house ownership or urban sprawl.
The fifth scenario attempts to illustrate the consequences of urban sprawl. Urban sprawl is a worldwide phenomenon and it leads to an outwards spreading of the city and to an increase in lower
density areas. It is associated with a strong preference for individual house ownership.8 The outcome
of numerous revealed preference and stated preference studies (see e.g. Caruso et al., 2007)
indicates that households are willing to pay for individual access to open or green spaces. In our
model we illustrate this sprawling scenario by concentrating building activity in the outer areas of the
city of Graz. The population trend figures for this scenario are again based on ÖROK (2004) together
with our own extrapolations. However, for this scenario we reverse the relative desirabilities of areas
within a city.9 In this scenario the green belt of Graz will attract most of the new population, within
8

While individual house ownership is not per se a problem for a city it is often associated with urban sprawl
and its associated problems. Urban sprawl is generally associated with congestion, higher petrol consumption
(see Newan and Kenworthy 1989, 1999) and other impacts on the environment, and even negative impacts on
individuals’ health and cultural diversity (Norman et al., 2006).
9

At the heart of the Urban Economics view of a city lies the notion that “distance matters” and that cities are a
means to reduce transport costs. Therefore, “closeness” to the city centre is the most attractive feature in the
traditional monocentric city model. Now we impose the rule that access to individual green space is more
important than closeness (in terms of people’s preferences it is as if they have lexicographic preferences with
respect to individual gardens). Closeness to the city centre is still important but only if individual green space is
available as well.
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the model this green belt is represented by the area that lies outside the 3km range of the city centre
but still within the official city limits. Urban sprawl is a challenge for most city planners, not only
because of its well documented impacts on the environment, but also because of the associated
additional infrastructure needs (sewage, schools, public transport etc.) which cities need to provide.
Our CA model is particularly well suited to study the potential impacts of urban sprawl with its
associated rapid changes to the shape, structure and size of the city.
In our model this sprawling scenario is illustrated by a concentration of building activity in the outer
areas of the city of Graz. Formally we look at growth outside the 3km range of the city centre. Again,
we assume that total population figures evolve as predicted by ÖROK (2004).

3.2. Graphic Illustration of Model Outputs for different Scenarios
Figure 3 on the next page illustrates the outcome of the scenarios “fast population growth”,
“socioeconomic preference for the east side of the river Mur,” “population growth centred on the
city’s special development areas,” and “population growth focused on suburban areas”.
We see how the population densities for particular areas (cells) differ across scenarios. While there is
substantial population growth in all outer districts under the urban sprawl scenario, under scenario 3
(preference for the East of the city) the city spreads towards the East only, and not at all under
scenario 4 (growth in development areas only). These scenario output maps can be used to estimate
likely demand for services (public transport, sewage etc.) to highlight potential pressure points and
help city planners to plan for future demands. Also the maps are useful as inputs to discuss regional
zoning regulations. We discuss this in the next section.
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Figure 3: different growth scenarios for the city of Graz (2006 – 2050)
Scenario 1:
Fast Population Growth
450,000 inhabitants in 2050

Scenario 3:
Growth on the east side of
The River Mur

Scenario 5:
Population growth focused
on suburban areas of Graz

Scenario 4:
Growth only in special
development areas
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3. Applications of the model – four examples
In this section we illustrate four applications of the CA model. We begin by applying the CA model to
past population data and compare the output with the actual population development. This exercise
gives us a good indication of how good our model assumptions fit the actual developments. The
second application of our CA model refers to an evaluation of the model output’s building density
and comparing it with today’s zoning rules set by the Graz city municipality. The third model
application shows how dynamic elements can be introduced into the CA model. We do this by
incorporating new public transport stops either because of political will or because past population
development requires it. The last application is an example of how model output can be connected
to other GIS based data and then used to perform capacity checks for all scenario eventualities –
either by exporting the model output into the appropriate software or by adding an additional GIS
layer onto the CA model output and performing capacity checks there.

4.1.

Population development: Comparison of the Scenario Outputs with the Trend
Predictions Done by Statistics Austria

For the period 2006 to 2011, we can compare the cell level population development under the
different model scenarios with the actual population development. Basically, this application
provides a test about our models “predictive powers” (albeit over a shorter time horizon than we
would ideally like).

Figure 4: Comparison of real population 2011 with Model output after 5 years (scenario 2)

Figure 4 shows the difference between real and simulated population numbers for each of the 259
voting districts of the city of Graz.10 The size of the dots in Figure 5 illustrate the magnitude of the
population over- or under-estimation, while the colour illustrates the direction of error (red for cells
10

While the model considers population at cell level we had to aggregate our simulation to voting districts in
order to be able to compare them with the official statistics.

13

in which real population increase exceeded model predictions, blue for cells in which model
predictions exceeded reality). We can say that the overall fit of the model is good, with the largest
positive discrepancy in voting district 60101122 of 486 people and the largest negative difference in
voting district 60101350 with 471 people. For three voting districts the numbers for actual
population and model prediction are identical. The positive discrepancy occurs in the district of
Andritz that had stronger growth than the model predicted. The discrepancy of reality and model
predictions in voting district 60101350 can be explained as one of the city council’s special
development areas (“Messegelände” in the district Jakomini) lies within this voting district. Basically,
the CA model recognized the potential of this area and started to build on it – even though actual
construction has not yet started.
At the moment we have a model in which every cell’s development depends on its starting situation,
distance to city centre, and the local public transport situation. The above comparison between
reality and model output could be used to calibrate the model and make transition probabilities
dependent on specific local factors as well. However we believe that for long term predictions until
2050 some of these local trends might prove to be short term outliers only. We therefore continue
with the transition probabilities that we got from our linear optimization model.

4.2.

Ex Post Building Density Evaluation

The zoning plan is the main instrument with which the city‘s future shape and structure are
influenced. The city of Graz has set maximum as well as minimum building densities per square
meter building block via their zoning plan (see 3.0 Flächenwidmungsplan Graz, 2002). The official
building densities differ quite substantially within the city of Graz. In Austria building density rules are
defined as a relationship between built up floor space and plot size. While in the inner city area
building densities are allowed to reach 2.5 (i.e. floorspace can be up to 2.5 times larger than the
building plot) outer areas generally have maximum building densities around 0.3 or 0.4 and a
minimum building density of 0.2 (compare 3.0 Flächenwidmungsplan Graz, 2002). For example, a
maximum building density of 0.4 implies that on a 1,000 square meter plot a building can have a
maximum living space of 400 square meters. If a minimum building density of 0.2 applies to this plot,
then the building needs to have at least 200 square meters of living space. Thus, the legal building
densities are given as proportions to the actual land area. These legal requirements expressed in the
zoning plan of the city of Graz are available in GIS format and can be incorporated into our model.
Ex-post we can compare how the various scenario predictions of the CA model correspond with
these politically set boundaries for building density. The CA model can thus highlight “pressure point”
areas where the model predicts a higher building density than the city currently allows. On the other
hand it can also highlight those areas where the model predictions do not reach the minimum
density levels. These areas are areas with potential for “densification”.
There are no legal restrictions on the population density per square meter. However, we know that
the average living space per person in Austria is 42 m² (Lugger, 2002). We use this number to
calculate the maximum average population density for each cell (per rata). If a cell consists of two or
more zoning classes with different upper and lower building density limits we calculate the
proportional average building density rules and use those.
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With this information we calculate an average statistical “upper population boundary” per cell which
can then be compared with the results of the various simulations of the CA model. This gives us an
indication of whether there are population pressures in certain areas. However, the excess
population of a cell does not per se mean that the building requirements are violated – as mentioned
before a larger than average number of people can live in one place. But it is an indication that more
people want to live in that area than foreseen by the zoning plan.
In this situation city planners have two fundamental choices: They can keep the existing zoning
regulations. In this case a cell once “full” will not take on any more buildings or population and the
population that feels attracted by this cell will choose a cell with similar attributes. This movement of
course illustrates the issue of “urban sprawl”. Another possible action plan of city planners in this
situation is to loosen the building density restrictions. This will lead to more densely populated cells
and a lower degree of urban sprawl than before. This situation illustrates how city planners can
influence the future shape of a city through the design of the zoning rules. Both cases can easily be
incorporated into our CA model and thus illustrate the long-term consequences of zoning
regulations.
The red cells in the graphs below mark the areas which would require an increase in building
densities. The yellow cells show those areas that do not reach the minimum building density if each
person allocated to those cells uses 42 square meters of living space. Orange cells indicate those
areas where the statistically average living space of the allocated people lie within the range set by
the present zoning plan.
We see that in 2006 there still is a lot of potential for densification in the outer areas of the city
according to our calculations. Figure 5 shows the initial situation in 2006 as well as the model output
for scenario 2 for the year 2050. As discussed before, for this model output we assume a
monocentric city model and relative development probabilities according to our linear optimization
problem as well as past trends. We see that the number of red cells increases significantly –
especially in areas that are already densely populated in 2006 – however there is still potential for
further development in 2050.

Fig. 5: Density and zoning rules 2006 (left) and 2050 – scenario “slow growth” (right).

15

If we contrast this picture with the figure for scenario 5, the urban sprawl scenario, we see that a
large proportion of this potential has been used up by 2050 (see Figure 6).

Fig. 6: Density and zoning rules 2006 (left) and 2050 – scenario “urban sprawl” (right).

4.3.

Dynamic Transport Stops

The model so far is dynamic in terms of cells changing their status (developing from unpopulated into
populated cells) and additional population moving into the city area (in accordance with the
probabilities influenced by their vicinity to public transport stops as well as the five different
scenarios). However, so far the structure of the public transport system was kept unchanged at the
level of 2006.
In moving to a more dynamic structure we have two broad options: One is to implement new public
infrastructure projects (e.g. a new tram line) and illustrate the subsequent population changes
induced by this new project. The second option is to implement new public transport infrastructure
where need for such projects exist. In practise city planners will deal with both types of decision and
it is easy to incorporate both types in our CA structure.
First we illustrate how we created a more dynamic framework by setting additional public transport
stops in a dynamic way. In the example below we stopped the model twice within its 44 year period
and reviewed the need for public transport stops – first in the year 2020 and then again in 2035. We
followed the rule that a new public transport stop was created if considerable population growth
existed within the area and the distance to the next public transport stop was larger than 375
meters. The arrows in the following figure indicate the new public transport stops that would be
necessary to provide adequate access for the growing population. In this example the number of new
stops was quite low however, because of the already very dense public transport net of the city of
Graz. Of course, the additional transport stops will improve the attractiveness of the cells within this
area, which will then change the probability of additional population being attracted into this area.
Thus the model output for the year 2050 will be different to the original situation. This example
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provides an illustration of how new public transport opportunities will attract new settlements. In a
similar way entire new transit routes could be incorporated into the model to illustrate how these
would influence future urban development.
Below we see the output for the scenario “fast growth”: 9 new transport stops are needed in the
simulation in the overhaul at 2020 and 6 additional ones in the overhaul in 2035. After each round of
public transport additions the model simulations continue with the new as well as old transport stops
included.
The arrows in the following figure indicate these new public transport stops. The difference to the
original model with a fixed public transport system is not huge in this case (see Figure 7), however
this simple addition to the model provides an illustration of how new public transport opportunities
attract new settlements. Although the difference between Figure 7 and Figure 8 appears small, the
cell level output shows that areas around the new public transport stops have attracted a larger
share of the population than before.

Fig. 7: Model output 2050 with dynamic public transport stops – scenario “fast growth”
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Fig. 8: Model output 2050 without dynamic public transport stops – scenario “fast growth”

4.4.

Sewage Capacity Checks

One important consideration for public municipalities is the sewage system, which represents long
term infrastructure capacities that need to be able to cope with changes in population numbers. In
this section we show how a CA model can be used as a tool to evaluate future infrastructure needs.
CA model outputs are GIS based and can be combined with other GIS based data. For example, we
can combine a hypothetical future CA scenario output with the GIS based representation of today’s
sewage infrastructure. In this way we can highlight where the sewage system’s potential pressure
point areas lie in the future. Figure 9 is an illustration of how the scenario model outputs can be
combined with the existing sewage system of a city. The intuitive graphic representation helps in the
visualization of potential problem areas.
Often cities use their own sewage optimization programs (e.g. PIREM) to optimize sewage flow. If
such tools are used, the CA model scenario outputs can be imported into those programs. If no such
external optimization tool exists, one can also check infrastructure capacities by adding an additional
layer of GIS based information onto the scenario output map and then calculating capacity checks at
various important points. In this way bottle necks of infrastructure provision can be found. Here we
show an example.
In Figure 9 below we see the output map for scenario “fast growth” for the year 2050 overlaid by a
GIS based map of the existing (2012) sewage system of the city of Graz that was provided by “Graz
Holding”, the city of Graz’s water company. Due to the 100m by 100m grid size of the cell structure,
we concentrate on sewage pipes with a minimum diameter of 800mm as smaller pipes would need a
more detailed grid structure. Due to privacy issues we were not allowed to access micro level data
that would be necessary to allocate particular cells to the appropriate sewage pipes in an
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unambiguous way. However, there is an area with the size of 212 hectares in the Northwest of the
city area where cell level allocation to pipes is possible due to the clear-cut structure of the area as
well as the relative low density of pipes. Figure 10 provides a close up view of this area.

Fig. 9: Model output for scenario “fast growth” for 2050 – overlaid by GIS based sewage system (2012)

Fig. 10: 212ha area Northwest of city centre

The blue lines in Figure 10 depict all sewage pipes of more than 800mm diameter. We calculate the
maximum capacity of sewage transport at the point marked with X above with the help of the HazenWilliams pipe capacity formula (see for example Bombardelli and Garcia, 2003). This formula is often
used to design pipe systems with large diameter, but other formulas for pipe capacity checks like the
Manning equation, the Chezy formula or the Darcy-Weibach Equation could be used alternatively
(Bombardelli and Garcia, 2003)
In the Hazen-Williams formula the maximum flow (V for velocity) is dependent on the hydraulic
radius of the pipe (R), the bottom gradient or slope (S), as well as a conversion factor κ (for which we
used the typical European value of κ
9) and the constant (Bombardelli and Garcia, 2003).
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In addition to the maximum potential flow capacity we implement the 90% rule for capacity checks
that assumes a maximum true flow of 90% of the maximum flow determined by the Hazen-Williams
formula, as 10% air flow is required for an efficient pipe system (ÖWAV-Regelblatt 11, 2008).
The sewage needs of the area are determined by the simulated population numbers for 2050
multiplied by the typical household user value of 130 litres per Person per day (see Graz Holding
2013).11
While the results for our chosen sample area to the Northwest of Graz show ample capacities to
satisfy the needs of any of the 5 model scenarios, we have illustrated here how such calculations can
be done in practice. If more detailed information on sewage pipe allocation were made available to
us, we could provide such capacity checks at other strategic positions of the system.

5.

Conclusion

The last decade has seen a surge of GIS data sources becoming available to city planners. Often city
planners are overwhelmed by the magnitude of data available and do not have ways to make use of
these resources. State of the art economic models are extremely time and cost intensive to establish
and to run. So they are financially and organizationally not an option for town planners of the typical
medium size town. With our CA model we have illustrated a viable alternative to such big scale
models. Because of its two dimensional model representation via grid cells, CA models provide a
natural framework within which GIS data can be represented. The CA model we develop in this paper
is useful for city planners because it provides an intuitive, fast, and economical representation of
alternative scenarios.
Rather than using the past information to predict the scenario output, our CA model explores the
impacts of alternative trends and scenarios. Possible scenarios are provided by expert opinion, town
planners input, statistical time series input on population development, etc.). Thus, the technical
simplicity of the model comes from the fact that different future scenarios are not estimated
econometrically from past data but “assumed“. This is not necessarily a bad thing if one believes that
the people involved in making decisions (city planners, magistrates etc.) have implicit knowledge of
which scenarios are likely or unlikely. By taking their input into account when establishing the
possible “scenario worlds” for the model we make use of this specific knowledge that often gets
neglected in formal economic agent based models. There is also the point of how much of future
developments can be predicted by past trends. No economic agent based model can predict the
occurrence of sudden shifts in preferences or similar developments. But it is important for city
planners to be aware of the consequences of such occurrences especially when they represent socalled “worst case scenario outcomes”. As the output of our CA model can be visualized and
combined with other GIS based data, our CA model provides an ideal setting in which such scenarios
can be “played through”. The main benefit of the CA approach is therefore that it is able to provide

11

Similar numbers can be found in the Publications of the Austrian water and wastewater association (ÖWAVRegelblatt 11, 2008).
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clear location specific (GIS based) answers to “what if?” questions. We have illustrated this point by
choosing a variety of different output scenarios, some more realistic than others.
At the same time our CA model is based on the core principle of Urban Economics (i.e. distances
matter). As inputs for this CA model we devised five different potentially possible scenarios for the
future expansion and population structure of the city of Graz. Each of these scenarios is associated
with different infrastructure needs. We have also shown how new infrastructure provisions change
the dynamics of the model by incorporating new public transport stops into the model, and
illustrated how the model can be combined with other GIS based infrastructure provisions by
integrating the sewage system into the CA model. There is a long list of potential extensions for the
model such as the optimal allocation of elementary schools and the strategic setting of new
commercial infrastructure locations (e.g. supermarket locations). It is clear that CA models are a
versatile tool for integrating land use data and other GIS based data input into city planning aspects
into scenario plans of urban development.
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Appendix
The following data inputs have been used in this model:
In addition to the GIS representation of all public transport stops (busses and trams) as well as all
major roads out of the city centre and the GIS representation of the coordinates of the River Mur, we
also used:
Population density data comes from the 259 political "Zählsprengel of the city of Graz”
(2006-2011). Apart from the number of people living in each census district this data set also
contains age, citizenship, and whether the residency is used as a main or secondary residency
(“Haupt/Nebenwohnsitz”). These population numbers are then divided up between all cells that lie
within CLC classes 1 or 2 (urban fabric and discontinuous urban fabric respectively) within that
“Zählsprengel” (census district). CLC class 1 (continuous urban fabric) receives four times as many
people as CLC class 2 (discontinuous urban fabric).
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GIS – Corine Land Cover data from 2006 (version 13: 02/2010)
These data are presented in grid cells of 100mx100m. We focus on the area within the city of Graz
within this data set. 12 of the 44 land cover types used in the Corine Land Cover data set occur within
the city limits of Graz. Corine Land Cover (CLC) class 1 and 2 are “town”, which are defined as
continuous urban fabric and discontinuous urban fabric respectively. In our Graz data set we have
573 cells with CLC class 1 and 6241 cells with CLC class 2. The total city area consists of 12,762 cells.
Thus, according to the Corine Land Cover data 53% of the area of the city is covered by populated
“built up” area. The tables below illustrate the classification of CLC classes and the frequency of
those CLC classes that occur in Graz.
CLC Grid Code
1
2
3 - 11

Label 1
Urban fabric
Urban fabric
Artificial surface

12 - 22

Agricultural areas

23 - 34

Forest and semi
natural areas

35 - 39
40 – 44

Wetlands
Water bodies

Label2
Continuous urban fabric
Discontinuous urban fabric
Industrial, commercial and transport unit,
mine, dump construction sites, artificial, nonagricultural vegetated areas
Arable land, permanent crops, pastures,
heterogeneous agricultural areas
Forests, scrub and/or herbaceous vegetation
associations, open spaces with little or no
vegetation
Inland wetlands, maritime wetlands
Inland waters, marine waters

Number of observations in each class:
CLC class 1
2
3
4
7 10 12 18 20 21 23
25
In Graz
573 6241 684 146 1 134 484 715 499 132 1518 1635

All information concerning a cell is saved in a matrix („pop”) with the dimension of 12,762x15. This
matrix can be used to identify any of the characteristics of a cell. For each cell the following 15
characteristics are saved:
Column

Variable

Value

Description

1

ID

num

ID of the cell; each cell has a unique identification number

2

ZSP

num

Identification number of the census district („Zählsprengel“)

3

pop

num

Number of people living in the cell (this number changes with each iteration of the model).

4

CLC

num

Land use class. In the dynamic part of the model this can change with each period.

5

X

int

x-coordinate of the mid-point of the cell.

6

Y

int

y-coordinate of the mid-point of the cell.

7

Hst

0, 1

Does a public transport stop exist within the cell? → no: 0, yes: 1

8

Hstnb

0, 1

Does a public transport stop exist in one of the neighbouring cells? → no: 0, yes: 1

9

E

0, 1

Is the cell in one of the special development areas? no: 0, yes: 1

25

10

M

0, 1, 2

Is the cell on the left or the right side of the river Mur or do through the cell? → Mur: 0, left: 1,
right: 2

11

S

0, 1, 100

Does one of the main roads go through this cell or through one of the neighbouring cells? → no:
0, yes: 1, ≤100m: 100

12

d1500

0, 1

Is the cell within a 1500m radius of the city centre→ no: 0, yes: 1

13

d3000

0, 1

Is the cell in an area between 1500 and 3000m from the city centre? → no: 0, yes: 1

14

dhst750

0, 1

Is the cell less than 750m away from a public transport stop AND within 100m of a main road? →
no: 0, yes: 1

15

dhst375

0,1

Is the cell less than 375m away from a public transport stop AND not within 100m of a main
road? → no: 0, yes: 1

The choice of the binary variables was done according to Ward et. al. (2000) and Kocabas and
Dragicevic (2006).
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